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Organization of polymers at interfaces
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We consider a set of ‘‘simple’’ polymer chains~linear, flexible, neutral, homogeneous! in the presence of a
flat solid-liquid interface, where the surface is attractive and the chains adsorb reversibly. We show that the
scaling approach recently proposed by Aubouy, Guiselin, and Raphae¨l ~AGR! @Macromolecules29, 7261
~1996!# to describe polymer layers theoretically is able to explain the major features of these interfaces:~i! The
polymer chains build an interfacial layer with a well-defined structure.~ii ! There is preferential adsorption of
the longest chains in the dilute regime.~iii ! There is preferential adsorption of the shortest chains in the
concentrated regime.~iv! Ultrathin polymer films dewet surfaces that thick films would wet. We can thus~a!
identify a single physical process responsible for all these different behaviors, namely: the competition between
the entropy of the set of loops~which favors the ‘‘dense states’’ of the layer! and the repulsive loop-loop
interactions~which favors the ‘‘dilute states’’ of the layer!, and~b! show that the AGR approach may provide
the basis of a powerful and wide-ranging theory of polymers at interfaces.@S1063-651X~97!14309-4#

PACS number~s!: 61.25.Hq, 68.45.2v, 82.65.Fr, 68.10.2m
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I. INTRODUCTION

The subject of polymers at surfaces or interfaces has b
the focus of intense experimental and theoretical study
recent years for a variety of reasons. The first is the techn
importance of the subject, with applications in adhesiv
wetting, lubrication, and colloid stabilization@1#, to name but
a few ~for a general survey of the field see@2# and@3#!. The
second driving force is that there has been consider
progress made in the understanding of bulk properties
polymers. However, there are deeper problems when
considers surfaces and interfaces, which must be inhom
neous systems. In spite of this interest, and a vast bod
literature, it is reasonable to argue that the physical proce
involved are not fully understood@4#.

In this paper, our main interest will be in systems wher
set of ‘‘simple’’ chains ~linear, flexible, neutral, homoge
neous! are in the presence of a flat solid-liquid interfac
where the surface is attractive and the chains are revers
adsorbed. This is the ‘‘simplest’’ situation~at least concep-
tually! and many unambiguous experimental results h
been collected so far. Some of the most interesting feat
are the following:~i! In the dilute regime, the polymer chain
build an interfacial layer with a well-defined structure@5–7#.
~ii ! If a mixture of two sets of chains differing in length on
is exposed to the same surface, there is preferential ads
tion of the longest chains in the dilute regime@8–13#. ~iii ! If
a melt ~i.e., polymer chains without any solvent whateve!
comprised of two kinds of chains differing in length only
put in the presence of a surface, there is preferential ads
tion of the shortest chains@14–17#. ~iv! Dry polymer films,
which would normally wet a surface, were observed to de
the surface when the film thickness fell below a cert
threshold@18–20#.

On the theoretical side, the situation is complex. Each
these effects has received both a different theoretical ex
nation and a different theoretical treatment. For exam
561063-651X/97/56~3!/3370~8!/$10.00
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Scheutjens and Fleer@21# devised a very detailed self
consistent field theory for preferential adsorption in the
lute regime@point ~ii !#. However, their work is a mean-field
type of analysis that ignores the effects of chain correlati
and is therefore not appropriate for describing the equi
rium structure of the layer@point ~i!#, where fluctuations can
not be neglected. This has been shown by de Gennes@7#. In
addition, their arguments do not account for what happen
the concentrate regime@point ~iii !#. Another example is de
Gennes’ description of an adsorbed layer at equilibrium@7#
@point ~i!#. This model is based on a powerful scaling arg
ment and the result is quite straightforward. This approa
has one disadvantage, however: it does not give us any
concerning the driving force behind the construction of t
layer. This means that de Gennes’ arguments cannot be
to discuss related situations, such as those listed above,
easily.

Very recently, however, Aubouy, Guiselin, and Rapha¨l
@22# ~AGR! presented a new approach that complements
earlier scaling description of polymer interfacial layers. T
basic idea is to describe an arbitrary polymer layer as a po
lation of loops and tails. By a loop, we mean a chain segm
between two adsorbed monomers that does not touch
surface. The layer is then treated as a statistical ensemb
these objects. This idea was first postulated in the 1960s
has been used already by Silberberg@23# and Hoeveet al.
@24#. However, these authors considered a very detailed
ture for the loops and tails, and the resulting scheme
peared complicated. The new approach~a! finds a simple
description for the loops and tails that retains the essen
physics and allows for analytical results, and~b! incorporates
scaling laws@25#. Fortunately, this appears to be feasib
and works quite well. In particular, one can write a fr
energy term that accounts for the structure of the layer wh
ever the solvent conditions may be. This method provides
entirely new way to recover de Gennes’ results@7# ~which
were experimentally confirmed@5#!, and has far reaching
3370 © 1997 The American Physical Society
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56 3371ORGANIZATION OF POLYMERS AT INTERFACES
consequences. In particular, the construction of the layer
be understood as a compromise between entropy~which fa-
vors polydispersity of the set of loops!, and repulsive inter-
actions~e.g., two-body interactions in ‘‘good’’ solvent con
ditions!, which favor states with the lowest number of loo
per unit area.

In this paper, we show that the AGR approach may
applied successfully to describe the situations listed abo
which correspond to the most specific features of polym
interfacial layers. The complete modeling of each of the
situations is a formidable task, and is beyond the scope
this paper. Rather, our aim is to~a! identify a single physical
process responsible for all these different behaviors, nam
the competition between entropy and repulsive interactio
and ~b! show that the AGR approach may provide the ba
of a powerful and wide-ranging theory of polymers at inte
faces. In view of this, we concentrate our attention on
physical processes involved in these layers. Accordingly,
restrict our attention to ‘‘simple’’ situations and main
qualitative discussions. By ‘‘simple’’ situations, we refer
monodisperse or bidisperse solutions in either the dilute
the melt regime.

Firstly, the AGR approach@22# is introduced~Sec. II! by
describing an arbitrary polymer layer in terms of the lo
distribution profileS, defined as

S~n! is the number~per unit surface! of loops

or tails having more thann monomers. ~1!

To an approximation, it can be shown that the free ene
~per unit surface! of the interfacial layer (F̄) can be simply
written as a functional ofS. Minimizing F̄ with respect toS
gives the equilibrium loop distribution profile,Seq. This re-
sult allows discussion of the equilibrium structure of t
layer @point ~i!#.

The problem of preferential adsorption in the dilute r
gime@point ~ii !# is then considered~Sec. III!. The free energy
of the layer,F̄@$Seq%#, is a decreasing function of the poly
merization index of the chains. This means that the interf
will always lower its energy by replacing the polymer chai
present by longer ones. We thus predict preferential ads
tion of the longest chains.

These predictions do not hold in the concentrated regi
as detailed in Sec. IV. The crucial point is that ‘‘free’’ chain
are always present inside the interfacial layer whenever
concentration is high. By ‘‘free’’ chains, we mean chai
that are not in direct contact with the surface. These ‘‘fre
chains decrease the loop density due to space filling reas
The net result is a decrease in the interfacial free energy
this section, we consider an interfacial layer made of mo
disperseN-chains in the presence of a melt of monodispe
P-chains, and we compare two situations:~a! N@P, and~b!
N!P. In the absence of interpenetration, the former sit
tion would be favored, as explained in Sec. II. We show t
the presence of ‘‘free’’ chains dramatically affects this co
clusion, and indeed situation~b! is favored. Hence we predic
preferential adsorption of shorter chains in the concentra
regime@point ~iii !#.

In Sec. V, we consider the equilibrium properties of th
polymer films @point ~iv!#. We explain that a film made o
an
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long chains~N monomers! which is confined@i.e., whose
thickness (h) is below the natural extension of one cha
(RG;N1/2)# is equivalent to a layer of shorter chains~nc

monomers, withh;nc
1/2! at equilibrium. Then, the sam

physical process that favors the presence of long chain
the interface in the dilute regime, now favors high values
nc , hence high values ofh. This can be written in terms o
an effective ‘‘disjoining pressure,’’ which tends to thicke
the film, and thus enhance dewetting.

In the following discussion, we concentrate on scali
relations, and all numerical factors will be omitted.

II. SCALING DESCRIPTION OF A POLYMER LAYER:
THE AGR APPROACH

In this section, we consider an arbitrary layer consist
of overlapping polymer chains, as depicted in Fig. 1. F
simplicity, we assume that the chains are strongly attrac
to the surface, so that the immediate vicinity of the interfa
is saturated with monomers. Formally, this is when the nu
ber of loops or tails per unit area (S0) is of the order of 1/a2,
a being the size of the monomer@note thatS05S(1)#. It is
reasonable to argue that this occurs when the energetic
for a monomer in direct contact with the surface is of t
order ofT, the thermal energy~hence this assumption is no
incompatible with the hypothesis that the adsorption is
versible@26,27#!. In practice, this situation is the most com
mon case. We consider initially the case of an athermal
vent, i.e., a ‘‘good’’ solvent characterized by an exclud
volume parameterv>a3 @25#. As we will see, this is a ge-
neric case. In this section, we follow closely the presentat
of Ref. @22#. The reader may refer to this article for a detail
discussion of the hypothesis or the calculations.

In a simplified view, we can visualize each loop of 2n
monomers as two independent tails ofn monomers each, and
assume that all the tails behave in a like manner. The beh
ior of all the different tails is therefore described by a sing
trajectoryn(z), wheren is the arc length parameter, andz
the spatial position: allnth monomers of any tail~having
more thann monomers! are situated at the same heightz
above the surface.

At this stage, an important tool is the loop density profi
defined in Eq.~1!. It is easy to prove in particular that th
average distance between tails at an altitudez, D(z), scales
as S(n)21/2, and the monomer density obeysżf(z)
;S„n(z)… ~ż denotes the derivative ofz with respect ton!.
Following Refs.@28# and@29#, we argue that the tails behav
independently at a scale lower thanD, and stretch away
from the surface at a scale larger thanD, in order to reduce
two-body repulsive interactions. This can be written as

FIG. 1. Sketch of a polymer layer.
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]z

]n
>a„a2S~n!…n, ~2!

wheren51/3. It is useful to picture each tail as a string
subunits, called ‘‘blobs’’@25#, whose sizeD increases with
z. In this terminology, Eq.~2! expresses the fact that~a! the
string is linear, and that~b! inside one blob, the chain seg
ment is a three-dimensional self-avoiding walk.

If the function S is known, these results are enough
completely characterize the layer. For example, if we hav
polymer ‘‘brush’’ ~i.e., monodisperseN chains attached by
their ends to a repulsive surface@30#!, with s chains per unit
surface, the loop density profile is a step function:

S~n!>s, 1<n<N. ~3!

Integrating Eq.~2!, e.g., gives the thickness of the ‘‘brush’
L>aN(a2s)1/3.

To discuss situations whereS is not known, we estimate
the interfacial free energy per unit surface (F̄). In general,F̄
can be split into a contribution that describes the interacti
between the monomers and the surface (F̄S), and a contri-
bution from the layer (F̄L), comprising the effect of the de
formation of the loops and the repulsive interactions betw
the monomers:

F̄@$S%#>F̄S~S0!1F̄L@$S%#. ~4!

Here, we are working in the limit where the monomer de
sity in the immediate vicinity of the surface is constant (S0

51/a2); and in this situation, the termF̄S is irrelevant to the
structure of the layer. When studying wetting properties
polymer films, this term is important, but until this is di
cussed in Sec. V we will equateF̄ with F̄L. From Ref.@22#,
for a layer at equilibrium, we may write

F̄L@$S%#>
T

a2 E
1

N

$k„a2S~n!…b

1„2a2Ṡ~n!…ln„2a2Ṡ~n!…%dn, ~5!

with b511/6. In Eq.~5!, k is a numerical factor of the orde
of unity. The first term accounts for both the elastic fr
energy of the loops and the loop-loop repulsion. This con
bution may be evaluated by assuming that each blob con
utes an energy of orderT to the free energy~the well-known
‘‘ T per blob’’ ansatz@25#!. An alternative way to reach th
same result is to realize that the AGR approach is a lo
description of the layer in terms of polymer ‘‘brushes.’’ Th
is clear from Eq.~3!, where we see thatS can be understood
in terms of a local grafting density. The osmotic contribution
to the free energy in the case of an arbitrary layer is thu
generalization of the results found for a polymer ‘‘brush
@28,29#: F̄B>N(a2s)11/6T/a2 ~athermal solvent!. Formally,
we can state the following relationship:

T

a2 ~a2s!11/6N ~ ‘ ‘brush’’ !

→
T

a2 E
1

N

„a2S~n!…11/6dn ~arbitrary layer!. ~6!
a

s

n

-

f

i-
b-

al

a

It is important to realize that Eq.~5! correctly accounts for
intraloop correlations, but neglects interloop correlatio
This is because the repulsive interactions between the lo
are calculated at their mean position. In that sense, we h
treated the set of loops at a mean-field level. The second t
in Eq. ~5! is an estimate of the entropy of the set of loops

We may then evaluateS for a layer at equilibrium. Mini-
mizing F̄L over S gives

Seq~n!>
1

a2na , 1<n<N, ~7!

with a5(b21)2156/5. As explained above, finding th
characteristics of the layer is now a simple task. For
ample, the extension of the layer isaN3/5, and the volume
fraction decreases asz24/3. These are the same results
those obtained by de Gennes in a completely different m
ner @31#, and they were also successfully compared with
perimental data@5#. The AGR approach, however, has on
advantage: it provides a simple model for the physical p
cesses involved in these systems. It is clear from Eq.~5! that
the equilibrium structure results from a compromise betwe
entropy and repulsive loop-loop interactions.

As is usual in scaling laws, another solvent condition
characterized by a different set of exponents. Table~8! gives
the exponents that describe the cases of ‘‘theta’’ solvents
melts ~i.e., no solvent present!. The change in the value o
the exponents corresponds to a change in the nature o
repulsive loop-loop interactions, and these are listed in ta
~8!:

a n b Origin of the repulsion

‘‘Good’’ 6/5 1/3 11/6 Two-body interactions ~8!
‘‘Theta’’ 1 1/2 2 Three-body interactions
Melt 1/2 1 3 Induced stretching

The case of a melt deserves a special comment, howe
What is described is a layer made of polymer chains with
any solvent. This means that the penetration of the layer
other ‘‘free’’ polymers is not allowed, as they would play th
role of a solvent. Indeed, it is easy to show that Eq.~2! with
n51 leads to a volume fraction in monomersfrom adsorbed
chainswhich is a step function:f(z)51, if a<z<aN1/2 and
f(z)50 instead. This analysis is thus not appropriate
describing the interface of a bulk melt of chains. We retu
to this problem in Sec. IV.

Perhaps the most interesting consequence of the A
analysis~which was not emphasized in Ref.@22#! is that the
behavior of the layer is consistent with the hypothesis t
the loops are independent. This is clearly not obvious. C
sider, for definiteness, an interfacial layer made ofN-chains
in a ‘‘good’’ solvent in the dilute regime. One adsorbe
chain can be treated as a succession of loops of diffe
sizes. In our language, a ‘‘train’’~i.e., a segment of chain
made of adsorbed monomers! is a succession of loops of on
monomer. We do not distinguish between loops and tails
this chain was isolated on the surface, we would expect
two adjacent loops would be strongly correlated. What t
analysis suggests is that in the limit where many chains
present at the interface and overlap, these are not correl
This is very much reminiscent of what happens in thre
dimensional melts where the long range excluded-volu
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56 3373ORGANIZATION OF POLYMERS AT INTERFACES
interactions are screened by the overlapping from ot
chains@25#. In both of these cases two adjacent units@mono-
mers in three-dimensional~3D! melts, loops in 2D dense
layers# behave as if they were independent. However, furt
work in this direction is needed before we can establis
complete analogy.

III. PREFERENTIAL ADSORPTION
IN THE DILUTE REGIME

The basic experiment is described as follows: a solut
containing a mixture of two polymer chains differing only
length is exposed to an attractive surface. Both the ads
tion isotherm of the mixture and the adsorbed amount
each component is measured~by, e.g., gel permeation chro
matography!. In the plateau region of the adsorption is
therm, the data show that the longest chains are adsor
and the shortest chains remain in solution. In this section,
would like to propose an explanation for this preferent
adsorption based on the AGR approach.

We consider an adsorbed layer in equilibrium with a
lute solution. If the concentration of the solution is suf
ciently low, ‘‘free’’ chains do not penetrate into the laye
This is because any ‘‘free’’ chain in the layer pays a pena
because of the repulsive interactions with the adsor
chains. It is reasonable to argue that whenever the con
tration of the bulk is below the overlapping threshold, th
penalty is prohibitive, and the ‘‘free’’ chains can be taken
absent. In this limit, the scaling description of the layer p
sented in the first section is appropriate, and we may ca
late the interfacial free energyF̄L@$Seq%#. Combining Eqs.
~5! and ~7!, we find that

F̄L@$Seq%#>F̄01B1

T

a2N6/5 ~ lnN1C1!, ~9!

where F̄0 is a constant of orderT/a2, and B1 and C1 are
numbers of order unity.~The precise values of these co
stants depend on the various prefactors of order unity tha
omitted, and are not relevant.! Figure 2 displays the varia
tions of F̄L@$Seq%# with respect toN. This function shows a
maximum forN>e2C1, and is a decreasing function ofN
for larger values ofN. Since e2C1 is of order unity, the
interfacial free energy is a decreasing function of the ind
of polymerization of the chains at every values. This me
that the interface would always lower its free energy by

FIG. 2. Variations of the interfacial free energy~per unit area!
as a function of the index of polymerization of the chains (N) for an
adsorbed layer in equilibrium in the dilute regime.
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placing the polymer chains present by longer ones. Thi
possible when the bulk solution is a mixture of chains
different lengths.

Within the AGR approach, the interpretation of this effe
is quite straightforward: the longer the chains, the greate
the selection of accessible sizes for the loops. Thus the
tropy of the layer increases withN due to the increase in th
number of possible arrangements of loops on the surfa
Equation~4! with F̄L@$S%# given by Eq.~9! is an expression
that can be proposed for the surface tension of adsor
chains from dilute solutions. Unfortunately, we are not aw
of any experimental data for this quantity. These would p
vide a quantitative verification of the ideas presented in t
section.

Many of the experimental studies of preferential adso
tion involve exposing an adsorbed layer made from sh
chains to a solution of long chains and observing the kine
of exchange@21#. A very interesting consequence of th
above analysis is that the state of the layer is no longer gi
in terms of chain density, but in terms of loop density.~This
is of course a consequence of the fact that there is no co
lation between two different loops, as explained in Sec.!
For example, the equilibrium state requires, on average
certain number of loops ofn monomers (1<n<N), but it
does not matter if these are segments of chains ofN or P
monomers, withn,P,N. This means that the same state
equilibrium might be achieved with monodisperse or po
disperse chains, provided that the global distribution of loo
is that of the least overall free energy. In particular, a sm
fraction of short chains could well be present at equilibriu
in a layer exposed to a solution of long chains. Signs of t
effect might be evident in the experiments of Ref.@11# where
it is observed that the displacement of short chains by lon
ones is never complete. Current work is being carried ou
this direction.

IV. PREFERENTIAL ADSORPTION
IN THE CONCENTRATED REGIME

The crucial feature in the high concentration regime
that ‘‘free’’ chains ~i.e., chains that are not in direct conta
with the surface! are always present in the layer. Our purpo
in this section is to show that this effect is responsible
preferential adsorption of shorter chains. A complete theo
ical model for preferential adsorption from a concentra
solution implies a careful examination of the organization
a polydisperse solution in the presence of an interface, an
a formidable task. Here, we wish to enlighten the physi
processes involved, and so we simplify the problem. Firs
we restrict our attention to melts only. Secondly, we consi
an interfacial layer made ofmonodisperse N-chains in the
presence of a melt ofmonodisperse P-chains. Our strategy is
to compare the two following situations:~a! where the ad-
sorbed chains are longer (N@P), and ~b! where the ad-
sorbed chains are shorter (N!P). This is performed by the
AGR approach which gives a very crude picture for the
terfacial layer in the concentrated regime, but plausibly
tains the essential physics.

The situation~a! is discussed first. To estimate the loo
distribution profile of the layer, it is useful to remember th
relation between the ‘‘brush’’ and the arbitrary layer@see Eq.
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3374 56MIGUEL AUBOUY
~6!#. For a ‘‘brush’’ immersed in a solvent of high molecula
weight ~i.e., a solvent made of polymer chains!, the osmotic
contribution to the free energy~per unit area! is @32# F̄B
>N(a2s)5/3P22/3T/a2. ~Strictly, this last result is only valid
at the limit N!P2, but it is sufficient to consider this limi
without loss of generality.! In this case, the free energy~per
unit area! may then be written as

F̄L@$S%#>
T

a2 E
1

N

$kP22/3
†a2S~n!‡5/3

1†2a2Ṡ~n!‡ln†2a2Ṡ~n!‡%dn. ~10!

Minimizing Eq. ~10! with respect to S gives Seq(n)
>P/(a2n3/2).

However, a solvent of high molecular weight is expell
from the layer if the local tail density is too high, as show
by de Gennes@29#. This means that there is a region near t
solid surface where theP-chains do not penetrate. In th
region, we expect that the results obtained for an adsor
melt ~quoted in Sec. II! should be valid, and accordinglyS
;n21/2. Requiring that the loop density profiles cross ov
gives the final result:

Seq~n!>5
1

a2n1/2
for 1<n<P ~‘‘dry’’ region !

P

a2n3/2
for P<n<N ~ ‘‘wetted’’ region!.

~11!

Equation~11! already contains a lot of physics. First, it
important to realize that the penetration of theP chains in-
side the layer results in a decrease in the loop density. Th
clear from Fig. 3, where the loop density profile is plotted:
the absence of interpenetration, we would expectSeq(n)
>1/a2n1/2 for 1<n<N @see Eq.~7!#; this function corre-
sponds to the dashed line. The physical origin of this effec
that the number per unit surface of loops or tails diminish
when they are surrounded byP chains due to space filling
reasons. Moreover, the loop density profile in the wet
region is an increasing function ofP: Seq;P. This means
that the shorter the chains, the stronger this effect. Secon

FIG. 3. Variations of the loop density profileS ~see text! as a
function of the index of polymerization of the chains (N) for an
adsorbed layer in equilibrium with a melt of shorter chains~P
monomers per chain!.
e

ed
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is
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as the index of polymerization of the solvent is increased,
‘‘free’’ chains are progressively expelled from the layer:Sc
;P21/2.

In fact, Eq.~11! also gives the answer to what happens
case~b!. Since total expulsion of the solvent occurs forP
5N, longer ‘‘free’’ chains do not penetrate the layer. Th
has two consequences. First, in the limitP@N, which de-
scribes case~b!, the loop density profile is simply given b
Seq(n)>a22n21/2 for 1<n<N. Secondly, forP.N, the
structure of the interfacial layer is not affected byP. In
particular, the interfacial free energy in the limitP@N is that
whenP5N. Thus, within the AGR approach, it is sufficien
to compare the interfacial free energies at the two follow
limits: ~a! N@P, and (b8) N5P.

We may now evaluate the interfacial free energy in ca
~a!. Combining Eqs.~5! and ~11!, we find that

F̄L@$Seq%#>F̄081B2

kT

a2N3/2~ lnN1C2!, ~12!

whereF̄08 , B2 , andC2 are constants with respect toN. Al-
though almost exactly the same function appears in Eq.~9!,
the dependence ofFL@$Seq%# on N in Eq. ~12! is dramatically
different. This is becauseC2 is not of order unity: C2;
2P2/3 ~in the limit P@1!, and the maximum,Nm>e2C2, is
now shifted to unattainable values ofN ~for typical values of
P!. As shown in Fig. 4, the relevant part of the curve is
increasing function with respect toN. This means that the
limit when N@P @case~a!# has a free energy higher tha
whenN5P @case (b8)#, which itself, as explained above, ha
the same free energy as in the limitN!P @case~b!#.

Perhaps this result may be best understood if we imag
the following experiment: an interfacial layer made of mon
disperseN-chains is put in the presence of a melt of shor
P-chains. What we have compared previously is the situa
~a! where theN-chains remain adsorbed, and the situati
(b8), where theN-chains are replaced by the shorter ones.
the thermodynamical limit where the volume of the sample
infinitely large, if desorption ofN chains occurs, they sprea
throughout the bulk, and from the point of view of the su
face, they vanish. Our analysis shows that the situation (8)
is favored. We therefore conclude that there is preferen
adsorption of the shorter chains.

Again, the physical origin of this effect is clear: in th
absence of interpenetration, the situation~a! would be fa-

FIG. 4. Variations of the interfacial free energy~per unit area!
as a function of the index of polymerization of the chains (N) for an
adsorbed layer in equilibrium with a melt of shorter chains~P
monomers per chain!.
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vored because the entropy of the set of loops increases
the length of the chains, as explained in Sec. III. But t
effect competes with the penetration of the solution, wh
decreases the loop density. The latter effect favors the s
tion ~b! @or (b8)#, and is eventually responsible for the b
havior of the layer.

Our analysis is of course based on a rather crude pic
for the penetration of the ‘‘free’’ chains. We clearly expe
penetration of the ‘‘free’’ chains whatever their length, n
only in the limit where it is shorter than that of the adsorb
chains@33#. However, we argue that this is not important
long as we adhere to the qualitative conclusions. As
plained above, preferential adsorption in the concentrated
gime results from a competition between entropy~which fa-
vors the adsorption of the longest chains!, and penetration of
the concentrate solution, which—in effect—favors the a
sorption of the shortest chains. Crucially, the AGR appro
systematicallyunderestimatesthe penetration of the ‘‘free’’
chains, as is clearly shown in Sec. II. We therefore exp
that our conclusion that this effect dominates the behavio
the layer should be strengthened by a more accurate des
tion, rather than ruled out.

V. DEWETTING OF ULTRATHIN POLYMER FILMS

Previous discussions have dealt totally with free inter
cial layers. For a long time, this was the only subject
experimental study. Very recently, however, an interest
new class of experiments has appeared that investigate
properties of ultrathin polymer films. These are polym
films whose thickness (h) is below the natural extension o
one chain (RG), and may be considered as being constrain
interfacial layers. In most cases, they are dried spin-coa
polymer solutions.

A standard experimental method in the study of ultrat
polymer films involves applying a sudden change in te
perature to the film and then observing the relaxation of
film to the new equilibrium state@18#. One important result
is that ultrathin films may dewet surfaces that thick film
would wet. In this section, an explanation for this pheno
enon is proposed in terms of the AGR approach, relating
feature to those discussed above.

Our starting point is the interfacial free energy of an
trathin film, which may be written as

F̄L>
T

a2 E
1

N

$k@a2S~n!#31@2a2Ṡ~n!# ln@2a2Ṡ~n!#%dn.

~13!

Equation~13! is a modification of Eq.~5! now accounting for
the fact that the layer is in a dry state~i.e., no solvent what-
ever!, and thusb53 @see table~8!#. ~Note that there should
be an additional factor of 2 in Eq.~13! to account for the two
sides of the ultrathin film!. It is important to realize tha
although Eq.~13! for dry ultrathin films is formally identical
to the free energy proposed for interfaces of melts, it ha
sounder basis. This is because in the limith,RG , all the
chains touch the surface, and therefore we do not have
‘‘free’’ chain inside the layer. Turning to the loop distribu
ith
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tion profile, the confinement provides a constraint onS: so
that the thickness ish. Specifically,S must be such that@Eq.
~2! with n51#

E
1

N

a3S~n!dn5h ~14!

is satisfied. As usual, this may be accounted for by minim
ing F̄L2m*1

Na2S(n)dn, wherem is a Lagrange multiplier.
The net result is the loop distribution profileSeq for the ul-
trathin film:

Seq~n!>H 1

a2n1/2 for 1<n<nc

e2~n2nc!/nc

a2nc
1/2 for n>nc,

~15!

where the parameternc obeys

h>anc
1/2, ~16!

as may be found by imposing the requirement~14!. From Eq.
~15!, we see that the loop density profile is unperturbed@see
Eq. ~7! with a51/2# until the size of the loops become
comparable withh, when it drops abruptly. The precis
shape of this cutoff is not important. Essentially, Eqs.~15!
and ~16! show that the loop density profile of a layer ofN
chains confined to a thicknessh is that of a free layer ofnc
chains, withnc corresponding to the largest size available:h.
In other words, the sole effect of confining a polymer film
to prepare a layer that has the equilibrium structure of a f
layer, but with a lower value for the index of polymerizatio
With this in mind, we are able to understand the behavior
ultrathin films in terms of the equilibrium properties of fre
interfacial layers. The remarkable feature is that, although
are dealing with melts, there is no interpenetration w
‘‘free’’ chains. Therefore we expect that the properties
these dense interfaces should be similar to those of inte
cial layers in the dilute regime, and not the concentra
regime. In particular, the same physical process that fav
the presence of long chains at the interface in the dilute
gime now favors high values ofnc , and hence high values o
h.

To be more quantitative, we can estimate the interfac
free energy of the film,F̄L@$Seq%# @Eqs.~13! and ~15!#:

F̄L@$Seq%#>F̄091B3

T

a2nc
1/2 ~ lnnc1C3!, ~17!

where F̄09 is a constant of orderT/a2, and B3 and C3 are
numbers of order unity. Here, we have used a simplifi
version of Eq. ~15!, specifically, Seq(n)>n21/2, if 1<n
<nc ; andS(n)50 instead. This avoids unnecessary comp
cations. As expected, the result of Eq.~17! is very similar to
the results found for the case of a dilute solution@see Eq.~9!
and Fig. 2#. The functionF̄ decreases withnc . In our case,
however,nc does not correspond to a topological constrai
but is related to a physical variable:h. This means that there
is a effective force that tends to modify the film thicknes
Combining Eqs.~17! and ~16!, we find that
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F̄L>F̄0912B3

T/a

h
@ ln~h/a!1C3/2#. ~18!

We thus identify an effective long range ‘‘disjoining pre
sure’’ @34#:

P52
]F̄L

]h
>2B3

T/a

h2 @ ln~h/a!1C3/221#,

h<RG>aN1/2, ~19!

which tends to thicken the film when its thickness is bel
the natural extension of the chains. We thus underst
qualitatively that the film dewets the surface when its thic
ness becomes less than the gyration radius of the chain

Let us compare our theoretical prediction with the expe
mental data of Zhaoet al. The system of Ref.@18# is a poly-
ethylene propylene~PEP! film, spin coated onto a silicon
surface. For this system, the interactions between the m
mers and the surface reduce to the spreading parameteF̄S
>(g1gSL2gSV), with g,gSL ,gSV, the surface tension o
the polymer, the solid-polymer, and solid-vapor interfac
tensions, respectively~here, the quantityF̄S is the negative
of the macroscopic spreading parameter!. Note that the long
range van der Waals interactions are not relevant foh
>4 nm. We thus find that the total free energy per unit a
may be written as

F̄>~g1gSL2gSV!1F̄091B3

T

ha
@ ln~h/a!1C3/2#,

h<RG>aN1/2. ~20!

Even without knowing the precise value of the numeri
factors in Eq.~20!, it is clear that the behavior of the syste
will be dominated by the contribution from the layer (F̄L).
This is because the contribution from the interaction with
surface (F̄S) is purely composed of van der Waals intera
tions, and is of the order of 1023 J m22; whereasF̄L is of the
order of T/a2>1021 J m22. As a consequence, the syste
will ‘‘lock’’ at the highest possible value forh: RG . This is
in very good agreement with the data of Ref.@18#. The above
analysis, however, is based on the hypothesis that the lay
incompressible. It may well be that this is not a realis
assumption@35#.

Finally, it is very interesting to compare our theoretic
explanation for the behavior of the layer to that which w
proposed by Zhaoet al. in Ref. @18#. These authors sugge
that a term should be added toF̄S in order to account for the
confinement of the chains. From a scaling considerat
they arrive at

F̄>~g1gSL2gSV!1~p2/6!nTF S RG

h D 2

21G ,
h<RG>aN1/2, ~21!

wheren is the number of chain per unit area. This leads to
equilibrium thickness that is lower thanRG . From a quanti-
tative point of view, the correction for confinement in E
~21! is smaller than that in Eq.~20! because it is a penalty o
d
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l

a

l

e
-

r is

l
s

n,

n

the order ofT per chain, whereas in our analysis we obtain
penalty of the order ofT per loop~there is approximately one
loop per sitea2!. It is important to realize, however, that th
two approaches are qualitatively very different. This is b
cause in our approach, the chain is not the relevant objec
be considered. As explained in Sec. II, there is no correla
between two different loops and thus the idea of a conn
tion between different loops is not relevant. Indeed, in all
our analysis, the index of polymerization of the chain on
appears as a upper limit for the size of the loops. From
point of view, we can say that there is no penalty due
chain confinement simply because the idea of chains is
longer relevant.

VI. CONCLUDING REMARKS

The above analysis provides a framework for a gene
understanding of the behavior of polymers at interfaces. F
different experimental situations were examined, cor
sponding to the special features of interfacial polymer laye
In each case, we have been able to propose a simple the
ical explanation in terms of a single approach—namely,
AGR approach. Essentially, we find that dense polymer l
ers behave as a thermodynamical ensemble of loops.
analysis was restricted to~a! ‘‘simple’’ situations, ~b! equi-
librium situations,~c! dense layers, and~d! mainly qualita-
tive discussions, but we hope that it may provide some
sight into the full problem.

The analysis presented in this article is clearly a first s
towards a complete theory for polymers at interfaces. T
lines of study are of particular interest. The first is to co
sider the semidilute regime. This is the situation between
dilute regime, where the longer chains adsorb preferentia
and the concentrated regime, where shorter chains ad
preferentially. One important task is to identify the crossov
region. Then we might understand the behavior of a solut
in the whole range of concentrations. The second line
study is to consider the equilibrium state of the layer in t
presence of a polydisperse solution. In this article, we s
gest that preferential adsorption from polydisperse soluti
does not necessarily imply that the equilibrium state of
interfacial layer is monodisperse~i.e., made with only one
type of chain!. This may be of some relevance when deali
with very polydisperse solutions, such as bidisperse m
tures.

All our discussions are based on the assumption of th
modynamic equilibrium. For ultrathin films, it is a con
strained equilibrium, but the state of the system is alwa
assumed to be independent of the sample history. In s
cases, this might be an unrealistic assumption. For exam
the inner part of the layer consists of adsorbed segment
chains in a dense state. In fact, some experiments of Co
Stuart@37# suggest that this inner layer may be in a glas
state. Then, we may be rather far from equilibrium. Ho
ever, we emphasize that many features of interfacial polym
layers can be understood in terms of equilibrium propert
although at first they seem to be the result of irreversi
processes. This is particularly true for kinetics, as shown
Scheujtens and Fleer@21#, and more recently by Semeno
and Joanny@36#. The AGR approach may serve as a basis
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56 3377ORGANIZATION OF POLYMERS AT INTERFACES
a kinetic theory of polymers at interfaces that would inclu
scaling exponents@38,39#.

We have only considered dense layers where differ
chains overlap. This is crucial, as explained in Sec. II,
cause it is certainly related to the assumption that the lo
are not correlated with one another. One might be led
think that this remark suggests the use of a mean-field t
of treatment for this problem, and not necessarily scali
The complication that arises with interfacial layers is th
although the set of loops may~apparently! be treated at a
mean-field level, the loops themselves are objects that ca
be correctly described with the same theories~at least in
good solvent condition!. Besides, one important following
step in this theory concerns situations where the surfac
not saturated with chains, as assumed in this paper. In
regime, only scaling theories should account correctly
interloop correlations@40#.

That the AGR approach, as outlined above and descr
in detail in Ref.@22#, is able to give quantitative prediction
s
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was shown by studying the equilibrium structure of an a
sorbed layer. The conclusions of de Gennes@7# were reached
in a completely different manner, and these were succ
fully confronted with experiments@5#. Moreover, in Sec. V,
we compared the results of our theory with the experimen
data and the agreement was quite good. This gives us c
dence in the quantitative predictions that could be obtai
from the AGR approach.

We emphasize that the ideas presented in this paper
be very simply adapted or generalized to meet other solv
conditions or other geometries.
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