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ABSTRACT: We present a scaling description of adsorbed polymer layers in the presence of a semidilute
solution. Within a very simple model where the layer is treated as a thermodynamic ensemble of loops
with a large polydispersity in size, we are able to (a) describe the influence of the semidilute solution on
the structure of the layer of adsorbed chains, and (b) estimate the variation of the surface tension y of
the solution as a function of the polymerization index of the chains (N) and the monomer volume fraction
in the bulk (®,). Concerning point a, this work provides a continuous picture for the variations of the
static properties of the interfacial layer from the dilute case (¥, — 0), to the melt case (®, — 1). Concerning
point b, we find a law y(®y,, N) of the form (good solvent conditions) yvaw — A®p>* + B(P,8/N2) In(N/
®,""2N*), where yvaw accounts for van der Waals interactions and N* is a characteristic index of
polymerization of the polymer under consideration (A and B are calculated within numerical coefficients
of order unity). This law is in good quantitative agreement with experimental measurements and
generalizes our recent findings on the case of molten polymer liquid. (Aubouy; Manghi; Raphaél. Phys.

Rev. Lett. 2000, 84, 4858.)

1. Introduction

The physics of adsorbed polymers at interfaces is of
central interest to such diverse fields as surface treat-
ments, adhesion, and colloidal stabilization. Bulk prop-
erties of polymers are quite well understood now, both
from a theoretical point of view and from an experi-
mental point of view.! This is in contrast to interfacial
properties of polymer solutions where a complete picture
has not yet emerged, and a certain number of important
questions are still under debate.? Essentially, this is
because polymer solutions form layers at an interface
which are inhomogeneous systems. Experimentally,
many evidences have been found that the surface
tension y of polymer solutions should be both a function
of the molecular weight (MW) and monomer volume
fraction (®y,) of the sample. That y should depend on
@y, is not quite surprising. The dependence on MW is a
more subtle effect which leads to preferential adsorption
when a polydisperse sample is exposed to an attractive
interface. Experimentally, y is an increasing function
of MW for concentrated solutions. Under melt conditions
(no solvent whatever), a recent work melt suggests that
the dependence of y on MW results from a competition
between the entropy associated with the large distribu-
tion of loops formed at the interface (cf. Figure 1) (which
favors the longest chains at the interface) and the
specific attraction of the chain ends toward the surface
(which favors the largest number of chains per unit
area). Much less is known about the case where the
solution is semidilute.

To be more precise, we consider the following situa-
tion: a set of simple polymer chains (linear, neutral,
homogeneous, flexible, monodisperse: N monomers per
chain of size a) are in solution (good solvent conditions,
semidilute regime). This solution is exposed to a flat
surface, attractive for the monomers. We assume that
the adsorption is reversible and the equilibrium of the
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Figure 1. Sketch of the interface of a polymer solution. The
polymers in direct contact with the surface form a layer of loops
and tails characterized by a large polydispersity in size. In
our model, each loop is divided in two “pseudo-tails” and the
interface is treated as a thermodynamical ensemble of these
“pseudo-tails”.

layer is reached. This problem has been studied es-
sentially according two directions.

A major step forward was made by de Gennes in 1981
when he applied the Cahn—Hilliard approach to this
problem.* In this model, the free energy of the interface
is written as a functional of the monomer volume frac-
tion, ®(z), where z is the perpendicular distance from
the surface. This functional has two contributions: kgT
(where kgT®%4 is the thermal energy), which accounts
for excluded volume interactions, and Y/;kg TL(®)(V®)?2
(where L(®) is a ®-dependent coefficient), which penal-
izes gradients of concentration. The free energy is then
minimized subjected to the boundary condition that the
surface is attractive for the monomers. The underlying
assumption is that the surface introduces a small
perturbation for the bulk. What we get from this
approach is an universal and self-similar profile ®(z) ~
z=43 on a distance &, = a®, %4, the correlation length
in the bulk solution.® This is satisfactory since the self-
similar profile is what we expect in the dilute limit, and
a continuous picture emerges from the calculation. On
the other hand, the overall treatment raises three
guestions. (a) On general grounds, we expect that an
adsorbed chain has a extension comparable to the
natural size of a coil in a semidilute solution: Rg =
ad, Y8NY2, Then the influence of the surface should be
felt on distances Rg much larger than &,, and the “small
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perturbation” hypothesis is questionable. (b) When the
surface tension is estimated, no MW dependence is
found. This can be traced back to the implicit assump-
tion (in the Cahn—Hilliard approach) that the surface
tension is related to bulk properties of the solution.
Since these are independent of the MW of the polymer,
y is also independent of MW. However, this conclusion
differs from the experimental observations.®7 (c) The
determination of the coefficient L(®), which depends on
solvent conditions, is not quite obvious.

More recently, Semenov and Joanny have tried a
different point of view. Essentially, they describe the
polymer layer perturbed by the solution.8® Their ap-
proach combines a self-consistent field type of theory
which goes beyond the standard ground state domi-
nance, and previous results obtained by de Gennes on
the dilute regime (the self-similar profile ®(z) ~ z7*3 is
taken as an input). Two different coupled order param-
eters are derived for the loops and the tails.1%11 This
theory allows a more detailed description of the interface
in terms of regions where the tails dominate the volume
fraction (the outer part of the layer of adsorbed chains),
and regions where the loops account for the concentra-
tion (in the vicinity of the interface). This work repre-
sents a considerable improvement in comparison to the
Widom—Cahn—de Gennes approach; however, it is
desirable to have a theory where the self-similar profile
is not taken as an input. To our knowledge, the surface
tension of the semidilute solutions has not been calcu-
lated from this approach.

In addition to these systematic studies, there are a
few scaling results that have been suggested.’213 These
are limited to the description of the structure of the
layer. As they are quite similar in spirit to our approach,
we will discuss these results in the core of the article.

In this paper, we investigate the problem by making
use of an approach that has been initially proposed by
Aubouy, Guiselin, and Raphaél (AGR) to describe the
structure of polymer layers adsorbed from dilute solu-
tions. In this work, the layer is described as a thermo-
dynamic set of loops and tails in interaction. Within a
simple scaling model for the behavior of the loops and
the tails, the free energy may be written, which has two
contributions: a term of the form [fjayerIlos(z) dz (where
Iy is the osmotic pressure) which accounts for both the
elasticity and the monomer—monomer interactions and
an entropy of the form —ksfoN P(n) In[P(n)] dn (where
P(n) is the loop size distribution) which accounts for how
many different arrangements of loops are possible. This
free energy is able to explain many features of adsorbed
polymer interfaces. In particular, this work emphasizes
the role of the entropy associated with the polydispersity
of the set of loops, a contribution which has not been
fully recognized so far, and, we think, is significant
whenever we have homogeneous adsorption of long
flexible macromolecules. That this entropy contributes
to the surface tension of polymer solutions was demon-
strated in a recent letter where the case of molten
polymer liquid is considered.3

Our goals in this work are 2-fold. (a) The first is to
identify the influence of a semidilute solution on the
layer formed by the polymers in direct contact with the
interface. In particular, to understand how do quantities
such as the extension of the layer and the amount of
material carried by the surface vary with the concentra-
tion of the bulk solution. (b) The second is to compute
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the interfacial tension y(®,,N) of the solution and,
notably, to determine the physical processes which drive
the dependence of y on MW.

To carry on this project, we have to generalize the
AGR theory in several respects. First we have to
compute separately the elasticity and the monomer—
monomer interactions for the loops (section 2.1). The
reason is that although these two contributions are
comparable (within a numerical coefficient) when the
loop is isolated (a good enough approximation for
adsorption from a dilute solution), this is no longer the
case when the coil is in a semidilute solution. The
monomer—monomer interactions are screened, whereas
the elasticity is renormalized. Second, we have to
introduce a new physical feature, namely: the tensio-
active role of chain ends. In the weak adsorption regime,
to be defined below, this effect is not relevant for the
structure of the layer. However, it is an important
contribution to the surface tension. Finally, we have to
work in the grand canonical ensemble at constant
pressure, rather than in the canonical ensemble, to
allow for chemical and mechanical equilibriums. The
structure of the layer is found by minimizing the
thermodynamical potential (section 2.2).

The tensioactive properties of the semidilute solution
are considered in section 3. The interfacial tension of
the solution is calculated from our estimation of the
potential (section 3.1). In section 3.2, we perform a
quantitative comparison of our theory with the experi-
mental data. Our concluding remarks are given in
section 4.

In all that follows, we use scaling laws to concentrate
on the functional dependences of the various quantities.

2. Thermodynamics of the Polymer Layer

In our approach, the surface which supports the
polymer chains can be either solid, liquid, or free
(provided that the interface is sharp). We assume that
the surface is attractive enough so that the loops which
form the layer overlap. For definiteness, we consider a
saturated surface, which is the most common case in
practice. For sake of simplicity, we carry on the calcula-
tions for an athermal solvent, i.e., the excluded volume
is v = a3. The general case of a good solvent (v < ad)
and the case of a ©®-solvent are considered in the
Appendix.

To describe the ensemble of loops and tails in interac-
tion, we make the following simplifying assumptions.
(1) Each loop of 2n monomers is considered as two
independent “pseudo-tails” of n monomers so that we
describe the interface as a thermodynamic set of tails,
polydisperse in size, end-attached to the surface. (2) This
pseudo-brush is described according to Alexander and
de Gennes: the tails behave identically; their conforma-
tion is described by a single function n(z) where n is
the curvilinear index along the tail. (3) The “free chains”
in the bulk do not penetrate the layer formed by the
“adsorbed chains”. Our main tool is the function S
defined as

smy=a2 [ P(m)dm (1)

where P is the statistical distribution of tail sizes in
monomer units.* In simple words, S(n) is the local
grafting density: the number per unit surface of pseudo-
tails having more than n monomers. Later on we will
call S the “loop profile”. The local conservation of
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monomers inside the layer implies

sS(n(2))
2(n(2))

P(z) = )

where z = (3z/dn).

As the loops overlap, by analogy with a semidilute
solution, the layer can be visualized as a closely packed
system of blobs and a local correlation length may be
defined:

E(2) ~ a®(2) " ®3)

2.1. Energetics. In this section, we estimate the free
energy of the layer F{S,z} suitable to describe the layer.
The free energy has five contributions: the van der
Waals interactions between the surface and the solution,
the tensio-activity of the chain ends, the excluded volume
interactions, the “pseudo-tails” elasticity, and the “pseudo-
tails” entropy which accounts for the polydispersity in
size of the system.

1. We assume that the interactions between the
surface and the polymer solution are of van der Waals
type. As shown by de Gennes,* these long-range interac-
tions have no special effect on the structure of the layer
and play a role only at the immediate vicinity of the
surface. Therefore, the attraction to the surface can be
accounted for by writing

Fe=yo— Ky 4)

where yq is the solvent/surface interfacial tension and
y1 the energy gain per adsorbed monomer. The coef-
ficient « is the two-dimensional concentration of ad-
sorbed monomers, which we set to be 1/a2.

2. We have to consider an additional term which
accounts for chain ends attraction. From a physical
point of view, this attraction arises because the last
monomers have a polarizability slightly different from
that of a monomer in the middle of the backbone (they
only form one covalent bond with an other monomer).1%
This contribution lowers the interfacial tension propor-
tionally to the number of terminal monomer in direct
contact with the surface. The number (per cm?) of
adsorbed chains is T/N = fS(n) dn/N (T is the surface
coverage). Assuming an attractive energy AkgT per
chain ends in direct contact with the surface, and two
adsorbed ends per polymer, this gives a contribution

F, = —2AkgTe )

to the free energy. Because of our hypothesis (1), there
is no penalty for forming a loop rather than a tail, and
both ends of a given adsorbed chain are situated at the
interface as soon as A is positive, hence the factor of 2.
We expect that A should be of order unity in the absence
of any chemical modification of chain ends.

3. The monomer—monomer interactions are accounted
for by integration of the osmotic pressure on the layer
width. In a good solvent, the osmotic pressure is given
by the des Cloiseaux law: IT,s ~ ®94. Using eq 2, we
find

kgT
Fuo = Iayernos(z) dz = 2 ./E) ZS( ))9/4( (n))
(6)
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4. The elastic part of the free energy is the sum of the
elastic energy of each pseudo-tail

Fo= [0 —S'(N)E(n) dn 7)

where E(n) = kg T fg ((dz/£)/(dm/g))? dm/g is the elastic
energy of one pseudo-tail of n monomers. Each blob of
size £ is an elementary spring with a characteristic
constant ~kgT. Then each monomer has a “spring
constant” equal to kgTa2g/&2 = kgT®Y4, Integrating eq
7 by parts and using eq 2 yields

Fa= fleeso () @

5. The last contribution accounts for the polydispersity
in size of the pseudo-tails. The estimate is!*

Fem;kaB—zT [Y (—a?s'(n) In(-a®S'(n) dn~ (9)

Gathering all these results, the free energy (per cm?) of
the layer F{S,z} is given by

kgT
F{S,Z} =Yy~ KV, + % .fON { 28( ))9/4( (n))
(a®s(n)™ (%1))7/4 + (—a%S'(n)) In(—a?S'(n)) —
% aZS(n)} dn (10)

It is simple to show that the estimate of F for the dilute
case!* is obtained by setting A = 0 in eq 10 and
minimizing the functional with respect to z.

When the bulk solution is semidilute, it exerts a
pressure I, on the layer. Moreover, the system can
exchange polymeric chains with the bulk. Thus, the
suitable thermodynamic potential is not the free energy
but the grand potential at constant osmotic pressure in
the bulk (per unit surface), Q@ = F + TIpH — upNmon
where H is the thickness of the layer, Nmon the number
of monomers (per unit surface) in the layer and uy the
monomer chemical potential in the bulk. Hence

Q{S,2} =F{S,2} + Hbf z(n) dn —ubf S(n) dn
(11)

where I, = kgT/a2®,%* and up = (%/5)kg T D,>4.16

2.2. Determination of the “Loop Profile” at
Equilibrium. Minimization of Q with respect to changes
in z and S results in two standard Euler—Lagrange
equations (numerical factors are omitted)

(azs(n))sm(%l”)f + o =( S(n))g/“(z(n)) (12)
2 s4(2(N) 2 vaf2(M)7"*  S"(n)
(aS())( ) +(S())( ) "‘m
28— 05 (13)

Equations 12 and 13 have a simple physical interpreta-
tion. The first one expresses the local mechanical
equilibrium of the layer. At equilibrium, a slice of size
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0z balances (a) two compressive forces (lhs of eq 12)—
the elastic restoring force exerted by the assembly of
tails (spring constant: k ~ ®4) in parallel (hence the
additive rule for the equivalent spring constant: kS 2)
and the bulk osmotic pressure—and (b) the osmotic
pressure within the layer directed toward the bulk (rhs
of eq 12). Equation 13 is equivalent to the local balance
of chemical potential (written per monomer). The rhs
of this equation is the monomer chemical potential in
the bulk.

We solve this system of differential equations by
considering the asymptotic regimes. We find two regions
in the layer.

Near the surface (a =z < §por 1 < n = ng), bulk
contributions and chain ends effects may be neglected.
This is because this region of the layer does not “feel”
the presence of the bulk solution. Equations 12 and 13
simplify into

3/4 —-9/4

s (") = s (D) "
(rfs(n))w“(@)y4 + (rfs(n))““(@)w4 + —2((:)) =0
(15)

which solutions are power laws:1’
Seg() = ——— (16)

an

Zoo(n) = an®® (17)

Equation 17 is the Flory relation for the extension of
an isolated coil of n monomers in good solvent condi-
tions. This indicates that the loops are only marginally
stretched by the presence of the others. Making use of
eq 2 gives the variations of the volume fraction

o@) = (5" (18)

which is precisely the self-similar profile characteristic
of a layer of adsorbed chains exposed to a dilute
solution.’ At larger distances, our neglect of the bulk
contributions is no longer valid. This happens when
Seq(Ne)¥4 Zeq (Ne) %4 ~ ®* which defines a characteris-
tic index n. = ®,%*. Translated in terms of extension,
we find a distance an¥5 = a®, ¥ = &, the correlation
length of the bulk solution.

At larger distances (5§, <z < R or ng = n < N), we
reach a second regime where the elastic contribution
in eq 12 is not relevant. In this region, the bulk osmotic
pressure directly balances the osmotic pressure within
the layer. Equations 12 and 13 are simplified into

S
a3$ =®d, (19)
2 2 "
@s()”  S"(n) _2A_ (20)

o, S0 N

We expect that A should be of order unity, and the chain
end effects should not affect the structure of the layer.
This argument will be made more quantitative a
posteriori. For the moment, let us assume A = 0.
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78
b
See(M ~ =51 (21)
eq a2n'2

1/2

Zeq(n) ~a (22)

1/8
q)b

Note that ® = ®p. Both Seq(n) and zeq(n) depend on Py,
which is a signature of the influence of the bulk solution.
In this outer region, the dependence of z¢q on n follows
the Daoud law for the extension of a polymeric coil in a
semidilute solution, again indicating that the loops are
only marginally stretched away from the surface.'® An
alternative way to find the “loop profile” eq 21, is to
renormalize the “loop profile” for the melt case S(n) ~
a~—2n~Y2: the monomer size a — &, and the monomers
index n — n/n¢ (n¢ is also the number of monomers
within a correlation volume £)).13

Inserting the solution of eq 21 into eq 20, we find that
our neglect of the chain ends effects is valid whenever
n < N/2A forany 1 <= n < N. If Alis large, N/2A < N,
and the solution of eq 21 is not suitable. In this strong
adsorption regime, the adsorbed chains do not keep their
Gaussian shape: they stretch away from the interface
to increase the number of adsorbed ends.'* However,
for small values of A (weak adsorption regime), N/2A >
N, the structure of the layer is not affected by this
contribution to the free energy. In physical terms, this
means that there is a range of values 0 < A < 1/, where
all the chains ends are captured by the surface without
disturbing the overall Gaussian shape of the chains. In
practice, there is a further restriction to our model
because there are two regimes in the weak adsorption
limit: at very low A, only a fraction of ends of the
adsorbed chain are captured.'® This means that eq 10
is valid only for values of A larger than /,. In what
follows, we will assume that both conditions are fulfilled
(A ~ 1), and we will use eq 10 together with the
solution of eq 21.

Note that this is a crude resolution of the system, and
rigorously, the crossover between these two regions is
smooth.

2.3. Discussion. At our scaling level, the “loop
profile” at equilibrium in the weak adsorption regime
is (Figure 2)

1
— g5 forn <n ,~ @, "
S (n) a2n6/5 c b (23)
~ 718
. ) forn,<n <N

a~2nl/2

Then we can estimate the thickness of the layer made
of adsorbed chains

N —
H= j;J Zeq(n) dn = ad, CEINEL (24)

We see that H = Rg, the natural size of one chain in
the semidilute solution. Note that H is also &,(N/nc)Y/2,
which means that, from the point of view of the
extension, the interfacial layer is equivalent to a closely
packed system of blobs of size &, (this picture is not quite
correct as explained below). The surface coverage (num-
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Figure 2. (a) Qualitative plot of the loop profile Seq vs n in
the adsorbed layer from a semidilute solution (volume fraction
@y, in the bulk). Two regions appear: self-similar for 1 < n <
n. and @y, -dependent for n; < n < N (see text). (b) Monomer
volume fraction vs the distance from the adsorbing wall z.

bulk
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Eb|
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Figure 3. Scaling representation of the adsorbed layer.

ber (per cm?) of monomers from adsorbed chain) is
r= [1s(n)dn=a?1+®,"N") (25

This law for the surface coverage was first proposed by
Marques and Joanny using a linear interpolation.?° As
mentioned by Daoud and Jannink,2 eq 25 suggests that
we distinguish two limits: when ®, < N ~¥7 T = a2,
and the average number of adsorbed monomer per chain
scales as N; whereas when ®p > N 47 T =~ a—2,8N2
and the average number of adsorbed monomer per chain
scales as N2,

There is a simple geometrical picture associated with
our results although the inner and outer regions have
quite different structures (Figure 3).

The inner region (extension &) is formed of several
self-similar blobs of size £(z)~ z. At a scale smaller than
the blob size, chain segments are self-avoiding. At a
larger scale, the tails form linear strings of nonover-
lapping blobs elongated in the z direction.

In the outer region, there are two different length
scales: &, and A. The basic unit is the blob of size &;.
For sake of clarity, we will call these blobs “Daoud
blobs”.18 Again, at a scale smaller than &, the segments
are self-avoiding. At a scale larger than &, the layer is
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equivalent to a melt of chains exposed to an interface
provided that both the monomer size (a — &), and the
index of polymerization (n — n/n;) are renormalized. By
analogy to the melt case, there is a second type of “blob”
in the outer region. These are made of Gaussian strings
of Daoud blobs, the important point being that these
“super” blobs overlap laterally and their size is not given
by the average local distance between tails, D.?1:22
Rather, their size scales as A(n) = &,(D(n)/&p)?, and thus
A(Z) = (£bSeq(N(2))) ! = z. At a scale larger than A, we
have linear strings of the “super” blobs elongated in the
z direction.

That our theory allows a continuous picture for the
structure of the layer between dilute solutions and
melt is easy to understand. In the case of dilute
solutions (P, — 0), we may neglect IT, and up, and what
we minimize is F rather than Q. Mathematically this
is equivalent to set ®, = ®* = N~#° in egs 12 and 13.
Then we have n, ~ N and the outer region vanishes.
The autosimilar “loop profile” Seq(n) = 1/a?n%®, zeq(n) =
an® and the thickness H = aN%® are recovered.'* The
case of molten polymer liquids can be found by setting
@, = 1. Then the inner layer vanishes. In particular,
the loop profile is S(n) ~ a2n~Y2 and the extension of
the layer is of the order of the Gaussian extension of a
polymer chain.

Our results concerning the structure of the layer
should be compared with the works of Semenov and
Joanny®® and Daoud and Jannink.2 Essentially, our
theory is in agreement with their results, and we will
concentrate on the differences that we find. Daoud and
Jannink have found that the size of large loops scales
as N for @, < N~47 and as Rg for @, > N~47. We
find that all sizes between &, and Rg are allowed for
the loops, whatever @y, is in the semidilute regime. This
is due to the entropy associated with the polydispersity
in size of the loops.

Semenov and Joanny have found a (small) depletion
hole at a distance H from the surface, whatever the
regime: dilute, semidilute, or concentrated. Although
we expect a depletion hole for the dilute case, that it
may also be present in the semidilute case is rather
counterintuitive. In our theory, ® varies monotonically
with z, and we do not find any depletion. Not withdraw-
ing that this may be due to the absence of “smoothing
functions” in our approach, we do not expect any
depletion hole: the cost per unit surface to create a
depletion hole of size | is 16I1,s and may be huge.

Also Semenov and Joanny find an “anomalous” varia-
tion of T': the surface coverage decreases with N in the
limit of very large N. Here again, we disagree. Consider
the surface coverage I': T’ = I'; + a—2®,H, an expression
that is also found in the work of Semenov and Joanny.
The quantity I'; corresponds to the amount of monomers
within the first sublayer. Significantly, I'; is indepen-
dent of N (and varies very slowly with ®y). Suppose we
increase N at constant volume fraction. As H increases
with N, we see that I always increases with N. In
particular, we do not expect a nonmonotonic variation
of T' with N. It may well be that these results are
artifacts of the self-consistent field theory.

3. Interfacial Tension

3.1. Case of Semidilute Solution. The surface
tension y is defined as the energy difference between
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the phase-separated system and the coexisting homo-
geneous system at the boundary

¥ = QfSeqZeqt — Q{bUIK} (26)

The thermodynamic potential Q{bulk} is solely the
elastic energy in a slice of the bulk of thickness H. Thus,
we have Q{bulk} = (kgT/N)®yH = kgT(D,"8/N2).

In what follows, we work in the limiting case ®, >
N ~47, and we approximate I' = a=—2®,"8NY2, Keeping
the complete expression in eq 25 would lead to unneces-
sary complications. Note that the range N ~%5 < @, <
N 47 is very small in practice. Substituting eqs 17, 22,
and 23 into eq 11 enables the interfacial tension for
semidilute solutions to be calculated. For this calcula-
tion we should notice that for the interval no < n < N,
Fvol is compensated for by (up®, — Ip)H so that only
elastic and entropic terms remain. The result is

V(P N) =y —ky; +

kgT 5/4 (I)bw8 N 32
? —(Xq)b + ,3 N1/2 In (CI) 7/12N*) + 6q)b (27)

b

where a, £, and 6 are positive numerical factors of order
unity. The sign of the coefficient 6 is not easy to
determinate: this coefficient results from the sum of
different terms of the same order of magnitude. How-
ever, a mean field calculation of y in series of ®, shows
that the corresponding term (®,%2) has a positive
coefficient. Thus, we will assume that this term is
positive. The quantity N* = e832 which appears in eq
27, is a characteristic polymerization degree of the
polymer under consideration.

Whenever &, < 1 it is sufficient to keep the leading
terms of eq 27

kgT
V(q)b*N) = Vext a?q)bsm +

kBT ¢b7/8 N -
" (g @

where yext = yo — k1 is the value of y extrapolated to
zero dilution. Equation 28 is our central result. Two
limiting cases are interesting.

In the limit of infinite MW, we find

kgT
P(@p,N = 00) = Yo — O ?(DS’“ (29)

This expression is precisely the result of the Widom—
Cahn—de Gennes approach.* The result in eq 29 may
be recovered directly by integration on the autosimilar
domain of the Gibbs equation dy/du = —TI using the
scaling law u = kg T®%4, We can easily understand why
its sign is negative: when the monomer chemical
potential in the bulk increases, the formation of the
interface costs less energy. The last term of eq 28 is the
correction to the approximation of infinite MW. It arises
from the competition between end chain effects and
entropy of loops.

If we extrapolate eq 27 to the concentrated regime,
we find

ksT In (N/N*)

‘}/(CI)b - 11N) =Yoo + ﬂ? N1/2 (30)
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where

kgT
Yoo = Vairimelt — C? (31)

where C is of order unity. This is what we find for the
interfacial tension of molten polymer liquids.3

3.2. Comparison with Experiments. Although our
approach has omitted several numerical coefficients of
order unity, a quantitative comparison with experimen-
tal data is possible. Experimental measurements of the
surface tension of semidilute solutions of polymers are
scarce. To the best of our knowledge, we only know
about old data concerning poly(dimethylsiloxane) (PDMS)
in toluene (at, respectively, 24 and 19.5 °C).%7 However,
these allow a good test of our approach for three reasons.
First, because they provide data for the same polymer
at rather different molecular weight and volume frac-
tion. Second, because they are originated from different
groups and type of experiments. Third, because we have
already fitted experimental data of the same polymer
in the concentrated regime (melt) with our theory.3
These fits show that the variations of the interfacial
tension with the MW follow eq 30. This work provides
values for parameters such as N* and .

The interfacial tension is now identified with the
surface tension of the system air/polymer solution.
Written in terms of MW, eq 28 becomes

kg T
V((I)b'Mn) = Yext — a?q)bSM +

718
1K T @y N
no
az Mnllz

M
7/12 : *) (32)
q)b Mn

where My is the molecular weight of a monomer and
Mp* = N*Mpo.

The comparison of eq 32 with the experimental data
raises different problems. (a) We have to take into
account the finite flexibility of the polymer backbone.
The “theoretical” monomer (size a and MW M) should
be identified with an effective monomer of size C.l
(Kuhn persistence length) and MW C..m, where | and
m are, respectively, the size and the MW of the chemical
monomer. We find in the literature?® C., = 5 for PDMS
and so we take a = 0.73 nm and Mo = 185 g-mol~1. (b)
Toluene is considered as a good solvent for PDMS, but
we are far from the athermal situation (the Flory
parameter y defined by v = a3(1 — 2y) is 0.45).2% In the
Appendix, the loop profile and the interfacial tension
are computed for the case of good solvents with v < a3.
Factors such as v¥8 and v12 appear in the expression
of y. However, their numerical values are very close to
1, and the law given in eq 28 that we have found is not
essentially modified. Thus, we have fitted the data with
the law in eq 32, which is valid for an athermal solvent.

It is important to realize that we only have two free
parameters. In principle, the unknown parameters in
eq 32 are: yext, o, B, and Mp*. However, in the melt
case,® we have fitted the law eq 30 for PDMS, and we
have determined the empirical values of M,* and the
coefficient g for PDMS: Mp* = 17.6 + 0.1 kg/mol; g =
0.14 + 0.04. They should be independent of both MW
and concentration. In what follows, we have made use
of these results, and we are thus left with two free
parameters: yex and o. Table 1 displays the empirical
values of the different parameters that we have used
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Table 1
o 0.46
p 0.17
Mpn* (kg/mol) 17.58
Yext (Mn = 1 kg/mol) (mN/m) 24.86
Yext (Mn = 1.6 kg/mol) (mN/m) 24.90
Yext (Mn = 3.7 kg/mol) (mN/m) 25.00
Yext (Mn = 500 kg/mol) (mN/m) 25.37

1 T T T T T T T T T

’g 0 oo n
Z
E
—~
s -1
2 —3— 500 kg/mol
e-o [ | —e— 3.7 kermol
n
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o= 2} ]
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Figure 4. Variations of Ay(®,,Mp) (eq 33) for semidilute
solutions of PDMS in toluene vs the monomer volume fraction
&, for several MW. The different symbols correspond to
experimental data: T = 24 °C, M,, = 500 kg/mol,® and T =
19.5 °C, M, = 1, 1.6, and 3.7 kg/mol.” Full lines are from eq
34 (see text for details).

in the fitting procedure. Note that a is indeed a
numerical coefficient of order unity.

Our goal in this section is 2-fold: (a) to show that
there is an experimental dependence of y(®p,Mp) with
MW, and (b) to show that this dependence is well
captured by our theory with no adjustable parameter.
To this aim, we subtract the terms in eq 29, which are
independent of MW. Explicitly, we plot Ay(®,,My) as a
function of ®, and M, where

— kBT 5/4
A‘J/(q)b"vln) - V(q)b'Mn) T Vext — a?q)b (33)

and the experimental data are fitted with the equation

kT @,
12 B b
Ay(q)b’Mn) = ﬁMnO a2 Mnl/z

Mn
q)bmz M, * (34)

Figure 4 displays the dependence of Ay on the monomer
volume fraction for different MW solutions. To report
experimental data, we have used the values of a and
Yext given in Table 1. The significant point is that we
observe a splay of experimental data for different MW
when @, increases. The splay is a signature of an
explicit dependence in MW which is well fitted by eq
34. The relative correction due to this effect is of order
10% and has not be considered so far. At fixed &y, we
find an increase of y with MW. This is explained by the
fact that M,* = 18 kg-mol~1, and then, the rhs of eq 32
is an increasing function of MW. For My = 500 g-mol 3,
this corrective term is negligible and the asymptotic law,
eq 29, is reached.

It is worth mentioning that we have allowed for a
small variation of yex with the MW (see Table 1). In
fact, rigorously, there is an additional contribution of
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the form —(2AMno/M,)(KsT/a2) in yexe which comes from
the first term of the rhs of eq 25. This contribution is
expected to be always negligible both in comparison to
vo — ky1 and to (kgT/a?)®p"8/Mnot2 In(Mn/®p"12 Mp*)/
MnY2, From the values displayed in Table 1, we see that
this variation is indeed very small for the set of data
published in ref 7: yex = 24.90 mN/m. For the set of
data published in ref 6, we obtain a slightly larger value
(Yext = 25.37 mN/m), which is most probably due to a
systematic error in the experimental data.

4. Concluding Remarks

The above analysis provides a framework for studying
the behavior of polymers at interfaces which can be
generalized to other solvent conditions and other ge-
ometries. The use of a “scaling functional theory”
enables us to calculate both the structure of the inter-
face, and the interfacial tension of the polymeric solu-
tion. This is done “from first principles”, without any a
priori assumption concerning the structure of the ad-
sorbed chains.

Among the most important results, we find a depen-
dence on MW of the interfacial tension of semidilute
solutions. This dependence reflects the competition
between the entropy associated with a large distribution
of loop sizes at the interface and the specific attraction
of the chain ends. That our approach provides such a
dependence (unlike the case of the Widom—Cahn—de
Gennes approach, e.g.) is due to our use of a different
tool to describe the interface. We focus on a quantity
called “loop distribution profile”, S(n) , which is a
function related to the distribution of sizes of the various
loops and tails that adsorb at the interface. In certain
cases, (adsorption from a dilute solution, e.g.), this
function is a similar tool as the volume fraction profile
¢(z) (in the sense that both functions carry the same
information concerning the structure of the interface).
In other cases, however, this is not true and the
functions S and ¢ are essentially different objects. The
“outer region” of the adsorbed layer provides a good
example of this difference. There, ¢(z) is constant (¢(z)
~ ¢p), whereas S(n) is a power-law type of function S(n)
~ n~Y2, Hence, ¢ does not give us any clue about the
structure of the layer. From this example, we see that
this function S is probably a more fundamental tool to
study interfaces of macromolecules.

The functions S and ¢ are not simply related. It is
not clear at present whether our functional F (written
in terms of S) contains the same physics as the
functional used in self-consistent field type of ap-
proaches (written in terms of ¢). For example, we have
an explicit entropic contribution in F associated with
the wide loop size distribution, whereas it is not obvious
that this term exists in SCF theories. At least, it is not
explicitly written. That both approaches give essentially
the same result in numerous cases (®-solvents, e.g.)
suggests that both theories carry the same physics at a
more fundamental level. Although it would be desirable
to explicit this aspect, this is clearly out of the scope of
this article. We leave this point for another study.

We have considered only saturated surfaces (y1 = kgT/
a?). It would be simple to generalize our model to cases
where the first layer of adsorbed monomers is not dense.
This would amount to leaving the quantity S(0) free,
subjected to an additional minimization of the func-
tional. We expect that an additional sublayer appears,
very close to the surface, where the “loop profile” would
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depend on the value of y;1.2526 Unless we go to very small
values of y, it is reasonable to think that our essential
results will not be drastically modified.

In principle, our model in valid for A < /5. The upper
bound is not a serious limitation in practice, unless the
ends have been chemically modified. That A should not
be too small is a more delicate matter. In the absence
of any experimental measurement, we cannot assert
that this condition is satisfied for the polymers that we
have considered.

In this model, we do not describe the interpenetration
of the free chains and the adsorbed chains, which is a
crude hypothesis. The question is to know whether this
effect would introduce a new characteristic length into
the problem. It is plausible that free chains penetrate
the adsorbed layer on a length equal to the size of the
last “super blob” A(N) ~ Rg. If this is so, no additional
characteristic length appears. In other words, this effect
should modify the numerical factors in front of eq 23,
but not the scaling dependences. A direct confirmation
of that point is provided by experiments on irreversibly
adsorbed layers, where the loop distribution in the melt
limit is measured after the free chains have been
removed.?”

Although scaling laws have been used, a quantitative
comparison with experiments is possible. Our conclu-
sions were successfully confronted with the experimen-
tal data that are available in the literature. This study,
together with that concerning the melt case,® brings
both a coherent picture for the interfacial properties,
and a theoretical explanation of the various experimen-
tal features of polymeric liquids in the semidilute regime
and concentrated regime.

Appendix

In this Appendix we estimate the “loop profile” and
the interfacial tension first for a ® -solvent and then
for a solvent which is good but not athermal.

For a © -solvent, the two-body interactions vanish and
three-body-interactions dominate. Thus, an isolated coil
is nearly ideal. The semidilute regime has the following
characteristics:! the overlap threshold is ®* ~ N2, the
correlation length is & = a®~1, and the osmotic pressure
is IT = kg T/a3®3. The osmotic contribution eq 6 and the
elastic one eq 8 are changed into

z(n)) (35)

Fuol = f@(z) dz = zj; 25())(

and
ke T (n)
Fa=—2fy &S0 >( ) (36)

Proceeding in the same manner than in section 2, we
get the following equilibrium “loop profile”

L forn< n,=®, 2
Seq(N) ~{ @ (37)
b forn.<n<N

n1/2 ¢

Then the interfacial tension, from eq 26, is
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y®(¢b,N) = Vext T

N
—{ (o + 257 In ®)D,° +ﬂmln(w)} (38)

where 7 is a constant of order unity.

A solvent that is good but not athermal is defined by
v < ad (in what follows, we will define the excluded
volume parameter as ¥V = v/a3). These semidilute
polymer solutions are characterized by two correlation
lengths: & ~ aV~4®~34 for two-body interactions and
rg ~ V1 for three-body interactions (rg is smaller than
£).1 At scales r < &, a chain behaves as a free chain: for
r < rg, the chain is nearly ideal; for rg < r < £, the chain
is swollen (excluded volume interactions dominate). At
scales r > £, the solution is a melt of semidilute blobs.

There are two technical modifications that we must
perform to describe this situation for an adsorbed
layer: (a) for z < rg (or n < gg ~ V~2), the osmotic and
elastic contributions are similar to those in eqs 35 and
36; (b) for z > &, eqs 6 and 8 are valid provided that the
explicit dependence in V is inserted. Thus, we have for
the osmotic energy

kBT H.3/4 9/4
—2fer ®(z)”dz =

kaB—ZT S \73’4(a28(n))9’4(%:]))5/4dn (39)

=
vol =

The spring constant of each monomer is now kgT(a%g/
£2) ~ kgT(a2g/E2)(E53/a53G13) ~ G~14 @4, and the elastic-
ity eq 8 is modified into

Fo="2 oo eso (1)} an o

This yields for the “loop profile”

1 for 1 < o
- orn<gg~V

1 ~—3l4 —5/4

Seq(n) ~{ g25pe5 98 <n<n~V 7P, (41)

) 7/8 1/8

b forn,<n <N

1/2

| "

and for the interfacial tension, from eq 26

ke
— (—a+ 27 In V) ¥, +

N
N2 In(\~/1/12q)b7/12N*) (42)

As is expected, we recover the athermal case (eq 28) by
setting ¥V = 1, and the O-solvent case (eq 38) by
identifying V = @y,

V((I)b' N) = Vext

Acknowledgment. We are grateful to Elie Raphagl
and Mohamed Daoud for useful discussions.

References and Notes
(1) de Gennes, P.-G. Scaling Concepts in Polymers Physics;

Cornell University Press: Ithaca, NY, 1979.
(2) Edwards, S. F. Faraday Discuss. 1994, 98, 1.



Macromolecules, Vol. 33, No. 15, 2000

(3) Aubouy, M.; Manghi, M.; Raphaél, E. Phys. Rev. Lett. 2000,
84, 4858.

(4) de Gennes, P.-G. Macromolecules 1981, 14, 1637.

(5) Auvray, L.; Cotton, J. P. Macromolecules 1987, 20, 202.

(6) Gaines, J. L. J. Phys. Chem. 1969, 73, 3143.

(7) Ober, R.; Paz, L.; Taupin, C.; Pincus, P. Macromolecules 1983,
16, 50.

(8) Semenov, A. N.; Bonet-Avalos, J.; Johner, A.; Joanny, J.-F.
Macromolecules 1996, 29, 2179.
(9) Semenov, A. N.; Joanny, J.-F.; Johner, A. In Theoretical and

Mathematical Models in Polymer Research; Grosberg, A., Ed.;
Academic Press: New York, 1998; p 37.

(10) Hoeve, C. A. J. Chem. Phys. 1965, 43, 3007.

(11) Silberberg, A. J. Chem. Phys. 1967, 46, 1105.

(12) Daoud, M.; Jannink, G. J. Phys. Il Fr. 1991, 1, 1483.

(13) Guiselin, O. Unpublished results.

(14) Aubouy, M.; Guiselin, O.; Raphaél, E. Macromolecules 1996,
29, 7261.

(15) Zhao, W.; Zhao, X.; Rafailovich, M. H.; Sokolov, J.; Composto,
R. J.; Smith, S. D.; Satkowski, M.; Russel, T. P.; Dozier, W.
D.; Mansfeld, T. Macromolecules 1993, 26, 561.

(16) The volume free energy is in fact Fyo = [fyo dz = [(—I1es +
u®) dz where Il and u are respectively the osmotic pressure
and the chemical potential in the layer. According to scaling
laws Tos = P2[3(fyol/ P)/dP] = (kg T/a%)®* gives fyo = */s(ksT/
a%) @9 and u = %s(kgT/a3)@%4. Thus, although fy,o and g
are different from a thermodynamical point of view, they are
proportional.

(17) As we use scaling laws, the calculated quantities will be
power laws of the form n— with p > 0. Some of this quantities,

(18)

(19)
(20
(21)
(22)

(23)
(24

(25)

(26)
@7

Tensioactive Properties of Polymer Solutions 5729

when integrated, leave a divergence in 0 which has no
physical meaning. This is because we forget the “smoothing
functions” which would bring technical complications without
much physics. As an example, the mathematical solution of
egs 14 and 15 is Seq(n) ~ 1/(n + b)®5, where b is a constant
of order unity, rather than eq 16. Constants such as b would
make all the integrals converge. A simple way to mimic the
presence of these constants is to keep the scaling form n—
but to perform the integration over a smaller range of
values: f1 n~?dn rather than fon™* dn .

Daoud, M.; Cotton, J. P.; Farnoux, B.; Jannink, G.; Sarma,
G.; Benoit, H.; Duplessix, R.; Picot, C.; de Gennes, P.-G.
Macromolecules 1975, 8, 804.

de Gennes, P.-G. C. R. Acad. Sci. Paris Il 1988, 307, 1841.
Marques, C. M.; Joanny, J.-F. J. Phys. Fr. 1988, 49, 1103.
Aubouy, M.; Fredrickson, G. H.; Pincus, P.; Raphaél, E.
Macromolecules 1995, 28, 2979.

de Medeiros, O.; Aubouy, M. C. R. Acad. Sci. Paris Il 1998,
326, 511.

Aharoni, S. M. Macromolecules 1983, 16, 1722.

Brandrup, J., Immergut, E. H., Eds. Polymer Handbook, 3rd
ed.; Wiley: New York, 1989; Chapter 7, p 181.
Eisenriegler, E.; Kremer, K.; Binder, K. J. Chem. Phys. 1982,
77, 6296.

de Gennes, P.-G.; Pincus, P. J. Phys. Lett. Fr. 1983, 44, L241.
Léger, L.; Raphaél, E.; Hervet, H. Adv. Pol. Sci. 1999, 138,
185.

MAO000099U



