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ABSTRACT: A detailed analysis of the experimental implications of the scaling theory of polymer
adsorption in the good solvent regime is presented. A number of new results that simplify the task of
comparing theoretical predictions and experimental data are given: these include a new simple
approximate expression for the force vs distance profile, which is close to the exact solutions over an
appreciable range of the intersurface separations. The theoretical predictions are compared to available
experimental data for the forces arising between mica plates exposed to poly(ethylene oxide)—water
solutions. Good quantitative agreement between theory and experiment is found, with no need for

adjustable parameters.

I. Introduction

Processes involving polymer layers adsorbed from
solutions have considerable practical implications and
at the same time continue to present a scientific
challenge. This is because of their relevance to situa-
tions of technological importance such as lubrication and
colloidal stabilization and, on the other hand, because
these processes provide a rich testing ground for our
theoretical understanding of confined polymer solvent
systems.

Two significantly different approaches to predict the
properties of these systems have evolved over the years.
A set of theoretical and lattice computational methods,
sometimes referred to as “numerical mean field theory”
has been extensively used by Scheutjens, Fleer, and
their collaborators.12 In this formulation each polymer
chain is represented by a step weighted walk. The
equations for the statistical weights are solved numeri-
cally: it is then possible to obtain not just predictions
for the polymer concentration profile but also more
specific information on chain statistics, such as, for
example, the probability that a chain segment located
at a distance z from the adsorbing surface belongs to
either a loop (a region of the chain located between two
surface contact points) or a tail (a region of the chain
located between a surface contact and an end point).

A different approach largely based on the analogy
between the polymer adsorption problem and the theory
of critical phenomena relies on the minimization of an
appropriate surface free energy functional.3* The form
of the functional is chosen so as to reflect the main
features of the physics for the situation that needs to
be described. In particular, different forms of the
surface free energy are used depending on solvent
quality®~® (good vs @ vs poor solvent) and on concentra-
tion level (dilute vs semidilute vs concentrated solu-
tions). Until recently only functionals involving a single
order parameter had been considered: at the mean field
level this amounts to the so-called ground state domi-
nance approximation.” As long as a single order pa-
rameter is used, predictions can be obtained for the
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polymer concentration profile and for the force between
adsorbed layers.3489 However, to determine the rela-
tive contributions of loops, tails and free chains to the
polymer concentration at a given distance from the
adsorbing wall, it is necessary to introduce surface free
energy functionals that involve more than one order
parameter. Formulations of this type have been re-
cently put forward!®l and the results have been
compared to the corresponding numerical mean field
theory results.??

In this paper we revisit the problem of interactions
between surfaces carrying irreversibly adsorbed polymer
chains across a good solvent medium. When the poly-
mer is adsorbed to saturation, one expects a monotonic
repulsion between the surfaces as they approach,
resulting—for the case of colloidal particles—in the well-
known steric stabilization of dispersions by adsorbed
polymers. For undersaturated surfaces, attraction due
to bridging may occur. Such attraction can have im-
portant practical consequences for destabilizing colloidal
dispersions. Studies with surface force balances provide
a very direct measure of the variation of the intersurface
forces with surface separation and enable a critical
comparison with molecular models. Here in particular
we reexamine the surface force data collected in the good
solvent regime for the poly(ethylene oxide), PEO/water,
and for the PEO/toluene systems.'3716  As shown in
Figure 1 there is remarkable qualitative agreement
between these results and the predictions of the (single
order parameter) scaling theory. For unsaturated
(starved) surfaces the theory predicts attractive interac-
tions at long distances and repulsion when the surfaces
are brought close to each other. The attractive mini-
mum becomes shallower and its location is moved to
larger distances as the amount of polymer adsorbed on
the surfaces increases (see Figure 1a), until, at satura-
tion, the theory predicts repulsion at all distances. The
experimental results of refs 13—15 display the same
gualitative behavior. As the incubation time of the mica
plates in contact with the solution increases, the at-
tractive minimum becomes less pronounced and is found
at larger and larger interplate separations (see Figure
1b) until for sufficiently long incubation times (corre-
sponding to adsorption to saturation) only repulsion is
observed.
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Figure 1. (a) Reduced force F(w) vs interplate separation
= 2h/Dg; predicted® from the single order parameter scaling
theory for different values of saturation. From left to right the
curves refer to I''Ty = 0.25, 0.3, 0.5, 0.75, and 1.0. For I''Ty =
0.5 and I''Ty = 0.75, the attraction minimum falls outside the
range of w displayed in the figure. (b) Normalized experimental
force vs distance profiles, f./R vs D, between two cylindrical
mica surfaces (mean radius of curvature R) bearing adsorbed
poly(ethylene oxide) across an aqueous medium 0.1 mol dm~3
KNO; at 23 £+ 2 °C. The different sets of data correspond to
increasing incubation times tiy of the surfaces in the polymer
solution and thus to increasing extent of adsorbance of polymer
on the surfaces: a (triangles) ti,. = 3 h; b (circles), tinc = 8 h;
¢ (squares), tinc = 48 h (saturated surface). Data were taken
from ref 15.

In view of this kind of qualitative agreement, it is
somewhat surprising that a systematic effort to inter-
pret experimental data using the scaling description
cannot be found in the literature. Indeed there has been
a tendency to use instead the numerical mean field
approach,! even though this neglects the excluded
volume correlations that are known to play a crucial role
in good solvents. The purpose of the present paper is
two-fold: first we try to redress the situation described
above, by performing a detailed comparison between the
theoretical predictions of the scaling theory and the
experimental data of refs 13—16. The second objective
of this paper is to provide a set of tools that we believe
will be of considerable use to experimentalists for the
analysis of their results in terms of the scaling theory
and for the design of new experiments, as well as a
priori prediction of steric stabilization forces in colloidal
dispersions.

A number of comments and caveats are in order at
this point. First, it should be noted that the experi-
mental protocol followed by Klein and Luckham differs
somewhat from the situation to which the theoretical
calculations of refs 8 and 9 refer. This is because the
experiments do not involve any washing stage, that is
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a replacement of the solution with pure solvent prior to
the force measurement. Despite this difference, it is still
appropriate to compare the two sets of results, since the
bulk concentration of free polymer in the experiments
is very low. Indeed, during a force measurement
involving starved plates, no free chains should be left
between the plates when the interplate distance falls
below ~Rg, in the range where the theory does apply.'’

A second caveat concerns the applicability of the
scaling theory of ref 3 to the PEO—water system.!® This
system does involve dipole—dipole interactions, and it
is not clear whether the long range nature of these
forces causes any modification, other than a trivial
rescaling of lengths, to the standard description of
polymer solvent interaction in the good solvent regime.
This description was developed under the assumption
that only short range (van der Waals) interactions are
present. In practice, for the salt concentrations used
in the experiments,’® it should be safe to ignore long-
range dipole—dipole interactions.

Finally, it should be noted that a significant new
prediction of the theory of polymer adsorption based on
more than a single order parameter,1°-11 concerns the
form of the force vs distance profile for surfaces carrying
reversibly adsorbed polymer. The earlier single order
parameter approach predicted that at full equilibrium
the force would be attractive at any distance; by
contrast, a repulsive long distance tail is found in the
new formulation.2°=22 |n the present paper we deal with
irreversibly adsorbed chains rather than with reversible
adsorption,?3 and we have chosen to compare our results
with the predictions of the single order parameter
formulation. We believe that it is more appropriate to
compare experimental results for adsorbed polymers in
good solvents with the predictions of the scaling model
(despite its single order parameter approach), for the
following reasons. First the treatments of the two plates
problem within the two order parameter model, given
thus far, still ignore excluded volume correlations and
so do not make contact with the known solution behav-
ior of polymers in semidilute solutions in good sol-
vents.2* Second, even for reversible adsorption, a direct
estimate?? using the results for the repulsive force
reported in ref 20 shows that the predicted size of the
repulsive interaction is within the experimental error
limits associated to a surface force apparatus.

This paper is organized as follows. In the next section
we summarize the scaling approach: we give a number
of new numerical results for both the force between
adsorbed layers and the surface free energy; we also
derive two new simple approximate expressions for the
force and for the surface free energy in the limit of small
interplate separations. These results provide the neces-
sary apparatus for the comparison between theory and
experiments. In the third section, we apply these tools
to the experimental results of Klein and Luckham. A
brief summary and conclusions are given in the last
section.

I1. Predictions of the Scaling Theory of Polymer
Adsorption

The scaling theory of polymer adsorption is based on
the minimization of a surface free energy functional
which is the sum of a surface term and a bulk contribu-
tion. The surface term accounts for the short-range
attractive interactions between the surface and the
monomers in immediate contact with it and depends
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only on the value of the polymer volume fraction at the
surface.?® The bulk contribution is made up of an
entropic and of an interaction (excluded volume) term:
in this respect it resembles earlier mean field treat-
ments of the problem.?%?” However, the functional
dependence of these two terms on the local polymer
volume fraction is chosen so as to reproduce the scaling
laws appropriate to the good solvent regime. These
guidelines, coupled with simple dimensional consider-
ations, led de Gennes3* to propose for the surface free
energy functional the form28

Y~ Vo= ~InlPst
h o1 §(®) do)?

Here y and vy, represent the surface free energy of the
solution and of the pure solvent, respectively. ®(z) is
the value of the polymer volume fraction at a distance
z from the adsorbing surface and ®s = ®(z = 0). yi is
a local solute—interface interaction energy per unit area
(it is negative for adsorbing walls). &(®) = a® 34 is the
local correlation length, and a equals the effective
monomer size. a and mg are numerical constants that
can in principle be determined from experimental
measurements in bulk solutions: notably a can be
estimated from osmotic pressure data (see also section
111) and mq from light scattering experiments.* The first
term on the rhs of eq 1 is the short-range surface
contribution?> and the integral accounts for the bulk
contribution: the first term in the integrand is the local
interaction density associated with the polymer seg-
ments, while the squared gradient term represents the
(mainly entropic) cost of maintaining the nonuniform
segment composition profile within the adsorbed layer.
The upper limit z = h of the integration range corre-
sponds to midgap for situations where two adsorbing
plates are present; for a single plate h = oo,

The surface free energy functional of eq 1 depends
on four phenomenological (experimental) constants
namely a, o, mp, and y;. As we shall see, these
constants can be directly related in the model to other
experimentally measurable features, such as the shape
of the segment density profile. Thus the quantitative
predictions of the model for interactions between two
surfaces can be obtained directly from measurements
on an adsorbed layer at a single surface. Equation 1
can be developed to yield explicitly the composition
profiles of the adsorbed layers, as well as the interaction
between the two polymer-bearing surfaces as a function
of the distance between them, and this has been done
in detail in refs 3, 4, 8, and 9. Below we write down
the main results derived in these earlier references
which will be required for the experimental comparisons
made later in this paper.

For irreversible adsorption the functional of eq 1 must
be minimized subject to the constraint that the total
amount of polymer, 2T, in the interplate region is fixed.
Here

=

In practice, in place of the constants mg and y4, it is
convenient to introduce the length m = 8amy/3 and the
scaling length Ds.. The latter is defined by writing the
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Figure 2. Values of &y and Ds obtained from a single
(saturated) surface segment depth profile ®(z) as indicated:
here Ds is the intercept of the tangent to ®(z) at the surface.
Experimentally, such profiles are measured using neutron
scattering or reflectometry.4142

boundary condition at the adsorbing surface (obtained®
by minimizing y — yo with respect to ®s) as

1dp _ 1 [P\
‘aa'szo—(qf) @
S sO

SC

where ®g, the surface concentration of a single satu-
rated plate, can be shown® to be related to m and Ds

by

_ 3m \43
(I)SO - (8Dsc) (4)
and to the coverage for a single saturated plate, I'p, by
a’l, = 4D ®,, (5)

From eq 3 we see that both sy and Ds; may be obtained
directly from the single surface segment concentration
profile for the saturated case, as indicated in Figure 2.
Furthermore it can be shown*89 that

9akTm?

= (6)
CPIDAEN e

sC

The result of the minimization procedure®® are two
closed integral relations connecting the surface, @5, and
the midpoint, ®,, = ®(z = h), concentrations to h/Ds
and I'lTy. These relations are

h A y 1/2
—_—= dy — (7a)
4D Lm (y9 - ymg - ﬂ(y4 - ym4))

T ve y9 )1/2

- = dy — (7b)

FO fm (yg - ym9 - fu(y4 - ym4)

Here y4(z) = ®(2)/®s0, ys = y(z = 0), ym = y(z = h) and
(Ve = Ym — ¥O)

8
o - vh) ®

i=

From the values of y, and ys corresponding to given
h/4Ds. and I'/T, it is possible to obtain the concentration
profile, by inverting (solving for y(z)) the integral
relation

Z _ Vs y 1/2
4D, St

Y = Y — AV = Y

(9)
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To get the interplate pressure Ily as a function of
interplate separation only ym is needed, since it can be
shown* that

a(2y) dy _ okT,.
- =-L= a3 (:L‘cl)mq)sOSI4 - q)m9/4) (10)

a7 §(2h)  oh

If the quantities in the rhs of eq 10 are evaluated at z
= h, then Il is the interplate pressure between two
plates located a distance 2h apart. In practice, it has
become customary to report the reduced function?® F(w),
where w = 2h/Ds.. This is related to ITg(h) by

kT
I,(2h) =°;—3<1>509’4F(w) (12)

In measurements performed with the surface force
apparatus,3-32 what is measured is the force f; acting
between the (adsorbed) surfaces of a pair of crossed
cylinders, rather than between two plates. It can be
shown3? that, if R is the cylinders’ radius and D the
minimum distance between the cylinders, f,(D) is to a
good approximation given by

f.(D)

~ 4rp(h = DI2) = 4x [C TIy(2) dz - (12)

Here we introduced the quantity y(h = D/2) defined by
the integral on the rhs of eq 12. By virtue of eq 10, ¥
coincides with the surface free energy y of eq 1 up to an
integration constant.3* In analogy to (11) we can
introduce a reduced surface energy function G(w) re-
lated to y by

<y _ OKT ouDsc o _
) ="5 P [T Fo) do =

D
AT " 6(w) (13)
a

While egs 7—9 provide a closed form solution of the
minimization problem, it is clear that, in general,
numerical methods have to be used in order to invert
these relations, to obtain ym, ys, and y(z) for a given
and I'/Ty. Examples of numerical results of this kind
were given in refs 8 and 9. However, the emphasis in
those papers was on the qualitative form of the results,
rather than on providing a tool to compare the predic-
tions of the theory with experimental data. As a result,
G(w) was not computed in those papers, and the linear—
linear plots of the interplate pressure vs distance profile
that were given there are useful in determining the
depth and location of the minima of F(w) only for a
restricted range (around I'/T'y ~ 0.3) of coverage values.
As we shall see in detail in the next section, this range
does not correspond to the range of undersaturations
investigated experimentally by Klein and Luckham. To
remedy this situation we give in Figures 3—5 a number
of “master” curves. From these curves it is possible to
determine directly the salient features of both the
interplate pressure vs distance and the surface energy
vs distance profiles for the entire range of coverages that
is likely to be of interest experimentally. Detailed
examples of how these master curves are used to
compare with experimental data are presented in sec-
tion I11.

Parts a and b of Figure 3, display, respectively on a
linear—linear and a log—log scale, the shape of the
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Figure 3. (a) Reduced surface free energy G(w) vs interplate
separation w = 2h/Dg; predicted from the single order param-
eter scaling theory for different values of saturation: the
curves refer to I'/Ty = 0.25 (curve A), 0.3 (curve B), 0.4 (curve
C), 0.6 (curve D), 0.8 (curve E), and 1.0 (curve F). (b) The
absolute value of the reduced surface free energy of part a
shown on a log—log scale: the curves refer to I'/T, = 0.4 (curve
C), 0.6 (curve D), 0.8 (curve E), and 1.0 (curve F). Each curve
(except F) has two branches corresponding to the repulsive
(continuous curves) and attractive (broken curves) portion of
the data of Figure 3a.

reduced surface energy function G(w) for a number of
different coverage levels. As noted in the discussion
preceding eq 12, G(w), rather than F(w), is the quantity
of interest in comparisons between theory and force
measurement involving curved surfaces (the measure-
ments of refs 13—15). The log—log plots of Figure 3b
are provided in order to allow a quantitative estimate
of G(w) even for values of I'/T, that are too large to
exhibit attraction within the range of w covered by
Figure 3a. For any I'lTy < 1, i.e., for undersaturated
surfaces, one expects a bridging attraction followed by
an osmotic repulsion on closer approach, so that G(w)
changes sign at some finite value wo of w: it is positive
(repulsion) for v < wo and negative (attraction) for w >
wo. As aresult, in Figure 3b each dataset corresponding
toagivenratioI'/Ty < 1 (C, D, and E) has two branches,
one for the repulsive (continuous curves) and the other
for the attractive (broken curves) portion of the corre-
sponding curves in Figure 3a.

The locations and the depths of the minima of both
F(w) and G(w) as functions of I'/Ty are displayed in
linear—log form in Figures 4 and 5, respectively. Figure
4 also gives (curve C) the location of the zero of G(w).
The insets in these figures indicate which quantities
each curve represents. For example, in Figure 4, curve
A gives the location of the minimum of F(w) and curve
B gives the location of the minimum of G(w). Since G
is obtained from F by a simple quadrature, the mini-
mum of G(w) is found at the value of w where F changes
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Figure 4. Location w of the minima of the reduced force F(w)
(curve A), of the reduced surface free energy G(w) (curve B)
and of the zero of G(w) (curve C) as a function of coverage I'/T%.
The quantities plotted in each of these three curves are shown
in the inset (lower right corner): the two curves in the inset
are computed numerical results for F(w) (continuous curve)
and G(w) (broken curve) for a given value of the ratio I'/T%.
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Figure 5. Depths of the attractive minima of F(w) (curve A)
and of G(w) (curve B) as a function of coverage I'/T. The inset
in the upper right corner shows the quantity plotted in each
curve. The two curves in the inset are computed numerical
results for F(w) (continuous curve) and G(w) (broken curve)
for a given value of the ratio I'/T%.
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sign. In Figure 5, curve A gives the depth of the
minimum of F(w) and curve B the depth of the minimum
of G(w). The curves of Figure 5 do intersect at small
T'/To; this is because at low I'/Ty the range of w where F
is significantly smaller than zero is very narrow so that
the integrated negative contribution to G(w) (see eq 13)
is small.

There is an additional point of interest concerning
comparison of the theoretical predictions of the scaling
model with experiment. For the case of fully saturated
surfaces, in the limit of large gaps (though where the
layers are still in overlap, sometimes called the central
regime®), we expect the surface pressure to vary as Iy
0 kT/h3, as pointed out long ago.#3® We may examine
the range of interactions over which this central-regime
Iimit holds. From eqgs 4 and 11, we have IIy O F(a))/

s, S0 that F(w) ~ (h/Dgg) 3 ~ -2 in the central regime
limit. That is, in this limit »3F(w) should be a constant,
and the magnitude of I1y should be independent of the
value of Ds.. The quantity w3F(w) for saturated surfaces
is plotted in Figure 6 on a log—log scale; it is seen that
it indeed becomes constant, as expected at large w, but
it is of interest that even over a 2 orders of magnitude
variation v = 10—1000 (which includes experimentally
relevant values of the gap, see next section), w® F(w)
varies only by a factor of 2. If we take the limiting
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Figure 6. Plots of the quantity w®F(w) vs w = 2h/Dg for

saturated surfaces, I''Ty = 1.0. This figure illustrates the
independence of the interplate pressure Iy of Dy at large w.

(constant) value of w® F(w) as Co, €.g., Co = 8.5 x 102
(see Figure 6), then from eqgs 4 and 11 we have, for the
central regime or large gap limit

akT(3m)* Co

H fr—
d a nd

(14)

independent of Dy, and of ®g.

While the “master” curves provided in Figures 3—5
should greatly facilitate comparison between theory and
experiments, it is often of value to have closed form
expressions to describe and fit the data. In this context,
we have made a remarkable finding: if the gradient
square term in eq 1 is neglected, it is easy to obtain
simple analytical expressions for both F(w) and G(w)
that approximate surprisingly well the actual form of
these functions. This is true even at relatively large
values of w, although strictly speaking the approxima-
tions are exact only in the limit @ — 0. To derive these
expressions we start from the situation where the
interplate separation is so small that the concentration
profile ®(z) between the plates is essentially flat. Then
the values of the concentration at the surface s and at
the midpoint ®, nearly coincide and one has ®(z) ~ P
~ @, ~ (Fa®)/h. As a result, the square gradient term
in the integrand on the rhs of eq 1 can be neglected.
Under this assumption, the integral in eq 1 is readily
evaluated, giving

Y= Vo~ —lyll P+ kThCD M
Fa3 3,\9/4
Il L okT (') (15)
h a3 h5/4

Thus using (4), (5), and (6), one finds

B okT . o4Ps] 32T | 1 (8I)o
V=Y ™ 2 —5 Py 2 [ wl, + W5/4(r0) ] (16)
so that
—_y__ 2%
My =-3 D.. ow

akT 9/4 32T 9/4
—0 - + 17
a sO [ W2F0 (WFO) ] ( )

The two expressions in square brackets in the rhs of
egs 16 and 17 give G(w) and F(w) respectively3* in the
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Figure 7. Comparison of (small w) estimates of F(w) obtained
from eq 19 (broken curves) with actual values of F(w) obtained
from the full minimization procedure (continuous curves), for
(from left to right) I'/T, = 0.25, 0.3, 0.4, 0.8, and 1.0.
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Figure 8. Comparison of estimates for G(w) obtained from
eq 18 (broken curves) with actual values of G(w) obtained from
the full minimization procedure (continuous curves). The
results shown here refer to I'/T' = 0.3 (curve A), 0.6 (curve B),
and 1.0 (curve C).

limit w = 2h/Dgs. — 0. In other words

32r | 1 (sr\o

G(w) ~ WFo+w5’4(Fo) (18)
32r | 5(8r\o

Flw)~ WA, Z(W_Fo) 49

Figure 7 shows how results for F(w) obtained from eq
19 for different values of I'/T’y (broken curves) compare
to the corresponding results found numerically from egs
7 and 10 (continuous curves). It is evident from this
figure that eq 19 reproduces quite well both the position
of the attractive minima and the shape of the curves in
the whole range of w shown in the figure. In fact, the
approximate expressions (18) and (19) appear to work
well for the repulsive portion of both F(w) and G(w) at
even larger values of w. This can be seen from the log—
log plots of Figure 8, which show how the approximation
for G(w) (broken curves) obtained from eq 18 compares
with the corresponding results found numerically from
eqs 7, 10, and 13 (continuous curves). Note, however,
that the approximate expressions are not as good in
describing the behavior of G in the attractive region at
large w. Thus, while the spatial aspects of the ap-
proximate expressions—for example the positions of the
minimum in G(w) and of the crossover from attraction
to repulsion—are close to the exact results, the magni-
tude of G in the attractive region is less satisfactory
when compared to the full numerical calculations.
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These results point to the fact that the physics of the
system is largely dominated by the interplay between
the short distance attraction represented by the first
term in egs 18 and 19 and the excluded volume
repulsion accounted for by the second term. It is only
at relatively large separation that the entropic interac-
tions, represented by the gradient square term in the
integrand on the rhs of eq 1, begin to contribute
significantly to the interplate pressure. This is the
reason the approximate expressions give a relatively
poorer description of the attractive tail region in the
undersaturated case, which is dominant at the larger
surface separations.

I11. Comparison of Experiments with
Predictions of the Scaling Model

In this section we compare the predictions of the
scaling model described above with measurements of
the forces between polymer-bearing surfaces in good
solvents using the surface force balance (SFB). These
provide the most direct and unambiguous comparison
between theory and experiment and enable a critical
evaluation of the applicability of the model. We start
by examining the more common case of interactions
between surfaces onto which polymer has adsorbed to
saturation.}416 Later in this section we compare with
interactions between undersaturated surfaces,31° where
bridging attractions can dominate over a sizable regime
of the surface separation (see also Figure 1). We shall
use the results from the SFB studies for interactions
between mica surfaces bearing adsorbed poly(ethylene
oxide) (PEO) across aqueous solutions!3—15 and across
toluene,® which are moderately good to good solvents
for the polymer.

(a) Interactions for Saturated Coverage. We
note first an important qualitative feature of the scaling
model for saturated surfaces (full coverage) that has to
do with the range and magnitude of the interactions.
Within the model, interactions are calculated for the
case when the layers are already in some overlap (and
where the concentrations are in the semidilute regime).
In this regime (sometimes called the central, or weak
overlap regime) the predictions of the model for the
surface pressure Iy or the interaction energies 7 (see
eqs 11—13) are independent of the polymer molecular
weight M. In practice, we expect that the onset of
interactions between adsorbed layers takes place when
they first come into contact, at surface separations D =
Donset Of the order of a few Rg, the swollen Flory
dimension (Re O M35). This is the size of the largest
loops or tails of the adsorbed layers extending from the
surface. Thus Dgnset is expected to be a function of the
molecular weight M of the adsorbed chains. The picture
then is one where we expect the predictions of the model
to be independent of M within a surface separation
regime, defined by the overlap of the adsorbed layers,
which does depend on M.

This picture may be examined using the results of the
SFB studies, as shown in Figures 9 and 10. Figure 9
shows the normalized force—distance profile f.(D)/R
between crossed cylindrical mica surfaces (here R is the
mean radius of curvature of the surfaces) bearing a
saturated surface layer of PEO in aqueous 0.1 M
KNO3.1* Here D is the separation of closest approach
between the surfaces. The normalized plot is equivalent
(within a prefactor 47; see eq 12) to the surface energy
y for interacting plane parallel plates a distance D =
2h apart. Two molecular weights are shown, M =
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Figure 9. (a) Normalized experimental force vs distance
profiles f/R vs D between curved mica surfaces (mean radius
of curvature R) bearing adsorbed poly(ethylene oxide) across
an aqueous medium (0.1 M KNOg), following adsorption to
saturation. Different symbols labeled PEO(M) correspond to
different molecular weights M of the polymers. (b) As in part
a but on a semilogarithmic plot, showing clearly both the
different onset separations at which repulsive forces are seen
for the different M values, and the region (D ~ 25 nm) over
which the profiles merge. Data were taken from ref 14.
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Figure 10. Normalized experimental force vs distance profiles
f/R vs D between curved mica surfaces (mean radius of
curvature R) bearing adsorbed poly(ethylene oxide) across
toluene, following adsorption to saturation, on a semilogarith-
mic plot. Different symbols correspond to different molecular
weights M of the polymers. Data were taken from ref 16.

40 000 and M = 160 000. In the linear—linear repre-
sentation of Figure 9a the two force profiles appear
rather similar. Figure 9b shows the same data on a
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semilogarithmic plot: here the onset distance, of order
a few Rg for each polymer (see later), is seen to be
markedly larger for the longer molecules, as expected;
the onset distance for the saturated curve of the 1.2 M
PEO (Figure 1b, curve c) is even larger in line with the
higher molecular weight of this polymer.3® We particu-
larly note, in line with the picture described above, that
over the surface separation regime D < 25 nm the two
profiles merge, becoming independent of M. In Figure
10 the force profiles between mica surfaces bearing
adsorbed PEO across the good solvent toluene are
shown,® again for two molecular weights (M = 160 000
and M = 310 000). The main qualitative features are
clear: interactions commencing at distances of order of
a few Rg for the respective polymers®” (with onset for
the longer chains starting sensibly further out) and
then, for D < 90 nm for the data of Figure 10, the two
force profiles merge, with the interaction profiles inde-
pendent of M as predicted. The actual onset distances,
for all polymers shown in Figures 9 and 10, are in the
range Donset = (4—5)RF, suggesting an effective adsorbed
layer thickness of some (2—2.5)R.38:39

While Figures 9 and 10 confirm the qualitative picture
of the scaling model for interactions between adsorbed
polymers, a quantitative comparison requires the full
calculated form of Iy or of ¥ given by eq 11 or eq 13.
For comparison with the SFB experiments, which yield
fJ/R, we have, from egs 12 and 13

f akT
§° = 23(?)<I>509/4DSCG((1)) (20)

To obtain the value of (akT/a%) we recall the definition
of the parameter o in terms of the osmotic pressure Ilosm
of a semidilute polymer solution at volume fraction ®

(ak;l') _ gnosm P9 1)

a
At moderately high compressions, where the concentra-
tion profile across the intersurface gap is essentially flat,
the osmotic pressure across the gap is constant and
equals the intersurface pressure Ilg. In this limit the
osmotic pressure may be evaluated from the relation

1 9t
Hogm =1y = — 21 ﬁ(ﬁc) (22)

and obtained from the experimentally determined f/R
profiles. The mean volume fraction ®(D) in the gap for
the high compression region is given by ®(D) = 2 T'/D
(I being the adsorbance on each surface in units of
length corresponding to the thickness of the equivalent
polymer melt film).

To evaluate (akT/a3) for the case of the PEO/mica/
0.1 M KNO3 system we may use data from the SFB
study of ref 14, for which force profiles are reproduced
in Figure 9. For that system, I' =4 + 1.5 nm (for PEO
of both molecular weights studied). From Figure 5 of
that study,'* we find for D = 20 nm, e.g., that 3(f./R)oD
= —3 x 105 N/m2. From eq 22 we evaluate Iy, and
from eq 21—using the appropriate value of ®(D) = 2
I'/D—we find (akT/a%) = 3 x 10% N/m? (similar values
are obtained by considering the slope d(f./R)/oD also at
different values of D).

To calculate explicitly the predicted force profile from
eq 20, we require values of the polymer volume fraction
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d at the single incubated surface and the value of the
extrapolation length Ds.. These are most directly
obtained from experimentally measured concentration
vs depth profiles of the adsorbed polymers on the
surface, as explained in Figure 2. We may use the data
of Cosgrove and co-workers*! and Lee et al.*2 who
determined such profiles for PEO in aqueous solution
adsorbed on polystyrene latices and on quartz. These
profiles yield ®5 = 0.25—0.3 and Dgc = 4 & 1 nm.*3
These values have some uncertainty due to experimen-
tal scatter and, in addition, are for adsorbing surfaces
different from mica.** Bearing these reservations in
mind, knowledge of ®5 and Ds. enables us, together
with the experimentally determined value of (akT/as),
to make an explicit quantitative prediction of the force
vs distance profile, eq 20, with no adjustable param-
eters. That is, all parameters in the theoretical expres-
sion for the force between two surfaces are determined
directly from measurements on a single surface or on
bulk polymer solution. For the particular values of @,
Ds., and (akT/a3) for the system under consideration,
the predicted surface force profile between adsorbed
PEO layers in water becomes

f
== 2n(aa—k3T)CI>Sog/4DSCG(w) - (330—500)G(w)'u—n'1\| 23)

The uncertainty quoted here reflects only uncertainty
in the value of ®; i.e., to obtain the prefactor in eq 23
we took Dsc = 4 nm and ¢ = 0.25—3: note that scatter
in Dy leads to smaller variation in the prefactor than a
comparable scatter in ®ds. The value of G(w) for
saturated surfaces is calculated as described above (eq
13 and following), and is given in the master curve F of
Figure 3a,b.

In Figure 11 we compare the theoretical expression,
eq 23 (solid curves), with data from the SFB experi-
ments for the PEO/mica/0.1 M KNO;z; system.1* The
predicted profile, with no adjustable parameters, closely
matches the data once overlap of the layers has oc-
curred. This is clearly seen in the semilogarithmic plot
in Figure 11b. We note also the good agreement with
the data of the approximate analytic expression (broken
curves in Figure 11) given by eq 18.

(b) Interactions for Undersaturated Coverage.
As noted in section 11, and shown in Figure 1b, interac-
tions between undersaturated surfaces exhibit a net
attraction over an appreciable regime of surface separa-
tions due to bridging by the adsorbed chains.1315> The
interactions between curved surfaces in this case are
still given by eq 20 (or eq 23 for the specific system
considered); the difference from the saturated case is
that the degree of undersaturation I'/T'y needs to be
specified. We compare our calculations with the ex-
perimental force—distance curves a and b of Figure 1b
(for the same system for which comparison was made
above in the saturated case), which show clear bridging
attraction.

In general there are different experimental methods
for assessing the extent of saturation of a surface.
These include force—distance profiles at high compres-
sion, refractive index profiles*® in the SFB, or more
standard methods such as depletion of a polymer
solution by an adsorbing colloidal dispersion or optical
methods.? For curves a and b of Figure 1 we do not
have independent measures of the undersaturation I'/T’,
but we may estimate it as follows. The surface separa-
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Figure 11. Comparison of calculated interaction profiles f/R
(solid curves) for saturated polymer-bearing surfaces based on
eq 20, with experimental profiles for the system described in
Figure 9 (data from ref 14). The two solid curves span the
range of predicted profiles (eq 23) corresponding to (akT/a%)
= 3 x 10° N/m?, Dg; = 4 nm, and ®s0 = 0.25—0.3 nm, with
G(w) calculated exactly. Broken curves are based on the
approximate expression for G(w) in eq 18. Key: (a) linear plot
including both PEO molecular weights (see symbols); (b)
Semilogarithmic plot of the data for PEO(160K).

tion Dmin at the minimum in the force profile f/R gives
a measure of the value of ® = wmin at the minimum (wmin
= Dmin/Dsc). Using this value of wmin and curve B of
Figure 4, we read off the value of I'/T; this gives a
measure of the undersaturation for the experimental
curve. We then calculate the corresponding G(w) and,
using eq 20 (or eq 23 in our case) we predict the full
fo/R profile. We expect that if the model is correct the
predicted force profile, based on our estimate of the
undersaturation, should self-consistently match the
data not only with respect to the position of the
minimum, but also as regards the magnitude and shape
of the bridging attraction.

The comparisons are shown in parts a and b of Figure
12. The data are taken from the force—distance profiles
for undersaturated surfaces for the PEO/mica/0.1 M
KNO; system'* (Figure 1b, curves a and b, respectively);
the corresponding predicted curves, based on eq 23, are
shown in these figures as solid lines, where the under-
saturation values estimated as above are I''Ty = 0.55 +
0.01 and I''Ty = 0.64 + 0.01, respectively. The agree-
ment between theory and experiment, using exactly the
same independently determined values of Dg; and @
as in Figure 11 for the saturated adsorption case, is
close. We especially note that while the minima in the
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Figure 12. Comparison of calculated interaction profiles f/R
(solid curves) for undersaturated polymer-bearing surfaces
based on eq 23, with experimental profiles for the system
described in Figure 1b (data from ref 15). The two solid curves
span the range of predicted profiles (eq 23 with G(w) calculated
exactly) with parameters (akT/a3), Ds, and @y identical to
those used in Figure 11 for undersaturation values I'/Ty
estimated as described in text. Key: (a) Comparison with curve
a of Figure 1b, I''Ty, = 0.55 (based on ref 15, Figure 2c); (b)
Comparison with curve b of Figure 1b, I'/T', = 0.64 (based on

ref 15, Figure 2d).

predicted curves were chosen via Figure 4 to fit the
experimental curves, to extract I'/T'y, the absolute mag-
nitude of the theoretical profiles, as well as their shape,
is in very good agreement with the data, again with no
adjustable parameters. There is some deviation at the
largest separations, where the magnitude of the pre-
dicted attraction is larger than the experimentally
measured values. The reason for the discrepancy is
similar to that noted earlier for the case of repulsive
interactions between saturated surfaces (Figure 11). It
arises because the attractive interactions observed
experimentally commence only when bridging by the
adsorbed chains becomes possible, at D < (2—3)RE for
the polymer shown in Figure 12, while the predicted
curves are M independent. (We recall that for saturated
surfaces repulsive interactions are observed only for D
< Donset & (4—5)RE.)

IV. Summary and Conclusions

In this paper we present for the first time a compre-
hensive analysis of the implications of the scaling theory
of adsorption for the experimental measurements of
forces between polymer-bearing surfaces across good
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solvents, both for saturated and for undersaturated
(“starved”) surfaces. We present a number of master
curves which can be used to predict the pressure—
distance profile between flat parallel (polymer-bearing)
plates, and the force—distance profile between curved
surfaces. All parameters entering the predicted profiles
for the two-surface interactions can be determined from
measurements (such as osmotic pressure or light scat-
tering) on bulk polymer solutions or from measurements
(such as of polymer adsorbance or the segment density
profile) on a single adsorbing surface. The regime of
validity of the theory is for surface separations such that
there is some overlap of the layers. In practice, and for
the systems examined here, this is at separations less
than some (4 + 1)Rg for the polymers studied (covering
a 30-fold molecular weight range (4 x 10*to 1.2 x 109%)).
We have also presented an approximate closed form for
the interaction profiles, derived by ignoring the effect
on the interaction energy of the concentration gradient.
This closed form should be correct, strictly, at high
compressions. It turns out, however, to do better than
that and to approximate the exact solutions closely over
a wide range of surface separations, thereby providing
a useful analytical expression for surface interactions.

We performed a detailed comparison of our calculated
results with previously published experimental force—
distance profiles between surfaces bearing adsorbed
polymer (PEO) in a marginally good solvent (aqueous
0.1 mol dm=3 KNO3z at 23 & 2 °C). Such profiles,
measured with a surface force balance, provide the most
direct testing ground for the theoretical predictions. We
were able to estimate quantitatively all parameters
entering the calculations directly from bulk and single-
surface experimental measurements, and thus to predict
the full two-surface interaction profiles with no adjust-
able parameters. The predicted profiles compare very
well in magnitude and spatial scales with the experi-
mental ones, both for fully saturated and for under-
saturated surfaces.

Detailed comparisons have been made earlier of the
predictions of mean field and self-consistent mean field
models of polymer adsorption with surface force mea-
surements in ®16 and poor®8 solvents. However, to our
knowledge, this is the first detailed quantitative theory—
experiment comparison of surface forces for the most
common case of adsorption from a good solvent. The
good agreement—in the absence of any adjustable
parameters—suggests that the scaling model of polymer
adsorption in good solvents, even in the relatively simple
form originally written down by de Gennes,* is capable
of providing a good quantitative description of such
forces. The underlying reason for this is that despite
its relatively simple form, eq 1 provides a description
which takes into account properly the essential effect
of excluded volume statistics; at the same time it
enables the self-consistent evaluation of numerical
prefactors by allowing comparison of measurable bulk
and single-surface properties in terms of these prefac-
tors. This is especially gratifying since, due to its
scaling nature, this model is compatible with the known
scaling behavior of semidilute bulk polymer solutions:
this is generally the relevant concentration regime
within adsorbed, interacting polymeric surface phases.
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