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ABSTRACT: We present strong segregation approximation based analytical calculations and complementary
computer simulation results on the ordering and structural characteristics of block copehaneparticle mixtures.

We consider specifically the case of a symmetric block copolymer organized in a lamella phase, which is mixed
with both selective and nonselective nanoparticles. We present results within the strong segregation approximation
quantifying the density distribution of nanoparticles and the influence of the nanopatrticles upon the lamella thickness
and their elastic constants. The case of nonselective nanoparticles is treated in detail to account more accurately
for both size effects and finite concentrations of nanoparticles. The latter results suggest the possibility of layer
instabilities and morphological transitions resulting from the surfactant-like role of nonselective particles. Qualitative
features of our model predictions are in agreement with our computer simulation results.

I. Introduction in systems involving more complex partietpolymer interac-
ions.

The work presented in this article was motivated by two
features. The first is to present an analytical treatment of

. . L. t
Recently there has been a surge of interest in exploiting the
self-assembly in mixtures of diblock copolymers and nano-

sized particles to produce ordered orgatiwrganic hybrid . e k
ordering and thermodynamics in block copolymaanopatrticle

materialst~1! In some applications, the microphase separation ' ) : :
of the block copolymers is used as a template to control the mixtures. Indeed, while the above studies have provided many

ordering of the particles and to produce highly organized hybrid NSights into these issues, due to the cumbersome numerical
materialsi2412|n other applications, the particles are used to formalisms, an identification of the critical parameters, scaling
modify the self-assembly of the parent block copolymer to lead laws, and/or functional dependencies for different features is
to new morphologies of self-assemBii The resulting struc- still lacking. In this work, we take a step toward these objectives

tures have been proposed for use in applications such asPy developing a strong-segregation approximation based theory
or some of the features of block copolymearanoparticle

separation processes, next-generation catalysts, and hotonif: ) . . ) .
P proc: 12 g y P composites. The second feature which motivated this study is
band gap materiafs! _ ; X : )
iy L the recent experimental observations of the bicontinuous mi-
For successful frumon of the abov_e appllcat_|ons, a funda- semulsion phases in ternary polymer blend sys@®mdjich
mental understanding of the manner in which different param- a5 rationalized by invoking an analogy to ternary, surfactant-
eters in such systems, such as the size, shape, the volumeyyater mixtures. Similar observations were also noted in our
fraction of particles, the copolymer composition, and the gimyations (presented in section 5) and in related experimental
interaction energies between the different components, control oq 121 (preprint received after submission of the present
the thermodynamics and self-assembly of such nanopafticle gricle) for nonselective nanopartietlock copolymer mixtures.
block copolymer mixtures. Seminal steps in this direction were These results led us to explore the analogies between block
taken by Balazs and co-workers, who extended the self- ;qholymer+ nonselective nanoparticle systems on one hand
consistent-field theory of .multlcom'ponent polymers to include 5nq the surfactant based ternary systems on the other hand.
the presence of hard particles of different sha§e¥. Broadly, Specifically, we ask, “what is the impact of nonselective
their results suggest that the templating of the particles by the nanoparticles on the block copolymer layer characteristics such
block copolymer is dependent on the size of the particles and 55 jts elastic constants, and are bicontinuous phases similar to
their interactions with the different units of the copolymer. If {hose observed in surfacta?fas possible by the addition of
the particles were compatibilized 'tojust one of the components nanoparticles?” We note that strong segregation theories for
(henceforth referred to as “selective” particles), then they were pgck copolymetnanoparticle composites have also been
predicted to localize at the center of their preferred phase while developed by Balazs and co-workir& for both the cases of
particles compatible to both components (henceforth referred sejective and nonselective particles. Our work in this article is
to as “nonselective” particles) work similar to a surfactant and concerned mainly with neutral/slightly selective particles and
localize at the AB interface of a AB diblock copolymer. Anin contrast to the prior research incorporates a more realistic
intricate interplay between selectivity and the size of the particles gescription of the polymeric elastic free energies to develop
was also predicted. Recent computer simulations of such predictions regarding block copolymer lamella phases. More-
system&’? have displayed phase behavior qualitatively con- over, we consider the possibility of lamellar phase instabitities
sistent with these predictions. More recently, Fredrickson and jssyes, to our knowledge, which have not been examined in
co-workers have developed a hybrid particle field simulation prior research.

approactwhich in principle can be used to study similar issues In this article, we present an analytical treatment of block

copolymer-nanopatrticle systems invoking the developments in
* Corresponding author. E-mail: venkat@che.utexas.edu. the context of polymer brushes. We focus on the specific case
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of symmetric block copolymers which are ordered in a lamellar \/}m
structure in the absence of nanoparticles. Most recently, NMas =
O’Shaughnessy and co-workérd” have followed up on the
earlier works of Pincus and Williardsto present a compre-
hensive treatment of some features of nanoparticle organization
in polymer brushes of fixed grafting density. The first part of o )
our work (section 11l) applies to both nonselective and selective Where x denotes the FloryHuggins interaction parameter
nanoparticles and extends Pincus and O'Shaughnessy’s Workg)etween the A and B segments. It is also well established that,

. . i Ol
to the case of nanoparticles in block copolymer lamellae. We " the a_bsgnce of particles, fgfN > (yN)©PD ggelt's _of
provide predictions for the density profiles of the nanoparticles SYmmetric diblock copolymer form a lamellar structefVithin

and the impact of nanoparticles on the characteristics of the ;trong-segregation theory, the period of the lamella strudture

block copolymer layers. A subtle, albeit important, difference IS rtelat?(tjhto the h|8ight of tgg po_lymerabru;rr: forrr:]ecég)y the AB
between block copolymer lamella and polymer brushes relatesUM's OF the COpolymer and Is given as= 2ho, wher

to the constraint of fixed grafting density invoked in brushes, 3 _ 6
but not present in block copolymers. The considerations ho = v/201708 = “ﬁ(XN)

presented in the first part are applicable only to the case of dilute Weak segregation approximations and polymer self-consistent-
concentrations of nanoparticle whose sizes are much smallerﬁeld theorie€233have been used to compute the valg)(°oD

than the lamellar thickness. For such cases, we demonstrate_ 10.5 and the period of the lamella at ODT /as= 3.2 (in
excellent agreement with recent experimental observations. The.gnirast to the value of = 3.7 predicted by the strong
second part of the article (section V) focuses specifically on segregation approximation eq 2).

nonselective particles but accounts for both arbitrary concentra-  Apalogies have been drawn between the organization of the
tions and sizes of nanoparticles. We provide predictions for the o gnd B components in the lamella phase and the conformations
changes in the lamella thickness and the elastic constants whichyf polymer brushes grafted on flat surfaces. Theoretical descrip-
result from the addition of nanoparticles. We comment on the tions of polymer brushes have reached a mature state of
possibility of layer instabilities and morphological transitions development with many experimentally verified predictions for

which might result from such effects. In the final section (section the cases of melt and solution brushes of polymers of a different
V), we present results of computer simulations to lend support architecture$-3¢ For the simplest case of a melt brush of a

@)

Opg =

S -
Z

)

to the predictions provided in section IV. homopolymer, early theoretical descriptions were proposed by
Alexander and De Gennes assuming that the free ends of all
Il. Preliminaries chains lie at the same height (i.e., neglects the “free-end

distribution”) 3738 In such an approximation, the dimensional
height of the bruslh is fixed by the constraint of incompress-

-~ : ibility, with h = oNb?, whereo represents the surface grafting
the statistical segment length BsThe unperturbed radius of density. Refined descriptions of polymer brushes which ac-

gyrationRy of the copolymer ifR;? = Nb?/6 and will be used ;. nted for the “free-end distribution” were proposed indepen-
to nondimensionalize all the length scales. All our results below dently by Semeno® Milner,3° and Zhulin® and their co-

will be concerned with the case of a symmetric copolymer, yorkers. In these models, a melt brush is predicted to have a
where the sizes of the A and B blocks are assumed to befee end distribution of the form

identical. The segmental/monomeric density is denotegoas
and the nondimensional occupied volume of the polymer is z

denoted asv = N/RPpo = 69230 IN~2. Note thatv is \/Tf

identical to the fluctuation parameter which appears in polymer

field theories, with the limity — 0 associated with the  whereg(z) represents the number of free ends at a distance

In this work, we consider an AB diblock copolymer and
denote the degree of polymerization of the copolymeX and

o2 =7 ©)

applicability of mean-field approximatior?8. from the grafting surface. Moreover, the constraint of constant
We consider the above copolymer mixed with a volume density is maintained within the brush through a pseudo-pressure

fraction ® of nanoparticles. The nanoparticle size Rpunits)  field P(2) (in keT units) acting on the segments of the polymer

will be denoted a®, and we will primarily be concerned with ~ brush, where

the limit R < 1. The interactions between the particle and the 32 2

A, B components of the polymer will be quantified respectively P(2) = > 5( — —2) (4)

by two interfacial tension parameters denabgd andzsc. The 8Nb h

parametebn = (nac — 1sc) represents the “selectivity” of the
particle to the polymer component (foy; < 0, the particles
are preferential to the A phase).

In the following, we review without proof some earlier lll. Dilute Concentrations of Small Selective and
predictions regarding the structure and properties of block Nonselective Nanoparticles

copolymer interfaces and polymer brushes. We focus on the |n this section we consider the situation of dilute concentra-
scaling predictions for the limit of strong segregations, an tions of small (quantified below) nanoparticles and relate their
approximation strictly applicable only when the length scale of density distribution within the lamella to the parameters
the interfaces becomes much smaller than the length scale ofdescribing the polymernanoparticle system. For this, we first
the microphase structuré$Explicitly, the interfacial tension estimate the insertion energy of a single nanopatrticle into the
at the AB polymer interfacejag, and the thickness of the AB  block copolymer lamella. On one hand, particles can position
interfacesdag, were calculated by Helfand and Tagami as (in at the polymer-polymer interface and decrease the number of
nondimensionalized unit¥) AB contacts and the contribution from AB interfacial tensi%bv

In contrast, for the AlexandetDe Gennes approximation, the
pressure fieldP(2) is constant throughout the brush.
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(@) (b)
Figure 1. Typical particle density distributionsc(z) (z= 0 corresponds to the AB interface). (a) Density profilesRor 0.5,yN = 30, andv =
0.5 for different selectivity parametefs (b) Density profiles for differenf and R combinations ayN = 100 andv = 0.5.

Alternatively, the particles can position itself in its preferred A. Density Distributions. Using eqs 6 and 7, we can
phase, which leads to an enthalpic gain in free energy. Finally, approximate the density distribution of nanoparticteéz) in
the presence of nanoparticles in the lamellar “brush” leads to the diblock lamella as

an increase in the elastic free energy of the brush which depends

on the position of the nanoparticle. By estimating the interplay pc(2) O expl=F¢i(2) — Fu (2] (8)
between these effects, we determine the density distributions
of the nanopatrticles. Equation 8 is seen to be dependent on four distinct parameters:

To estimate the increase in elastic free energy, we draw uponxN, v, R (wherev is a measure of the number of segments in
the results of earlier works of Williams and Pinétiand the the polymerN), andp = on/nas. We note thapp~! quantifies
more recent work of O’Shaughnessy and K&hi! These the degree of amphiphilicity or the surfactant-like nature of the
researchers considered the case of small nanoparticles place@article. The qualitative features of the above density distribution
in polymer brushes and have shown that the polymeric elastic are displayed in Figure 1. It is seen that for a fixed, », and
energy costAE, arising from the placement of a single Rsmall values of3 lead to a localization of the particles at the
nanoparticle at a locationinside the brush can be determined AB interface of the copolymer. In contrast, increasing the

approximately as selectivity of the particles leads to a delocalization of the
particles into its preferred phase. Interestingly, we observe that

AR for intermediate values of selectivity the overall density distribu-
AE,(2) =~ P(Z)T ©) tion displays three peaks corresponding to a localization at the

middle of the brush in its preferred phase. The latter is a

whereP(2) denotes the pressure field discussed earlier (eq 4). manifestation of the lower elastic energetic cost (cf. eq 6)
This approximation is expected to be valid when the perturbation associated with being present at the top extremities of a polymer
caused by the nanoparticle is weak on the scale of the polymerbrush compared to its interiors.

brush, which corresponds to particles much smaller than the Prior to quantifying the localization of the particles, we
polymer brush. (O’Shaughneéyas argued that the relevant discuss the relationship between the above predictions and
length scale controlling the nanoparticle perturbation is the size related experimental results. The most striking confirmation of
of the elastic blob. However, for the diblock copolymer lamella, our theoretical predictions is provided by the recent experiments
the distinction between the elastic blob and brush height is not of Kim et al® These experiments considered the organization
significant until extremely highyN.) For the case where the ©0f gold nanoparticles whose selectivity to one of the phases
nanoparticle is located in a diblock copolymer lamella, we adopt Was controlled grafting its surface with shorter chains of one
the convention that the AB interface is locatedzat 0 and of the polymers. Resullts (Figure 4 of ref 9) specifically indicated
that the A polymers occupy > 0. The height of the brush is  the occurrence of a single peak in the density distribution at
then replaced by one-fourth the thickness of the lamella (eq 2), high values of selectivity (similar t6 = —1 in Figure 1), and

and the above can be expressed as with decreasing selectivity, the density distribution evolves
toward a profile with three peaks and finally toward a distribu-
) 3 A7 tion with just two peaks localized at the AB interface.
hy' R[1- T2 Other experiments have considered the role of the size of
Fo(2 = 0 (6) the particles in influencing the ordering eélectie particles
r 48y within its preferred phask’ Overall, small selective particles

have been found to be more localized at the AB interface,
The interfacial cost arising from placing the nanoparticle at a whereas the larger particles tend to exhibit more preferential
locationz is segregation. These results are also seen to be consistent with
the physical ideas underlying our analysis. Indeed, for selective
JT(ZZUAB +2Ry), 17 =R particles, there are three competing energetic effects: (i) the
Fent{2 = R 2720m T - (7) decrease in AB interfacial tension arising from the localization
T (W 77AB) 12> R at AB interface; (ii) the enthalpic gain in localizing into the A
(or B) domains; (iii) the reduction in polymer elastic penalty
In eq 7, the two distinct cases arise from the reduction in the by localizing in the middle of the A (or B) domains. From eqs
AB interface when the particle is such that < Rand the lack 6 and 7, it is evident that the first two contributions scalé&as
of such an effect fotz]| > R. (surface area), whereas the third contribution scald dthe CDV
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19 - the diblock copolymer brush. For a volume fractidn of
¢ : ) ; .
particles, we obtain the free energy (on a per chain basis) as
| -+ f=-0.2;v=1.0; yN =100 °h? 1+ D) 3pd, _
075 + f=—1.0;v=1.0; N =100 F="Zg "=+ e InE (10)

= f=-0.2;v=0.5; yN =100
= f=-1.0,v=0.5 yN =100
0.5 4 =f=-02;v=0.5yN =20
- [=-1.0;v=0.5; yN =20

In eq 10, the first term represents the elastic free energy of a
parabolic brus# and the second term quantifies the AB
interfacial energy cost (on a per chain basis). The last term,

where
0.25 - 1 .
- 20 =[5/ (11)
MM T,
0 T T M R represents the ideal gas free energy associated with the density
0 0.2 0.4 0.6 0.8 distribution of the particlesp(2) given by eq 7].
Figure 2. Fraction of particles which are localized at the interface (eq The lamella thickness can be obtained by minimizing the
9) for different parametric conditions. above free energy with respect to theSince the approxima-

| fh il v f I il d/ tions used in the present section are expected to be valid only
vo fume of the particle). _Consequenty, or smah particles lan when the interparticle interactions are neglected, we just provide
or for stronger segregation between A and B phases (i.e., largefy,q jeading order correction ik expanded to the first few terms
AB interfacial tension), the particles can be expected to be more; the size of the particl&:

localized at the AB interface. In contrast, for larger particles

and/or weaker segregations, the tendency to segregate into the h—h 27R(—1 + 587N

preferred domain dominates. More interestingly, these consid- h—o =®P|— % ( 1 BV (12)

erations emphasize the subtle interplay of size with other effects 0 Sv

such as the degree of segregation in influencing the overall o

density distributions. These effects are clearly illustrated in For the limit/ — 0, we observe that

Figure 1b, which illustrates the role of size in the density h—h

distributions for a specific parametric choice of selective and RE) £L+ M 13
hy 12 150 (13)

nonselective particles.
An explicit measure of the surfactant-like nature of the particle

is provided by the probability of localization at the interfate indicating that there is a contraction of the lamella thickness

due to the addition of particles. The latter can be physically

defined as - S ! -
understood as arising from the reduction in the AB interfacial
R costs arising from the positioning of the particles at the interface.
. f,RdZ pc(@ Whence, the chains have to stretch less to accommodate the
T phy2 d ©) unfavorable AB contacts. In contrast, for the linfit> 1, it
“hy282 Pc(?) can be seen that
and is displayed in Figure 2. It can be observed that a fixed h—hy  [2zRB*VyN
> . . - . = (14)
selectivity 5, decreasing (equivalently, increasindy), and/or hy 3v

increasingyN increases the AB interfacial tension and thereby

leads to a more pronounced interfacial localization of the indicating a swelling of the lamellae, a characteristic similar to
particles. Moreover, it is also seen that for weakly selective that seen during the addition of a selective solvent. Overall, it
particles an increase in the particle size leads to an increase incan be seen that the degree of swelling or contraction are also
the localization of the particles, but in contrast, strongly selective in general dependent on the degree of segregation (parameters
particles display a maximum in interfacial localization at an ¥N and v) and the size of the particl® in addition to the
intermediate size, while exhibiting a reduced localization at dependence on the selectivity paramegter

larger sizes. The latter trends are consistent with our earlier The above trends already point to possibly interesting effects

discussion. upon the elastic constants of the block copolymer layers, the
B. Lamella Thickness.In contrast to the case of polymer second issue of interest in this article. Indeed, for pure block
brushes, the grafting density is natpriorily fixed for block copolymer lamella, the elastic constants are correlated to the

copolymers. While the results in the previous section assumedthickness of the layét and are hence expected to be modified
thathg corresponded to its equilibrium, unperturbed value, the by the addition of particles. While in principle it is possible to
introduction of the particles can change the characteristics of use the same approximation above to also calculate these effects,
the block copolymer layers such as the lamella thickness, elasticthe resulting expressions prove more cumbersome. Since such
constants, etc. Here we consider the impact of nanoparticlesissues are typically of interest for the case of surfactant-like
upon the lamella thickness in block copolymers (the elastic particles, in the next section we consider an approximation
constants are addressed in the next section). The latter has beewhich is expected to be accurate for weakly selective or
experimentally characterized using neutron reflectivity measure- nonselective particles, but one that can also include the effect
mentg and has also been used as an indirect measure of theof nondilute concentrations and larger size$ particles to
localization characteristics of the particles. The equilibrium compute the change in elastic constants of the layer.

lamella thickness (denotedhRin the presence of nanoparticles In summary, a simple energetic argument is seen to predict
can be obtained by combining the free energy arising from the the qualitative features of the density distributions of the
density distribution of the nanopatrticles with the free energy of nanoparticles in the block copolymer layers. However, (tﬂ'?\/
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Figure 3. Schematic of the partictepolymer periodic cell. A and B
denote the components of the block copolymer, 2&d0 corresponds

to the AB interface. The geometrical notations are explained in the
text.

arguments used in this section are strictly applicable only in
the limit of dilute concentrations of nanoparticles for which eqgs
5 and 7 are applicable. To address the impact of larger sizes
and finite concentrations of nanoparticles (where the particles
can “see each other” through the polymers) upon the ordering
and properties of the block copolymer layers requires an
extension of eq 5 to address the influence of nanoparticles on

the characteristics of polymer brushes themselves. This problem

is complex, requiring in general the solution of self-consistent-
field equations for the polymer brush in the presence of fixed
boundaries (corresponding to the fixed locations of partides).
However, for the specific case of weakly selective particles, in
the next section we exploit the localization of the particle near
the AB interface to derive an approximate expression quantify-
ing these effects.

IV. Weakly Selective and Nonselective Particles

For the case of the weakly selectiyes 0) and nonselective
(8 = 0) particles, the density profiles displayed in Figure 1
indicate that the particles tend to be localized near the interface.
An important feature of the chain conformations near the
grafting surface (cf. eq 3) is the relative lack of free ends. As
an approximation, the free end distribution of the chains can
be ignored, and an extension of the AlexareleeGennes
approximation can be used to compute the height of the brush
and the effect of the particles upon the elastic constants of the
block copolymer layer. To further simplify the algebraic details,
we make another additional, albeit not strictly necessary,
approximation, wherein we posit that the particles are all
localized at a fixed positioz* corresponding to the peak in
their density distributions. In such a case, we neglect the
translational entropy contribution arising from the delocalization
of the particles normal to the interface. The “strong localization”
approximation is expected to be accurate for the case where
the particle sizes are not too small (cf. Figure 2), which is the

parameter regime considered in this section. In such a case, we

consider a volume fractiog of the particles localized near the
interfacial position, where is related to the overall volume
fraction @ of the particles through the coefficiebi{eq 9) asp

= (.

To compute the free energy of the brush and the changes in
elastic constants at finite concentrations of particles, we use a
cell approximation where we calculate the free energy of a
periodical cell containing one particle ahld copolymer chains
(see Figure 3), with

_ 4nR(1 - ¢)

N 3vp

(15)

C

The total volume of the cell is thevi= N + #/37R8. We then
consider a spherical particle of radiRplaced at a positioa*
near the AB interface of flat, cylindrically and spherically bent
cells. The radius of curvature of the cylindrical and spherical

Block Copolymer-Nanoparticle Composites8503

cells are denoted ag,, and our considerations will be restricted
to %2> R. The area of the cell (including the particle) at any
height z will be denoted ass”(z), wherex = f, ¢, and s
respectively for the flat, cylindrical, and spherical brush
configurations. The area at the AB interfac®’(z = 0)) is
specifically denoted asg). The area of the cell at a height
excluding the particles is denoted 8¥(2) (x = f, ¢, s) (cf.
Figure 3).

On the basis of simple geometrical constructions, the fol-
lowing formulas can be derived:

(i) For the flat brush:

Y@=
X=5 - 2R -z-2)?)

(ii) For the cylindrical brush:

L@ =1+

(16)

4
7

(z-2)
292

1+ +

K@) =5 - 2R~ (z— 299
(R — (z— 2)(5z2+ 11z)

3207

(iii) For the spherical brush:

2 = 3)3)(1 + %)2
P =52 - (R — 2= 7))+ %)

Z+ R
A key quantity in determining the elastic free energy of the
brush the AlexanderDeGennes approximation is the area
available for the polymer chainsSy).% To determine the
latter and the elastic free energies, we require expressions for
S and the heights of the brushe® andh). These are given
by the solution of the following implicit equations:

- 0[%‘3]] (17)

(18)

New + %nRg = [ 472 dz (19)
MNev= ['5.(2) oz (20)
1N _ 0 X)

Nev= [, dz (21)

and the total height of the brush is givenh#§ = h{ + h{.
The first of the above equations embodies the conservation of
total volume, while the second and third equations represent
the conservation of the volumes of A and B chains. The above
equations were solved in conjunction with eq 15 using a
symbolic computation package to determig, h{%, andh{’
in terms ofg, h®, andR.

The elastic free energy of the polymer layer per particle can
be calculated from strong stretching approximafin:

(2o

Np
0

_ NZv o dz _

4L

4r°R(L— ¢) mpp dz
9 —h§ S:X)(Z)

Fe

3
EszC

(22)
CbV
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In eq 22,R(n) denotes the spatial coordinate of a polymer h(9)
segmenn. The total free energy per cdl can then be obtained 1257 B,
by combining the above free energy contribution with the
enthalpic free energy identified in eq 7: 17
Ft(h(X)l Zk!¢l Cﬁ) = Fe + X)(Z = 0)77AB + 0.75 1 02
25
27R20m + Fypay (23) 05 0.20
. . . - 0.15
(We ignore the possibility* > R, since we are specifically 0325 0.10
considering surfactant-like localized particles.) The last term : 0.02 0'05
in eq 23 is the 2D translational entropy of the localized particles: . 03 g
E = —log[SW(z= 7 24 0 02 0.4 0.6
tran glse( ) (24) Figure 4. Height of the A brush as a function of interfacial particle
To calculate the thickness and associated characteristics of the Onf:entraﬂonﬁ for .d'ﬁere.m value§ ot = Rho. .
layers requires minimizatioR; in eq 23 over botth® andz*. period as a function of interfacial concentratipriJp to O[¢ 4],
The elastic constants can then be obtained from the leading ordetVe obtain
terms in an expansion in the curvature radiasf the minimum h(¢) & 3 5\ 9 1 23\ 5
free energiest® and F® of the cylindrical and spherical ——=1+%— (— - —)¢ - ( T —) -
brusha 5%1,492 t t y P ho 3 (100 9 352 100 81
3 __2r 7 _ 107 ¢4+O(¢5) (29)
C K 140 10002 1500 243
©—ph L 0
F7=F +2(/,})+ - (25)
a2 wherea = Rihy = RIS2(,N;) 1. It is seen that the coef-
c _ ficient of the linear termy in eq 29 is positive, suggesting a
FO =F0 + 04 2K+ K (26) swelling of the layers due to the addition of nonselective
Z % particles. While this appears contradictory to the result in the
previous section, we note that we have neglected the particle
wherec, denotes the spontaneous curvature of the ldgend translational entropy contributions in deriving eq 29. In the next

K denote the bending modulus and saddle-splay modulus ofsection, we demonstrate that incorporating the translational
the layer, and={" represents the free energy of the flat layer. entropy of the particle does lead to a contraction of the lamella
A dimensional analysis suggests that the influence of the for small particles even at the leading ordeginSecond, it is
particles is governed by two parameters: o(iy= Rlhg, which also seen that the change in brush height is independent of the
quantifies the size of the particle relative to the initial (unper- selectivity parametes. The origin of this feature can be traced
turbed) size of the lamella; (ij) = sR3(;N)~3, representing to neglecting the effect of free end distributions in our model.
the effect of fluctuations on the scale In eq 23, the elastic  For such an approximation, the pressure field acting on the
and enthalpic terms are independendpivhereas the contribu-  particle is independent of its position and the selectivity
tion of Fyanis controlled by the fluctuation paramet&rin the parametep.
following section, we first consider the limit whede< 1, for More pertinent is the overa§l dependence of the height, the
which the results are simpler, and we present analytical and numerical nonperturbative result for which is displayed in Figure
numerical results for the block copolymer layer characteristics. 4. It is observed that over almost the entire range of volume
The limit where vR3(yN) 13 is arbitrary leads to more fractions our model predicts a decrease in the size of the lamellar
cumbersome analytical expressions. For such a limit, we thickness upon the addition of particles. As elaborated earlier,
consider only selected characteristics and present mainly nu-this effect can simply be understood as arising from the particle-
merical and some leading order analytical results. induced reduction in the AB interfacial costs. This effect is seen
Results for s-R-3(yN)~® < 1. 1. Location of the Particle.  to become more pronounced with an increase in the concentra-
For the flat interface, it is possible to obtain an analytical tion of the particlesp and with a decrease in the size of the
expression for the preferred location of the center of the localized particles. The latter can be understood by noting that, for a given

particle: concentrationp at the interface, smaller particles lead to less
elastic distortion costs for the polymer (polymers have to deviate
7 = — 2Rvoy (27) less to avoid the particles). Second, since the total surface area
ho3 of the smaller particles are much larger than that of larger
particles, by positioning at the interface, smaller patrticles provide
which is independent of the particle concentratjorsing eq more enthalpic gain. Together, these effects cause a more

27, a self-consistent condition can be derived for the parametric stronger reduction in the height of the brush at a specified

regime over which the particle behaves similar to a surfactant With the strong contraction in the brush height predicted in
(.e.,z* <R): Figure 4, at a critical the height of the brush is expected to
becomeh(¢) < Ry, corresponding to an overall compression of

° the polymer chains. It is known from other contexts that

0
2 > |0 (28) compression of polymer chains in brush systems can cause the
development of lateral instabilities in the brush&s® In the
Upon using (1), we observe that f@r = |0n|/nas > 1 the present context, one can can expect that the copolymer lamella
particle loses its surfactant-like properties. structure would lose its stability if the thickness of lamella

2. Brush Thickness and Lamella Periddinimization of free become less thenRy. In a later section we discuss such
energy eq 23 over gives us the height of the brush and lamella instabilities in more detail. CDV
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Figure 5. (a) Numerical, nonperturbative values of bending modulus of the lamdh@rmalized by its value in the absence of particle$,.as
a function of¢ for differenta = R/ho. (b) Perturbative values of saddle-splay modulus of the lankeflarmalized byk) as a function of for
differento. = R/ho.

3. Elastic ConstantsThe particle-induced spontaneous cur- changes compared to the larger particles. These effects are
vaturecy (the original diblock copolymer being symmetric has consistent with the observations related to the changes in the

no inherent spontaneous curvature) can be determin®@o): height of the brush, where upon addition of particles the AB
interfacial cost is relieved, resulting in less cost for bending
—3B(8° + hy'(8a + 3))p ) the brushes. Interestingly, our results predict the possibility that

= 7 + O(¢") the bending modulugx can become zero or negative (and

8h correspondingly > 0). Using eq 30, it is possible to estimate

) a critical particle concentratiog, where the bending modulus
Interestingly, fora < 1 becomes zero:

9
Co~ — % + O(¢?) ¢~ 0.8/a — 0.10. + O(c*?) (32)
o

] » o Since k < 0 typically corresponds to unstable state for
suggesting that the addition of even infinitesimally small fjyctuations of the interfact47its occurrence is expected to
particles can induce a spontaneous bending of the layer of thejead to a morphological transition from the lamellar state. We
block copolymer brush. The above expression suggests that eveRjiscuss these effects in the next section.
in a symmetric lamella, the addition of particles has an effect 4. |nstabilities Due to Brush Height and Bending Modulii.
equivalent to inducing a positive curvature in the direction of |n the previous sections, we presented results for the influence

its preferred phase. B of particles upon the height and the elastic constants of the block
The bending modulus and the saddle-splay moduligan copolymer layer. In these contexts, two observations were noted,
be obtained as (t®(¢ %)) viz., the decrease in brush height and a trend toward unstable
5 values of the elastic constants. In this section, we point out that
6v _ . (1,63 30 3 each of these effects can potentially lead to an instability of the
k=1 + + + 207 )¢ + . o\
h05 3 64 10 lamellar system and to a morphological transition. We analyze

the relative locations of these instabilities to determine a stability
(30) “phase diagram” for the system.

We first discuss the instability arising from the brush
contraction. In a laterally homogeneous lamella, typically the
height of the brusth is larger than the radius of gyration of the

24 1 9a 1202 componentR; (stretched chains), for which case the elastic
=1-[3+g 5 o+t free energy of stretching of the polymer chdin() h?/(R;)2.
The area of AB interface per chain is proportional fo!
14 3 570 1202\ (incompressibility constraint), and the interfacial free energy
9 20T 20 5 /¢ B perchain isdfiw O yagh™t. Minimization of 6f = dfe + dfin
yields the equilibrium value of the lamellar thicknessIn
For ¢ = 0, the scaling of the above expressions egs 30 and eqscontrast, ifh < R; the chain becomes compressed, and the
31 is in agreement with that calculated by Milner and Witten.  elastic free energy is no longer proportional hé. Other
The volume fraction dependencies of the elastic constants areresearches in the context of polymer brushes have considered
displayed in Figure 5a,b, wherein the bending modulus results similar situations as above to suggest the development of lateral
correspond to the nonperturbative numerical values, whereasinhomogeneities to relieve the unfavorable cost of chain
the saddle-splay modulus values correspond to the abovecompression (Figure 6%:44 For our system, the deformation
perturbative results and are displayed as the wtioThe latter of a chain along the contour is in reality inhomogeneous. Near
representation is motivated by membrane stability considerationsthe AB interface, polymer chains are squeezed by the particles
which typically require bothc < 0 andk + 2« > 0 for the and are hence always stretched. However, there is an external
stability of lamellar membranes. From Figure 5 it is seen that region to the brush where, depending on the particle concentra-
the addition of particles decreases the bending modulus andtion, the polymer segments may be stretched or compressed. If
increases the saddle-splay modulus of the layers. Moreover,those segments are also stretched, the lamella structure is
smaller particles are again seen to lead to more significant expected to be stable. Whereas, if they are compressed, W%B\e/’]

14 3 393 3a2 14a3) )
(9 20 448 10 3 /¢

and

hy
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be significantly higher than the actual value, thereby shifting
the instability line due to bending modulus toward lower patrticle
concentrations.

Finally, much of our above discussion used the interfacial
concentratiorp to identify the effects of nanopatrticles. In such
a context, smaller particles were always seen to act as better
surfactants. However, as Figure 2 indicates, smaller particles
also tend to exhibit a more delocalized density distribution which

< Rg is not accounted within our “strongly localized” model. A crude

Figure 6. A cartoon of the potential instability due to compression of way to incorporate these effects is to relgtéo the overall

the brush. The left-hand panel depicts the initially unfavorable Particle concentratiod through the parameteras¢ = C®.
configuration of compressed brush. The right-hand panel depicts the (To be consistent, we recomputedl in the Alexander

manner in which undulations can relieve the compression of chains. DeGennes approximation, instead of the parabolic approximation
used in section Ill.) To illustrate the qualitative trends resulting

067 ¢ from this renormalization, Figure 8 displays, in tite-R plane
and at different values af andyN, the region over which the
04 4 X _o lamellar region is stable to the height instabilities. Overall, it is
Koo N\ seen that the transformation fronto @ mainly affects the
0.2 4 \ﬁzo,l results for smallR, wherein in this representation smaller
hy particles cease to be efficient surfactants. A lowering cdiuses
0 o an increase in the localization of the particles, leading to an

' expansion of the region of lamella instability for smallRer
. 7 cri (I)I' . tr(]“. rt .0.|2 t0'3t' ane § Similarly, an increase ofN also causes an increase (much
gur . ria In n nter | ncentratl n r i i i i
s e T e O e % . Weaker) Iy and carrespondingly an expansion o he region
brushes. Regions above the lines correspond to unstable regimes. of lamella 'nStab'“tY for small particles. . .

B. Results for Arbitrary #R~3(yN)~3. The previous sections
considered for simplicity the results for the case where the 2D
translational entropy of the particles were neglected. In this
section, we discuss the results for arbitrary valuesdof
vR-3(yN)~3. In many cases, the resulting analytical results tend
to be more cumbersome expressions, and so we mainly discuss
the characteristics of the lamella thickness and the bending
modulusk and present the corrections to the leading order terms
and display the corresponding numerical results. Our numerical
results consider the situation wheReandyN are fixed, where
the influence of the parameteér appears through the role of
the fluctuation parameter.

With the inclusion of the fluctuation corrections, the lamella
thickness of eq 29 becomes

expect that the lamella to become laterally undulated to relieve
the chains from unfavorable compression.

While the above instability is specific for a copolymer system,
in the context of surfactant solutions, instabilities (and specif-
ically the formation of bicontinuoud; phases) have been
associated with the bending modulks< 1 and the saddle-
splay modulust ~ 0.222346|n the preceding section, we noted
that beyond a critical particle concentration such a situation can
occur also in the context of nanopartielelock copolymer
mixtures. In such situations, we expect the block copolymers
to resemble surfactant bilayers and result in bicontinuous
structures similar to 4 phases.

In Figure 7 we display a “phase diagram” for the onset of the
above instabilities in coordinates of interfacial particle concen- () 1 28 5 3 46\ . 5
tration¢ vs relative particle size. = R/hg. One can see that for oo 1+ (5 - 3)(;3 + (— - 3)@3 + O(¢°) (33)
the model considered here, far< 0.25, the instability related 0
to the lamella compression (arbitrarily chosen to occur at the
volume fraction at whicth/hyp = 0.1) occurs at lower particle
concentrations compared to the instability arising from the
bending modulus. The latter can be understood by noting tha
for smalla the critical volume fraction for the brush instability
scales as, whereas (cf. eq 32)) 0 o2 In contrast, for larger
values of thex parameter, the instability resulting from the bend-
ing modulus precedes that arising from the lamella compression.

A disadvantage of our approach is that while we can identify
the trends toward the onset of morphological instabilities, we
lack the means to identify the resulting phase structures.

Figure 9 illustrates the role of fluctuations by displaying the
complete numerical dependency of the brush height.(ferl)

tas a function of the concentration of the partigiedt is evident

that the inclusion of the translational entropy contributions tends
to lower the lamella thickness even further compared to its value
in the absence of fluctuations. The latter can be rationalized by
noting that additional entropic gain of the particles reduces even
further the overall free energy cost of the lamella. The
fluctuation corrections to the bending modukugdisplayed in
Figure 9b) can also be derived in a perturbative manner:

However, by analogy to surfactant solutions, it is likely that 6 1 6 302 10
these instabilities lead to a structurally disordered state which 2%, — 1 — (_ + 63 +2% 4 203+ (— + 30 + 8(13)(3 +
is still microphase separated rather than a phase mixedh, 3 64 10 3

disordered state. Moreover, while the above discussion suggests

that accumulation of the particles at the interface can cause an 80L362)¢ + O(¢%) (34)
instability, caution should be exercised in drawing quantitative

conclusions based on the strong segregation theory approact8imilar to the effects noted in lamellar thickness, we observe
used in this article. Recently, it was pointed out by Matden an additional lowering due to the translational entropy of the
strong segregation theory becomes quantitatively reliable for particles. However, overall it is seen that the impact of the
the calculation of block copolymer characteristics only jfdr parameted is mainly quantitative and does not impact the qual-
> 1(P. For weaker segregation regimes, our estimateafuld itative features of our earlier results. The same conclusioncv’\%
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Figure 8. Critical lines for brush compression instability in tihe-R plane: (a) effect of the parameter foyN = 30; (b) effect ofyN for v = 0.1.
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Figure 9. (a) Effect of a nonzer@ parameter (fluctuation corrections) upon the height of the brugformalized by its value in the absence of
the particles). (b) Effect of a nonzergparameter (fluctuation corrections) upon the bending modulus of the dgyermalized by its value in the
absence of the particles).

also drawn in a comparison of the relative locations of the fixed at 7680, and the particle concentration was varied by the
thickness and bending modulus related instabilities (not dis- addition of particles of a fixed radius of 2.25 units. We studied
played). polymer—nanoparticle composite systems with 1, 8, 16, and 32
particles corresponding to volume fractiofks of 0.01, 0.06,
V. Computer Simulation of Copolymer—Nanoparticles 0.11, and 0.21, respectively.
System The interactions between the A and B segments were
A. Simulation Details. Much of our above theoretical parametrized to provide high incompatibility and segregation
analysis was inspired by preliminary computer simulation results between blocks. In the parametric notation of our earlier asficle,
of a block copolymetnanoparticle system. To test our model Wwe chose the interaction parameégg = 550 forN = 24 and
predictions, we carried out constant pressure ensemble computefas = 1850 forN = 12. We then used the equilibrium thickness
simulationg® of a block copolymernanoparticle system. of the lamella to parametrize thgg (values discussed below)
However, considering the limited range of validity of strong corresponding to the parameters of our potential. To mimic the
segregation theory, only a qualitative comparison with our “nonselective” particle situation considered in the previous
simulations could be achieved. In this section, we present in section, we considered particles which were equally selective
brief our results for the case of surfactant-like particles to both A and B phases of the polymer. Selectivity was
considered in the previous section. Qualitative tests of our incorporated into the potentials by the addition of an attractive
predictions in section Il have already been furnished in interaction between the polymer segment and the particle.
experiments and alternate theories discussed earlier. Explicitly, the polymer segmentparticle potential (eq A4 in
The equilibrium and dynamics of our model system are our earlier article) is now modified as
simulated by a recently proposed variant of the momentum-

6 6
conserving Dissipative particle dynamics (DPD) apprd@cdur 12%505c Osc <
- i i o © ge— —T = Tsc
earlier articles have presented a detailed description of the Fse(r) = r8 €6 (35)
simulation methodology and the functional form of the interac- 0 r<rec

tion potentials for polymerparticle system. To maintain brevity,

we refrain from repeating them here. For our simulations, the where we settsc = 1 to mimic the selective interactions. Using
size of the polymer segment was chosen as the fundamentathe above simulation parameters, the model parameters of the
length scale for normalizing the lengths in the simulation. For previous sections were estimated toRiB; = 0.75,R; = 3, hg

the present situation, we simulated two symmetric diblock = 4.4, = 0.35,yN, = 25+ 5, andv = 0.9 forN = 24 and
copolymers of the kind #Bs and Ai2B12. The (unperturbed) RIRg= 1.06,Ry = 2.12,v = 1.2,hg = 4.3, a0 = 0.49, andyN
radius of gyration of these polymers was found to satisfy = 28+ 5 for N = 12.

Gaussian statistics with a statistical segment length of 1.5. The The simulations were started from random initial conditions
total number of polymer segments in the simulation cell was of the particle and polymer segment positions and V\é}be\/
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h of the particle loading®. Consistent with the predictions
displayed in Figures 4 and 9, we observe that the lamella period
decreases monotonically with an increase in particle loading.
We note that the values @f in our simulation are relatively

0.99 1 large @ = 0.49 forN, = 12 anda. = 0.35 forN, = 24), and
hence the contraction of lamella thickness is considerably lower
0.98 1 than those portrayed in Figure 9. However, the qualitative trend
of our simulation results (stronger contraction for lower values
0.97 1 of ) is in agreement with our model predictions.
0.96 Time evolution of the initially aligned lamella structure lends
' support to the second of our predictions, viz., that the addition
095 i : : v of a sufficient loading of nonselective particles transforms the
0 0.05 01 015 02 aligned lamella into a disordered albeit segregated lamella.

Figure 10. Lamella thicknes (relative to its value in the absence of T 19ure 11 displays simulation snapshots of the particle and
particlesho) as a function of particle concentratign polymer conformations fo = 0.06 andN = 12. The upper

. . . . ) ) panel displays the initially aligned configuration, with the left
equilibrated by applying a weak periodical field (with a period 54 right panels displaying just the A and B blocks along with
commensurate with the cell size) to align the lamella along one {he particles. One can see that initially the particles tend to be
of the faces of the periodical cell (henceforth referred to as the |y.alized at the AB interfaces. The lower panel displays the

z direction). Subsequently, we turned off the field, and we fina| configuration after evolution of the system over a long
allowed the system to relax for a short time and calculated the gjmulation run. One can see that the system evolves to a

anisotropy of the stresses: disordered, albeit segregated phase. The segregated nature is
00 =20..— .. — 0. (36) evident in the snapshot displayed in the middle panel, whereas
“ W the disordered nature of the phases is evident in the snapshots
whereoj denotes thégth component of the stressesdf was of the configurations of the A and B segments displayed in the

positive (negative), we stretched (compressed) the cell iz the left and right panels. A more quantitative verification of the
direction and compressed (stretched) it in Xiyglane so as to  disordering is presented in the 1D averaged density profiles
keep the volume to be constant. Subsequently, the system wasglisplayed in Figure 12. Itis evident that fér= 0.01 the density
relaxed and the anisotropy in stresses were checked and theprofiles suggest preferential localization near AB interfaces,
procedure was repeated. This procedure eventually leads to awhile the plots for® = 0.06 demonstrate the disordering of
lamella aligned along the direction with an isotropic stress the lamella structure. A similar effect is also seen in the density
tensoro which we consider the aligned “quasi-equilibrium”  profiles for Np = 24 displayed in Figure 12c,d, where again it
lamella structure. The thickness of the above-aligned lamella is seen that at the highest concentratiordof= 0.21 that the
is taken to be the “equilibrium” lamella thickness corresponding lamella becomes disordered.
to the nanopatrticle loading. The system is then evolved further To contrast the above results with that of the selective
to allow it to manifest any instabilities which may result for particles, we also performed simulations with the particle just
the given conditions. nonselective with the A phase of the polymeg§ = 1 for A

B. Simulation Results. Displayed in Figure 10 are the segments andics = O for B segments). Shown in Figure 13
equilibrium heights of an initially aligned lamella as a function are the simulation snapshots fé¢ = 32 and the corresponding

Figure 11. Snapshots of diblock copolymer composites ¥o= 12,® = 0.06. (a)-(c) represent the initial configurations of (a) A componént
particles, (b) A+ B componentst particles, and (c) B componert particles. (d)-(f) represent the final configurations configuration aftef 10
time steps of (d) A componenit particles, (e) A+ B componentst particles, and (f) B component patrticles. CDV
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() segregation increasing with increasing size. These results were
shown to match with experiments and earlier theories, but our
predictions provided a quantification of the parameters deter-
mining the segregation. In conjunction with an experimental
guantification of the density profiles and/or the lamella thick-
nesses, our model provides the means to parametrize the
particle-polymer interactions and predict the characteristics for
other conditions.

@@L R We then considered the case of finite concentration of
i A 1 particles and presented a more accurate treatment of the particle
size effects to identify their effects upon the characteristics of
the block copolymer layer. We specifically focused on the case
of nonselective particles where we used an Alexander
DeGennes approximation to discern the lamella height and the
' ' elastic constants as a function of the concentration of the
0 10 il 0 10 2 particles. We demonstrated that, in general, the addition of
Figure 12. Averaged density profiles for mixtures of diblocks and particles leads to a contraction of the lamella and a lowering of
nonselectiv_e particles (solid lines, A _component; dotted Iings, B the bending modulii. We pointed out that the possibility of
&g’)”lllpinlegltgo:"%_'g‘és(g‘)”lflhzc”z‘ﬂ?% iag.lglle;s()d)(Na): %ig - 8'_(2)11 different layer instabilities which can result from these effects.
Finally, we presented simulation results confirming the qualita-
averaged density profiles. It is clear that in this case the lamellar tive features of our predictions.
ordering as well the particle segregation remains intact up to  Our results in the second section suggest that while block

the highest particle concentration probed. copolymers have been traditionally viewed as the “supramo-
lecular surfactant”, nonselective nanoparticles can act as sur-
VI. Summary and Outlook factant for the block copolymer phases themselves and aid in

We presented a strong segregation approximation basedthe formation of segregated, nanosized bicontinuous struetures
theory for ordering in mixtures of symmetric block copolymer @ phase morphology which has the potential for many applica-
and nanoparticles. The first section considered the case of dilutetions and has attracted significant inter€st'->2We note that
concentrations of nanoparticles and presented predictions forafter the present article was submitted for publication we
the density profiles of both selective and nonselective nano- received a preprint from Kramer and co-workérswhich
particles. Also, the role of particles in influencing the lamella Semiquantitatively validates many of our scaling predictions and
thickness was also considered. It was shown that nonselectivethe formation of bicontinuous morphologies in nonselective
particles tend to localize near the interface and contract the nanoparticle-block copolymer mixtures.
lamella thickness. In contrast, it was shown that the selective Many future directions arise from our work. The case of
particles tend to segregate into its preferred phase, with theasymmetric polymers and/or self-assembly transitions between

] 10 15

Figure 13. Snapshots of diblock copolymer composites for= 24, & = 0.21 and selective particles. {a)c) represent the final configurations
of (a) A componentt patrticles, (b) A+ B componentst particles, and (c) B component particles. Averaged density profiles for mixtures of
diblocks and selective particles (solid lines, A component; dotted lines, B component; solid lines with circles, particldisy Zd) ® = 0.01;

(e)N =24, ® = 0.21. cDV
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lamella and cylinders, etc., can also be treated within the strong(15) Thompson, R. B.; Ginzburg, V. V.; Matsen, M. W.; Balazs, A. C.

segregation approximatidA3° The case of selective particles Science2001, 292, 2469.
. gf 9 Lif ppt int tf th - Ft) | 26 (16) Thompson, R. B.; Ginzburg, V. V.; Matsen, M. W.; Balazs, A. C.
is of equal, if not more, interest from the experimental $fle. Macromolecule2002 35, 1060.

A treatment of this case along the lines of this work proves a (17) Schultz, A. J.; Hall, C. K.; Genzer, Mlacromoleculeg005 38, 3007.
little more complex due to the need to account for the changes(18) Sides, S. W.; Kim, B. J.; Kramer, E. J.; Fredrickson, GPHys. Re.
in the free end distribution which results from the positioning 19 'Lett- 20?/3 9:'P?]”'C'9R25%63362 65 article 031606
. . . . opes, W. APhys. Re. , article .
of the particle. In the limit of gmall particles, such effects might (20) Krishnan, K.. Aimdal, K. Burghardt, W. R.; Lodge, T. P.; Bates, F.
not prove so relevant, allowing one to map the system to that S. Phys. Re. Lett. 2001, 87, article 098301.
of a diblock copolymer in a selective solvent. The latter has (21) Kim, B. J.; Fredrickson, G. H.; Hawker, C. J.; Kramer, E. J.
been studied extensively from both experimental and theoretical ,’:‘A%rr‘gﬁgggci'gss%Tz;tr?r:‘t&zego% Route to Bicontinuous Block Copolymer
I i 53—-55 : H . s .
point of view: Unfortun.ately, the case of.Iarger partlgles IS (22) Roux, D.: Coulon, C.; Cates, M. B. Phys. Chem1992 96, 4174.
more compllcateq and might need_ numerical _ca_llculatlons t0 (23) Porte, G.; Appell, J.; Bassereau, P.; Marignad, Bhys. (Paris)L989
discern the resulting thermodynamic characteristics. 50, 1335.
(24) Lee, J.Y.; Shou, Z.; Balazs, A. €hys. Re. Lett.2003 91, 136103.
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