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Interactions between brush-coated clay sheets in a polymer matrix
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The interactions between clay sheets with lateral lehgthat are grafted by polymer chains isf
monomers immersed in a chemically identical polymer melt of polymerization irltleare
calculated by using Edwards’ self-consistent field theory. The calculation is carried out in two
dimensions and shows that, as expected, for short grafted chealMi$&«<L, with a the segment

size), the interactions and concentration profiles of the grafted layers are that of stretched brushes at
flat interface; while for long grafted chainali*?>L), the interactions and concentration profiles

are characteristic of star polymers. In the practically uséfut analytically untractabjecase of
intermediate grafted chain lengths, whamé*>~ L, we have found that the lateral length of the clay
sheets is a new relevant length scale in determining the structure and interactions of the grafted
layers. These results indicate that the structure and interactions of the brush-coated clay sheets can
be tailored by varying the grafted chain length and/or the lateral length of the clay sheets to benefit
the fabrication of polymer/clay nanocomposites. 2003 American Institute of Physics.

[DOI: 10.1063/1.1568339

I. INTRODUCTION chains,P, as well as the grafting density (average number
of grafted chains per surface are of the solid substrate,

Polymeric nanocomposites are composed of polymergiherea is the monomer sizgeFor long enough polymer melt
and dispersed inorganic particles with at least one dimensioghains, i.e.P=N2 the bare monomer—monomer interac-
at nanoscalé.Examples include adding the inorganic clay tions of theN chains often described by an excluded-volume
montmorillonite to nylon-f?, reinforcing polypropylene by parameter, are screened out by Fhehains, and th&l chains
particulates fibers, and layered inorganic fillerspnfining  behave ideally. When the grafting density is lowyN*2
poly(ethylene oxidg in parallelly stacked montmorillonite <1, the free melt polymer chains penetrate the briisret
layers? and incorporating graphitic oxide and clays into con-brush”) and the brush height scales lasaN'% where the
ducting polymers, such as polyaniline and polypyrrifie. grafting density is high enoughsN'?>1, the melt chains
Such composites may exhibit dramatic increases in tensilare completely expelled from the bruglry brush”) and its
strength, heat resistance, optical clarity, barrier propertiesheight scales as=aNo.2° The interface between the brush
scratch resistance, and flame retardancy. It is now generaliynd the melt, however, is not sharp; the melt penetrates
understood that for polymeric nanocomposites to achievever a distance. inside the brush. This phenomenon arises
these improved properties the inorganic particles have to bgs a balance between two effects. On the one hand, penetrat-
molecularly dispersed within the polymer matrix. In practice,ing the brush is entropically favorable for the solvent; on
however, the van der Vaals interactions between the inothe other hand, the melt penetration implies an extra
ganic particles are always attractive, which result in the agstretching of the chains in the outer fringe of the brush and a
gregation or flocculation of the particles. It is, thus, impor-subsequent cost in elastic free energy. The penetration
tant to tailor the surfaces of the particles to control thelength A was calculated by Leibleet al. for a melt of
surface force. One common means is to end-graft polymelong chains: A=ac~Y*NY2 for P>P*=N%3"28 je.,
chains onto the particle surfaces, forming what is usuallyrN¥?>(N/P)%2! In this regime, the melt wets the brush
referred to as golymer brush.These brushes are of both only partially and there exists a positive interfacial energy
practical and theoretical interest and have been the subject bbtween the grafted chains of the brush and the mobile
intense study since the pioneering work of Alexafderd de  chains of the bulk. In the case of short melt moleculBs (
Genneé <P*), Leibler et al. predicted complete wetting and the

When a polymer brush is immersed in a polymer melt,penetration length scales as=ac !NP~! for P<P*
the osmotic effects tend to swell the brush, while the elastic=N2%35~2/3 11.12
ity of the grafted chains tends to diminish the brush exten-  Although the scaling analyses were rather successful in
sion. The balance of the two effects results in an equilibriungiving qualitative prediction and interpretation of experimen-
brush height, which depends on three parameters, the polyal observations, they were limited in providing detailed in-
merization indexes of the grafted chaird, and the melt formation about the specific density profiles and interactions
of the polymer brush/melt systems. Using a continuous one-
dAuthor to whom correspondence should be addressed. Electronic maif:iiimenSional self-consistent fielCH theory- Ferreiraet al.
fenggiu@fudan.edu.cn performed a systematic exploration of the parameter space of
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a polymer protected surface in contact with a méltheir (@

calculation shows that due to subtle entropic effects the melt
chains are expelled from the grafted layer, even if they are
chemically identical to the grafted chains, and the interac-
tions between the clay sheets can be purely repulsive or re-
pulsive at short distances and attractive at longer distances.
The domain where attraction exists between two grafted
layers, and where partial wetting is thus expected, can
be simply described byrNY?>(N/P)?, which is slightly
different from the just described scaling predictiariN®?
>(N/P)%2. Combining the Scheutjens and Fleer SCF
method and an analytical SCF theory, Baletsl. recently
investigated the interactions between two closely spaced sur-

faces and the surrounding polymer melt, in which short
chains(surfactants are terminally anchored to each of the
surfaces? Their calculations show that adding a small frac-

tion of end-functionalized polymers to the melt can lead to

the formation of exfoliated structures, where the sheets are (b)
uniformly dispersed within the matrix. These results reveal
that the optimal polymeric candidates for creating stable ex-
foliated composites are those that would constitute optimal
steric stabilizers for colloidal suspensions. H L

In all the previous theoretical studies the clay sheets

were assumed to be so big that their lateral lengths are much
longer than the size scale of the grafted polymers. Therefore,

all of the existing studies are in one dimension and their Y
argument is valid only for very long sheets aN'?). z e
These assumptions are apparently inadequate for nano- w

sheets, where the inorganic clagmontmorillonite being a

prime examplg consist of stacked silicate sheets, each sheet

is approximately 200 nm in length and 1 nm in thickngss. X

For a “dry” polymer brush with index of polymerization g 1. (a) 2D schematic diagram of the geometry of two brush-coated clay
equal to 1000, segment length 0.2 nm, and grafting densityheets in a polymer melt. The long lateral length alongytiaetis is much
0.5, the brush height is approximately 100 nm, which is thdarger than the brush height, thus only a cross section inxigane is

wn. The two clay sheets are represented by two rectangles and the
same order as the lateral length of the sheets. However, su fted chains are drawn darker than the melt chains. Note that the

regimes with intermediate sheet length, which is important tG.direction is perpendicular to the surfaces of the clay shéatSchematic
applications of nano-sheets, have entirely been left out by thdiagram illustrating the variables used in the calculation. NoteHhiatthe

previous theoretical studies. Attempting to deal with thisdistance between the two front surfaces of the clay sheets.
practically useful case of intermediate sheet lengths, here we
report numerical calculations that do not impose any as-

sumption on the sheet length. We use the SCF formulisiyenoied as. . At sufficiently large distance away from the
originally developed by Edwards and extended to multi-gheets the influence of the brushes ceases to exist aml the
component mixtures by Hong and Noolandi to investigatenelt chains attain their bulk properties. The bulk is charac-
the morphologies and interaction poten;uals of the brushigrized by a constant mean density of monomeys 1. The
coated clay sheets/polymer melt systei: monomers of the grafted chains and the free chains are as-

sumed to be chemically identical, flexible with a statistical
II. MODEL length a, and incompressible with a volurmgl. The vol-

We consider a system of two parallel clay sheets with &ume occupied by the polymers &= (n,N+nzP)p, * and
distanceH along thex-axis and grafted witm, polymer the grafting density of the grafted chains és=an,/4(L
chains of polymerization inde (Fig. 1). The two sheets are +W), which is dimensionless and defined as the average
immersed in a polymer matrix af, free chains with poly- number of grafted chains per surface aegaof the solid
merization indexP. To simplify the calculation, we assume substrate, whera is the monomer size. It should be noted
that the lateral length of the sheets in th@xis is much that this definition ofo implies thatn, andng are actually
larger than the brush height. Thus, due to the translationdhe number ofgrafted and matrixpolymers contained in a
invariance along thg-axis, the calculation can be reduced to box of dimensionL, XL, Xa, whereL,, L,, anda are the
two dimensions and the clay sheets are represented by tw&ystem sizes along the z and y-axes, respectively. The
parallelL X W rectangles in thezplane, whers. andW are ~ average volume fraction of the grafted chains is defined
the lateral length along theaxis and the thickness of the as (,//aznaNpgl/V and that of the matrix chainsg
clay sheets, respectively. The surfaces of the clay sheets arengPp, v,
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The system we considered here consists of many inter- Wg(r)=&(r), (6)
acting chains. In general, a many interacting system is not
analytically tractable and a variety of approximations has to Palr)+p(r)=1, @)
be taken, in which the mean field approximation is a good ”aPEl N
first step to go. In the mean field theory the many interacting  ¢,(r)= 0 j ds qa(r,s)qZ(r,s), (8
chains are reduced to that of independent chains subject to an a JO
external(mean field, created by the other chains. The fun- n5951 P
damental quantity to be calculated in mean field studies is  #4(r)= f ds gg(r,s)qu(r,P—s). 9
the polymer segment probability distribution function, Qs Jo

q(r,s), representing the probability of finding segmerit In general, Eqs(5)—(9) must be solved numerically. We
positionr. The probabilityg,(r,s), that a grafted chain ends choose to use the real space combinatorial screening algo-
atr in s steps having started at the surfaces of the clay sheetithm of Drolet and Fredrickson to numerically solve Egs.

satisfies a modified diffusion equation (5)—(9).1>%! The calculations are carried out on a two-
J0.(r.s) a2 dimensional, X L, lattice with periodic boundary condition.
“0_’: EVan(ris)_Wa(r)qa(r,s), (1)  The size of the lattice is chosen such that=L,>aN"? to
S

avoid finite size effect? To simplify the system and the cal-

wherew,(r) is the self-consistent field, the initial condition, culation, we assume equal polymerization indexes of the
q.(r=r.0)=1 andq,(r#r.0)=0, and the boundary con- grafted chains and the free chains; that is, we tdkeP, the
dition is g.(r=r.,s)=0. To implement these conditions System is in the long solvent regime. The algorithm then
without contradictions, the trick introduced by Dolan and consists of generating the initial values of the fields. Using a
Edwards was adopted Because the two ends of the grafted Crank—Nicholson scheme and an alternating-direction im-
chains are distinct, a second end-segment distribution fundlicit (ADI) m?thOdz,g the diffysion equations are then inte-
tion, gl(r,s), is needed. It satisfies E¢L) with the right- ~ grated to obtair, (q4) andq,, for 0<s<N(P). Next, the
hand side multiplied by—1, and the initial condition, right-hand sides of Eq¢8) and(9) are evaluated to obtain

ql(r,N)=1, and the boundary condition(r=r,s)=0. new expressions for the species volume fractions and the
For the free chaing chaing, the two ends are identical, incompressibility field is chosen to be
therefore, only one end-segment distribution function,  g(r)=g1—y (r)— (1)) (10)

qg(r,s), is needed, and the equationaf(r,s) is similar to ) ) , ,
Eq. (1) with the initial condition,q(r,0)=1, and the bound- with £ a constant with a high enough value to ensure that in
ary condition,qs(r=rg,s)=0 practicey,(r) + ¢5(r)=1 and that the resulting density pro-
ll Cc . . . . . .
The individual canonical partition function of the grafted files and energies are independent of its particular vélue.

chains(a chaing subject to the mean field,, is defined as The final step is to update the potential fields using EB}s.
Q,. In terms ofq, andq* it can be written as (6), and(10) by means of a linear mix of new and old solu-

tions. These steps are repeated until(tie¢ative) free energy
_ 4 Yol (r.s) ) changes at each iteration are reduced to*1@or the details
Qu= M Qa(r,8)G,(T,S). of the calculation procedure, see Appendices A and B.

Note thatQ, is independent of the parametrThe expres-
sion for Qg is similar

Qb’:f dr gg(r,s)gp(r,P—s). (©))

With the mean field approximation, the free energy of
the system is given by

F Q ~1,. Qg

-1 a 1
———="Nypy IN——=—nNgpy IN——=—
poKgT 70 T 1 AT nﬁpol

aPo

+f dr[_Walpa_WBlpﬁ_g(l_lpa_wﬁ)]! (4)

wherekg is the Boltzmann constant, is the temperature,
¢, (r) is the local volume fraction of the grafted chains,
#4(r) is the local volume fraction of the free chains, and
&(r) is the potential field that ensures the incompressibility
of the system.

Minimizing the free energy in Eq4) Wl.th respect_to FIG. 2. Distribution of total monomer density of the grafted chains with
os g, Wo, Wg, and§ leads to the following mean field N=p=50, 6=0.25 for different sheet lengths. The monomer density in the

equations that describe the equilibrium morpholdg-18 white region is higher than that in the dark region and the dark rectangles
with different lengths in the center of the white region represent the clay
W, (r)=&(r), (5) sheets.
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any further approximation, similar structures are predicted
by changing the lateral length of the clay sheets.

The interaction between the two polymer brushes also
alters the structure of the brushes. As an example, we first
illustrate in Fig. 4 the distribution of the monomer density
for two clay sheets with. =31 and each surface grafted with
N=50 chains at different distancét For convenience, the
surface of each sheet facing another approaching sheet will
be called front surface and the other rear surface, and the
brushes grafted on the front and rear surfaces are named
the front and rear brushes, respectively. For the values of
0(=0.25 and P(=50) used, the systems are well in the
“dry” brush regime (where oN*?=1). The brush height is
roughly equal to the predicted valub=aNo=12. When
H>2h, i.e., the two clay sheets are far away from each other
and no interaction exists between the two front brushes, the
melt polymer chains penetrate into the space between the
tails of the two separated front brushes, and one finds that the
monomer density of the grafted chains are almost zero in this
area. As the distance between the sheets decreases and
reaches a critical value defined by =2h, the tails of the

two front brushes start to touch each other and the area in
which the monomer density of the front brushes equal zero
disappears, i.e., the melt chains being expelling out from this
area. If the distance of the two sheets is further decreased
(H<2h), one can see that almost all the free chains are
expelled out of the front brushes. The density profile of the
rear brushes remains almost unchanged as the two sheets
move closer.
z Figure 5 shows the distributions of the monomer density
for sheet length. =W=3 andN=50. In this extreme case,
whereL, W=aN?'?, the distributions of the monomer of the
polymer layers resemble that of star polymers and the layer
thickness is predicted ds=aN'?=7. Although the distance
between the sheets reaches the critical value that the tails of
A. Morphology the two front layers start to touch each other, the melt chains
We first illustrate how the brush structures change with?'® ”9‘ completely expellet_j pUEIFOMPINIS area: Decr_easing
various sheet lengthk. For clarity, only one clay sheet the distance further, one finds that all the free chains are

grafted with polymer chains is considered here. The dis;tribu-exr)e”ed out from the front layers.

tions of the monomer density fdd=50 ando=0.25 with  B. Interactions
different Iat_era_l Iengths of the clay shektare shown in Fig. The interaction free energy for the two brushes at a dis-
2. These distributions demonstrate the large influence of thganceH is given by

lateral length of the clay sheet on the structure of the grafte 9

15 20

FIG. 3. Profiles of total monomer density of the grafted chains WithP
=50, 0=0.25 along(a) the x direction and(b) the z direction.

Ill. RESULTS AND DISCUSSION

chain layer. The shape of the monomer density distribution  F(H) . Q,
varies smoothly from what appears to be an ellipse when m: —Ngpo N ,1—J dr w, i, (11
=aN'? to a circle wherL<aN'?. 0B NaPo
The corresponding monomer density profiles alongxthe and the free energy difference
and z directions are shown in Figs.(& and 3b), respec- F(H)
tively. WhenL=aN"?, in both directions the shape of the = F(H)— F(), (12)

monomer density profiles is the parabolic, which is charac-
teristic of polymer brushes at a flat interface; when where the reference state is taken to be the state where the
=<aN'? the shape of the density profile is the power lawtwo clay sheets are separated far enough so that they do not
decay in both the«- and z-directions, which is typical of a feel each other, i.e., the monomer density distributions of the
star polymef* Similar behavior has been observed in a systwo brushes are not altered even when one separates them
tem of polymer chains grafted to a spherical interfacln  further. In Fig. 6 we present the results obtained for the in-
that case, by changing the core curvature and using a modieraction free energlf/pokgT of the two brushegN=>50) in

fied Derjaguin approximation, the grafted layer assumes melt(P=50) as a function of the distand¢ between them,
structures ranging from those in star polymer systems to plaor different values of the grafting density The four curves

nar polymer brushes. In the present 2D calculation, withouplotted in Fig. 6 correspond to the four values of the grafting
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FIG. 4. Distribution of total monomer density of the grafted chains with FIG. 5. Distribution of total monomer density of the grafted chains with
N=P=50, 0=0.25 andL =31, W=3 at different distances. The monomer N=P=50, 0=0.25 andL=3, W=3 at different distances. The monomer
density in the white region is higher than that in the dark region and the darklensity in the white region is higher than that in the dark region and the dark
rectangles with different lengths in the center of the white region representectangles with different lengths in the center of the white region represent
the clay sheets. the clay sheets.

density forN=P=50, L=31 atc=0.039(starg, 0=0.117  volume effect between the grafted polymers, while at large
(triangles, 0=0.156 (circles, and ¢=0.195 (squares At brush separations there is no interaction between the brushes.
small brush separation there is a repulsive part in the interAt intermediate distance§oughly at the contact distances
action free energy for all four cases due to the excludeaf the tails of the two brushgsand for relatively high
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FIG. 6. Free energy of interaction of two brushes as a function of theFIG. 7. Free energy of interaction of two brushes as a function of the
distance between the two front surfaces with- P=50, L=31, W=3 for distance between the two front surfaces with: P=50, 0=0.25,W=3 for
different values of the grafting densityr=0.039 (star3, ¢=0.117 (tri- different values of the lateral lengti:=3 (starg, L=7 (triangles, L=15
angles, 0=0.156(circley, ando=0.25(squares The symbols are obtained (circles, andL=31 (squares The symbols are obtained from the numerical
for the numerical calculations and the solid curves are the fits to thecalculations and the solid curves are the fits to the symbols.

symbols.

length of the brushes is assumed to be infinitively lohg (

grafting densitie§ oN2=(N/P)%?], however, it is surpris- — ) and is thus not considered to be a relevant length scale.
ing to see that the interactions are attractive. The reason f@ur 2D SCF calculation reveals, however, it is not the case.
the appearance of the attractive interactions for polymeFigure 7 shows the interaction free energy of the two brushes
brushes immersed in a chemically identical polymer meltwith different L and fixed grafting densityr in the regime
was explained by Leiblet al.and Gay as follows>*20Once (P> P*). It is seen that fot./aN*%>1, at intermediate dis-
the brush and the melt are in contact, they adjust the penetrgances the interactions are attractive, which is similar to that
tion length\ so as to minimize the overall interfacial free in Fig. 6 with P>P*; however, as foL/aN1’2<1(L=3, the
energy. The extra stretching of the brush, when the interfacstars in Fig. 7, the interaction is purely repulsive. In fact, as
is broadened over the width, contributes to the interfacial L, W<aNY? the structure of the grafted layers appears like
energy asFpsi=kgToA?/Na*.*1?° The contribution of the that of star polymers. Witten and Pincus considered the sta-
melt component to the interfacial energ¥,o, however, bilization of extra-small colloidal particles grafted by poly-
scales differently for different melt chairffree chain  mer chaing’ Using scaling argument, they showed that for
lengths. For a melt of short chain®{<P*, where P*  Jong chain and high grafting density the grafted layers expe-
=N%3¢~2?3is a crossover polymerization index predicted byrience purely repulsive force, which is in agreement with the
Leibler et al. and Gay, it scales asFye=—kgTA/Pa’, present 2D SCF calculation. Therefore, our 2D SCF calcula-
which comes from the contribution from the translationaltion shows that the lateral length of the clay sheets is indeed
entropy of the solvent since in this case the melt chains caa new relevant length scale in the problem we considered
be considered as pointlike objecsRY2<\). On the other here. Decreasing the lateral length of the clay sheets can
hand, for a melt of longer chain®¢P*), the melt interfa- cause a substantial change in the interacting force between
cial energy scales a&.=kgT/\a, which is positive and the clay sheets. The appearance of the attractive interaction
accounts for the fact that when the interface width is smalletan either be caused by increasing the grafting density or by
than the typical extension of the solvent molecules ( increasing the lateral length of the clay sheets.
<aP'?), many conformation of the free chaifithose that We calculate in a systematic way the locus of poiNis
would cross the interfageare forbidden near the interface. P, L, ando at which the attractive interaction disappears. For
Therefore, in this case, the decrease of the distance betweéired value ofN, P, andL, the grafting density was varied
the brushes causes a progressive expulsion of the free chaiostil the first value ofo, for which the free energy of inter-
and gives rise to an increasingly negative energy of interacaction becomes negative, was found. The free energy was
tion. The minimum is attained when the two brushes start t¢omputed with accuracy to four decimal places and in some
compress each other and a positive repulsive contribution toases a few thousand iterations of the set of equations were
the energy appears. Indeed, our calculation agrees with theecessary in order to attain the desired precision. The results
scaling predictions of Leibleet al. and Gay fairly well. For  obtained for N=P=30 (filled circle9 and N=P=50
0=0.25 (squares and 0=0.156 (circles, in which oN*? (squaresare shown in Fig. 8. Also shown in the same figure
>(N/P)%2, it is seen that the intgractionsslglre attractive,is the curve corresponding to the scaling function

. - 1 .
Wh|_le fc_;r 0—0.039(star_s), whereaN~“<(N/P)*% the inter- oNY2= £ (L/aNY?) (19
action is purely repulsive.

In the arguments of Leibleet al. and Gay, the lateral with
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FIG. 8. Locus of pointgN, o, L) that characterize the beginning of the FIG. 9. The position of the minimum of the interaction free energy as a
expulsive of the mobile chains from the grafted layer. Results are presenteftinction of the polymerization indexes of the grafted and melt chaired

for N=P =30 (filled circle§ andN= P =50 (squares The solid and dashed P, the lateral length of the clay sheels,and the grafting densityr.

curves are the sketch of the proposed scaling function defined iflEyg.

The upper cartoon denotes an interaction with an attractive part and the

lower one denotes a purely repulsive interaction.

intermediate regime L(~aN'?), the lateral length of the
clay sheets is relevant and the peak position is affected by
1, X>1, this length scale.
f1(X)= w, X<I1, (14 Finally, the minimum of the attractive energy varies

’ with the values ofN, P, o, andL. In Fig. 10, it is seen that

whereX=L/aN"2 The scaling function is proposed basedfor small L/aN*2 values (/aN¥2~1), |Fl/poksTL in-
on the following observations. In the/aN¥?>1 limit, the  creases with the increase lofaN¥2, while for largeL/aN"2
structure of the grafted layer is that of a polymer brush at avalues (/aN¥2>1), |Fil/pokeTL appears to saturate at
infinitely long, flat interface, in which case scaling argumentsdifferent values for different grafted and melt chains, which
by de Gennes and Gay show that the beginning of the expuls reasonable: for an infinitively long sheet, the attractive
sion of the mobile chains from the grafted layer occurs wherenergy per unit length is independent of its lateral lerfgth.
oNY2>(N/P)¥%812 while in the L/aNY?<1 limit, the  The asymptotic behavior of the energy lincannot be de-
structure of the grafted layer is that of a star polymer, inscribed by the existing scaling theory.
which case the scaling argument by Witten and Pincus and
experiments and simulations by Likes al. show that the
interactions between two star polymers are purely
repulsive?’?® The general trends of our data are well repre-
sented by the scaling prediction. 0.006 -

In Fig. 9 we present the results obtained for the distances
for which the minimum of the interaction is attained for vari- i ses * 5 P s BB
ous values oN, P, o, andL. Since the effective attraction £ g *
between the brushes results from the replacement of two un-_ 0.004 - "
favorable brush—melt interfaces by a single brush—brush in-§= | _' ﬁﬂgﬁﬁﬁﬂ ggg@aas
terface, the distance at which the attraction attains its maxi- E_g = oot
mum value is roughly the sum of the two equilibrium heights 0.002

5
of the brushes, i.e., P L] x=§§8
a = P=

H* =2h=2aNo. (15)

Indeed, it is seen from Fig. 9 that all the curves are straight 0'0000 4 8 1'2 1I6 T 20

lines. However, the slopes of the lines appear to be depen- »
dent on the value of/aN*2 For the cases with =63, N L/aN
:??O (filled circles, a}nd N=>50 (open circley 6'1” the data  FiG. 10. Absolute value of the minimum of the interaction free energy of
points fall onto one line and the slope of the line is equal towo brushes at a fixed grafting density=0.25 with N=P=30 (filled
2, in accordance with Eq(15), which means that for squaresand N=P=50 (squares as a function of the lateral length of the
L/aNY2>1 the lateral Iength is not relevant in determining clay sheets|.. For each data point, three independent runs starting with
. . 1/2 different initial (randon) states were carried out to estimate the typical error
the peak position. However, decreasing the valuk/afN

) : ) of the free energy difference calculation and the error bars were thus deter-
decreases the slope of the lines, which means that in thained.
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IV. CONCLUSION AND REMARKS APPENDIX A: THE SCF PROCEDURE

We have used a 2D SCF algorithm to carry out @ sys-  |n this Appendix, we briefly describe our numerical
tematic analysis of two brush-coated clay sheets immersed imethod. First, we discretize the variablesz ands as

a polymer melt. One of the main findings of this article is

that, in addition to the polymerization indexes of the grafted ~ X=1AX, 1=12,... L4,

chainsN, and the free chainB, and the grafting density, . .

the lateral length of the clay sheetss also a relevant length z=jAz, j=12,...L;, (AD)
scale in the system we considered here. We have found that s=tAs, t=12. ... M,

due to subtle entropic and elastic effects the interactions be-

tween the two grafted layers show an attractive part by varywhereL, andL, are lattice sizes along theandz directions,

ing either the grafting density or the lateral length of the respectively. TypicallyAx=Az=1, As=1, andM was cho-
clay sheets. at fixed polymerization indexes of the grafting sen asM =N when solving the diffusion equation of the
chainsN and the matrixfree) chainsP. We have calculated chains andV =P for the 8 chains. The statistical length of
the locus of points\, P, L, ando at which the expulsion of the monomersa, was set to bea=1 and the volume of the
the free chains from the grafted layers begins and the attracronomersp, *=1. The SCF equations are solved on the 2D
tive interaction disappears. We have shown that the positive,X L, lattice with periodic boundary condition. Our algo-
interfacial tension between the grafted and the free chains isthm then comprises six steps which are described as fol-
responsible for the appearance of the attractive minimum ifows [We write q(r,s) asq(i,j,t), other position dependent
the interaction energy of two brushes immersed in a chemivariables are written in a similar way.

cally identical polymer melt. These findings may have vari- (1) Set the initial values of the potential fields,(i,])
ous implications for creating novel polymeric nanocompos-andwy(i,j) using a random number generator. Set the initial
ites. value of the potential fields(i,j) to &(i,j)=1/4w,(i,])

The present 2D SCF model bridges the gap between theé wg(i,j)].
existing models for brushes grafted on flat interface and stars  (2) Solve the modified diffusion equations af(i,],t),
of polymer chains tethered to a central microscopic coreql(i,j,t) andqg(i,j,t) with the given initial and boundary
Such a model would be useful to investigate the structureonditions using the Crank—Nicholson method and the
and phase diagrams of the experimental systems such as sedfternating-direction implicittADI) scheme(see Appendix
assembly of grafted nano-particles immersed in polymer maB).
trix, colloidal stabilization in a polymer solution, and wetting (3) Evaluate the monomer densitigg(i,j) and4(i,j)
of protected surfaces by polymeric materials. The essentialonjugated tawv,(i,j) andwg(i,j) using discrete versions of
features of these systems can be analyzed within the modtie Eqgs.(8) and (9):
presented here.

In our calculation, we have takeé¥= P, however, it is
known from a 1D SCF calculatiofin which the length scale
of the inorganic particles is assumed to be much larger than
that of the polymer chains grafted on thethat the interac- o nﬁpgl P o o
tion between the two brushes are profoundly influenced by ~ ¥s(1:1)= 0 Asz‘o Qp(i.j,0)ag(1,],P—1).  (A3)
the melt chain polymerization indeR,*® Thus, it is interest- g
ing to see what will be the effect of the free chain polymer-  (4) Update the potential fieldsv,(i,j), wg(i,j), and
ization indexP in the regime of intermediate sheet lengths.&(i,j) using the following descriptions:
Finally, we note that it is straightforward to extend the . . . .
present model to other complicated yet still realistic situa- Wr;ew("J):ngd("JH“’[fOld("J)_ng("J)]’ (A4)
tions, for example, if the grafted chains and the matrix chains new,

-1 N
. Ast:Eo Qu(i,J,0aki,j,b, (A2)

a

Q

ho(in])=

--:old--+ old i i\ _\p0ld:
are chemically different, either incompatitfeith the Flory Wp (L) =wg (L)) + el &5 —wa (L] (AS)
Intergctlon p_arametq>0) or attractive(y<0), the structure ENiLj)= £019(j ) E L=, (0,5) = (i )], (AB)
and interactions of the grafted layers are greatly influenced, .
as was shown by recent 1D SCF studi®® Another inter- (5) Evaluate the free energy of the system using the fol-

esting example is to investigate the clay particles disperse@wing discrete version of the E¢4):
in a lamellar matrix composed of a block copolymer or a

lyotropic smecti¢l®2 These works are currently underway. F o T Qa o=t Qg
KaT aPo —1 "gPo —1

PoKkp na 0 nﬁpo
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Ly Ly is defined in a similar way. After some algebra the above
Q.=aAxAzY, > q,(i,j,Hali,j,b (A8)  equations can be written into the following tridiagonal forms
==t in i andj, respectively,

and o Adu(i = 1j,t= ) +B(0,))da(i,j,t=3)+Cai+1j,t—3)
QB:anAziZl JZl agi,j,t)aui,j,P—t), (A9) =D(i,j,t—=1) (B4)
T and
i\lote that botQ, andQ are independent of the parameterAqa(i =10 4B j)aui].0+Cauij+110)
(6) Return to stef(2). =D'(i,j,t— 3. (B5)

The iterative procedure continues until tfrelative) free
energy changes at each iteration are reduced td.10he
relaxation parametap appearing in step4) determines how
fast the free energy converges to a local minimum. In t
present articlev is set to bew=0.1. The parametefis set to
be £&=1.0. As long as¢ is not small, the incompressibility LE. P. Giannelis, R. K. Krishnamoorti, and E. Manias, Adv. Polym. Sci.
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files and free energies are independent of its particular value.s; 5493(1993. PO ek Srovm '
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5P. Liu, K. Gong, P. Xiacet al, Mater. Chem10, 933 (2000.
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With the given initial and boundary conditions, the tridiago-
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