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ABSTRACT: Analytical expressions, based on a mean-field model and derived in a previous paper (part 1:
Klein, J.; Pincus, P. A. Macromolecules 1982, 15, 1129), for the interaction between two parallel plates bearing
adsorbed polymer in poor-solvent medium, are solved numerically to yield (a) segmental density profiles of
the adsorbed polymer and (b) interaction-energy vs. plate-separation profiles. All parameters appearing in
these calculations are obtainable from bulk data such as the polymer—solvent phase diagram and adsorbance
measurements. The calculated results are critically compared with model experiments on forces between
smooth mica surfaces bearing polystyrene in cyclohexane in poor-solvent conditions: the agreement is
qualitatively very good and quantitatively fair. Some improvements to the model are suggested.

1. Introduction

It has long been known that layers of flexible polymers
adsorbed at solid-liquid interfaces may strongly modify
the surface—surface forces; this effect is commonly used
to stabilize (or destabilize) colloidal dispersions and is also
encountered in many naturally occurring biocolloidal
systems. The experimental and theoretical situation up
to about 1981 has been comprehensively reviewed by
Vincent! and by Vincent and Whittington.?

Theoretical treatment of the problem of interaction
between surfaces bearing adsorbed polymer layers is com-
plicated by the number of effects that may contribute;
these include osmotic interactions between opposing ad-
sorbed segments, volume-exclusion effects due to the im-
permeable walls, and the sticking energy of segments ad-
sorbed on the solid surface. It may also be possible for
single molecules to span the interplate gap, and such
bridging always leads to attraction. In addition, any
theoretical models must make assumptions about the state
of equilibrium of the adsorbed polymer layers when they
are moved relative to each other; as surface diffusion
phenomena are often very slow, such assumptions require
great care.

Over the past few years there have been a number of
model experimental studies of the interaction between
atomically smooth solid (mica) surfaces bearing adsorbed
polymer layers and immersed in liquid media in a variety
of solvency conditions.>® These studies are sufficiently
direct to invite quantitative comparison between the ex-
perimental results and the predictions of theoretical
models; in this way we may hope to get insight into the
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ways in which such models may be improved and also into
the validity of the assumptions (such as state of equilib-
rium) made in such comparisons.

Recent attempts at analysis have fallen into two broad
categories. Scheutjens and Fleer” have applied the transfer
matrix techniques of Rubin® and DiMarzio,’ and their
treatment accounts for the possible chain conformations,
suitable weighted on a quasi-crystalline lattice. In the
Cahn—de Gennes approach!®!2 one minimizes the excess
free energy of the adsorbed interacting polymer layers with
respect to the segmental density profile ¢(z) at distance
z from each surface; de Gennes used this approach to
calculate the interaction—distance profile between adsorbed
polymer layers in a good-solvent system, using scaling
exponents to go beyond Flory-Huggins mean-field theory.?
In an earlier paper,'® hereafter referred to as part 1, Klein
and Pincus extended de Gennes’ treatment!? to calculate
the interaction between irreversibly adsorbed polymer
layers below the 0-point, where Flory-Huggins mean field
is a good approximation.’*'®* The assumption of irre-
versible adsorption is suggested by experiment® and reflects
the fact that even when the sticking energy per monomer
is small, the total sticking energy per polymer molecule
may greatly exceed its thermal energy kg7. Under these
poor-solvent conditions an attractive interaction was
predicted' at plate separations greater than about R, (the
unperturbed radius of gyration of the polymer) and re-
pulsive forces for narrow gaps. This agreed qualitatively
with the results of direct force measurements between
polystyrene (PS) layers adsorbed on mica surfaces in cy-
clohexane (CH). We have now used computational
methods to obtain force profiles which can be compared
quantitatively with experiment.

In the next section there is a summary of the mean-field
theory from part 1, leading to coupled integral equations
that determine the interfacial energy. The set of coupled
equations is solved numerically, as briefly described in
section III, and the results are presented in section IV. In
section V these predictions are compared critically with
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Figure 1. Flory-Huggins phase diagram for a polymer-poor-
solvent system, where v is the second virial coefficient and ¢ is
the polymer volume fraction. v,(#) (broken curve) and v,(¢) (solid
curve) are respectively the spinodal and coexistence curves sep-
arating the biphasic and one-phase regions. The critical point
(at temperature T = T) is at v, and ¢, while ¢, and ¢, are the
values of ¢ on the dilute and semidilute branches of the coexistence
curve at T < T, (w(T) > v,).

experimental results for the PS/CH/mica system, and in
section VI we make concluding remarks.

II. Outline of the Theory

In this section we summarize the results derived in part
1. For more details the reader is referred to that paper.!?

We consider two smooth, flat plates, incubated far apart
in a solution containing polymer at volume fraction ¢, until
each bears an irreversibly adsorbed surface excess of ad-
sorbed molecules. The solution is then replaced by pure
solvent, and the plates are brought to a separation D =
2h. Provided that the movement is quasi-static, the mo-
nomer volume fraction ¢(z) at all times adopts a profile
in the z direction, perpendicular to the surface, to minimize
the total Helmholtz free energy, subject to the constraint
that the surface excess remains constant.

This mean-field treatment starts from a Flory-Huggins
theory'*!5 for a monodisperse polymer solution (volume
fraction of polymer ¢) inscribed on a lattice of constant
a. In a poor solvent the bulk free energy of mixing per site
is

= 2 1 o,1 .
Fy/T = N1n¢ 2v¢ + 6w¢ + .. (IL.1)

(working in units where Boltzmann’s constant is unity)
where the first term describes the translational entropy
per chain; the second and third terms can be regarded as
two- and three-monomer interactions, respectively, and
higher powers of ¢ re neglected. It is the negative coef-
ficient of ¢?, indicating net monomer-monomer attraction,
that is responsible for the biphasic region of the phase
diagram, Figure 1.

(a) Single-Plate Profile. At an interface the bulk free
energy (eq I1.1) is augmented by a term allowing for slow
spatial variations in ¢:

F = Fy + (T/244)(aV)? (1L.2)

The Cahn-de Gennes excess interfacial energy per unit
area is!!

v=v@)+ [ /@ - mp+mlde  (LY)

where v,(¢,) is the surface contact energy of the first lattice
layer of polymer (i.e., that in contact with the plate surface)
when the volume fraction in that layer is ¢,(=¢ (z = 0))
and the integrand represents the change in free energy per
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unit volume when a solution of volume fraction ¢ is formed
from a bulk solution with chemical potential u;, and os-
motic pressure m,. For weak adsorption the surface cov-
erage is low, and we approximate v, by

7s(¢s) = Yo~ 719 (114)

The integral in (IL.3) is rewritten by using the scaled
variables y = (¢/eq)"/? and x = z/£, where 4., is the
polymer volume fraction on the semidilute branch of the
coexistence curve in Figure 1 (for the given temperature
of the experiment) and ¢ = a((3/2)v¢,,)" is the Edwards
mean-field correlation length'® at ¢ = ¢,,. This gives the
central equation

(y - 70)/71¢eq =

@ d 2
~y 2+ ol f [y6 - 2% + BH2 + (%) ] dx (IL5)
]

The physical variables of the model are contained on the
right-hand side in the surface coupling parameter

o = 6y,af/T (11.6)
and in the parameter 3, where
2= {In (¢p/deq) + 11/(In ¢y) (IL.7)

and where ¢, is the value of ¢ on the dilute branch of the
coexistence curve, Figure 1. We note especially that in the
treatment of part 1 the translational entropy term (¢/N)
In ¢ in eq I1.1 was neglected when (II.5) was derived; this
amounted to taking the limit of infinite chain size (N —
=) and led to an alternative expression

8% = (In ¢) /(In ¢,)

{See Appendix for details.)
We also recall that, as shown in part 1

so that the parameter 8 depends on the bulk incubation
concentration ¢y, the size N of the polymer, and the tem-
perature (through ¢;, ¢, on the phase diagram, Figure 1).

The single-plate profile is found by minimizing (I1.5)
wit)ll/;)esspect to y(x) (i.e., y(¢(x)) and y, (=y(0) = (¢,/
¢eq

dy \?

Ex- = yS _ 2}’4 + 62y2 (IIB)
and, for ¢ > (8% - 1)V/2, we find

Y= by /beqg = 0+ 1 (11.9)

The proximal part of the monomer profile ¢(z) is always
in the semidilute concentration regime of the phase dia-
gram (y,2 > 1), while for 8 > 1 the distal part of the profile
is in the dilute regime. Therefore ¢(z) passes through the
unstable biphasic regime (¢q > ¢(2) > ¢,, Figure 1). The
surface excess of polymer per unit area I' is given by

Ta? =g {60 - 4] de
= Jow™/?In [20/(8 - 1) (I1.10)

(b) Two-Plate Profile. When two plates, after incu-
bation a long way apart to a surface excess I' (eq I1.10),
are washed (i.e., polymer solution is replaced by pure
solvent) and brought together, the surface excess I' may
be held constant by the introduction of a Lagrange mul-
tiplier k, which we call (following de Gennes!?) the pseu-
dochemical potential. We write an augmented interfacial



1876 Ingersent et al.

energy density ¥, given, in analogy to (IL.5), by

5 — hiE dv \2
Y% ) _ 9 1 y)
=y + G+ =) |4
( ’Yl(peq ) Ys a j; [ (y) (dx X

(IL11)

where G(y) = y® - 2y* + ky2

Minimizing with respect to y(x) and ensuring that the
profile is symmetric about the midpoint, where y(h/£) =
Ym, We find

(dy/dx)? = G(y) - Glyw) (I1.12)
which may be integrated to give
h/g= [ 160) - GuwIMPdy  (L13)
Ym

Finally, minimizing ¥ (eq I1.11) with respect to y, yields
oys = [G(y) - Glyn)]*? (IL.14)

The third equation for y,, y.,, and &, and thus the profile,
is the constraint on the surface excess T

a’t j;hcb(z) dz

wiir 7y de =
Wi [TYIGO) - Gl dy
ym
Yow?1n [2¢/(8 - 1)]

Ta?

(I1.15)
from (I1.10).
The interplate pressure is
n(h) = -8% /0h = -G(y,) T/ (6w'/?£%)  (IL.16)

The quantity measured experimentally in the force studies
is the interfacial energy per unit area between two flat
plates a distance D apart. This is obtained in our model
(for each plate) by integration

wm=£f”ﬂn&=
T/ @) [ Glyn(a)] dz (1117

The set of coupled equations II.13-I1.15 has analytic
solutions only in the special cases h — 0, h — =, and h =
heq, where m(he) = 0; these are presented in part 1.2 For
general separations numerical methods are required to
calculate y,, v, and &, which then fix the entire profile
and in turn permit the evaluation of x(k) and v(D). In
section III we describe briefly how this is done, and in the
following sections we present general features of the results
and their comparison with the surface force experiments.

IIT1. Method of Computation

The problem of solving the coupled equations I1.13-11.15
can be reduced to the pair of simultaneous nonlinear
equations

Amrd = f "IG) - GlmI 2 dy = A

By = f. "2G(y) - Gly)/2 dy = B

where A = h/¢ and B =!/,1n [206/(3 — 1)] are constants.
The pseudochemical potential &, required for evaluation
of G(y), is obtained explicitly in terms of y,, and y, by
inverting (IL 14) The best estimate of y,, and y, was ob-
tained by minimizing a combined measure of error
[A(ymys) ~ A2 + ¢[B(y,,y.) - Bl Generally A and B are
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similar in magnitude, so setting ¢ to unity ensures satis-
factory convergence.

Solutions for y,, and y, and hence the osmotic pressure
m were calculated for successively smaller plate separations
D, starting from some separation D, where 7(D,,,) was
less than 0.5% of the maximum pressure. Numerical
quadrature of the osmotic pressure between D, ,, and D
then yielded an estimate of the interation energy per unit
area y(D) to better than 5%.

Segmental density profiles ¢(2) = ¢.,¥(x) were calcu-
lated by integration of the gradient dy/dx, given by (IL.8)
for a single plate and by (I.12) between two plates, starting
at the surface (x = 0) where y = y, is known.

IV. Computed Results

We present results for the polymer segment density
profile ¢(z) and the adsorbance I'; for the two-plate situ-
ation we present in addition the interaction—distance
profile, in terms of y(h), which is related to the force
profiles measured experimentally. The results are, as far
as possible, scaled so that they depend only on 38 (con-
taining in it the temperature, incubation concentration,
and polymer size) and the surface coupling parameter o.

Values of 8 were chosen in a range consistent with ex-
perimental data,? effectively 1 < 8 < 2 (see also section V).
Fixing o = 6y,a¢/T (eq I1.6) is complicated by the absence
of direct measurements of v, (the net adhesive energy per
unit polymer volume at the surface). In principle, it is
possible to fix ¢ by experimentally measuring the adsor-
bance T, related to ¢ by eq I1.10. In the present treatment
we choose values of ¢ that satisfy all the inequalities
necessary for the theory of part 1 to be valid: (a) weak
adsorption, so that v,(¢,) is linear in ¢,

v18?/T K 1, 0r 0 KL 6£/a = 6/w'/ 2y,

For the single-plate case, ¢, < 1 or ¢ < 1/¢¢q — 1. (b)
1rrever51ble adsorption, N (71a2/ 2> loro>» 65 /(NY?q)

—6/ln #1]/2. (c) strong coupling, ¢ > 1 and ¢ > (82
~ U2

In the PS/CH/mica system at 24 °C (297 K) the values
of deq and ¢; are ca. 0.2 and 1.5 & 0.5 X 1074, respectively.??
The third virial coefficient w = 0.2 % 0.1%% or w = 0. 2818,
in this paper we use w = 0.2. Combining the above con-
ditions then gives 1 < ¢ < 4, which is partially satisfied
for o = 2 or 3. Since the upper limit, set by the expression
1/¢eq — 1, is sensitive to small changes in ¢, results were
also computed for other ¢ values to investigate trends as
the surface coupling increases.

(1) Single-Plate Results. Figure 2 shows the equilib-
rium polymer profile ¢{z) for a single plate incubated in
polymer solution for several values of 3. The axes are
normalized as ¢/¢.q vs. z/£. The profile falls rapidly in
the proximal region z < £, where ¢ depends almost entirely
on the surface coupling constant and very little on the bulk
conditions. In contrast, the central and distal regions of
the profile depend strongly on 8. It can also be readily
shown (for example, from eq IL8) that for 3% < 9/8 a point
of inflexion is expected in the ¢(z) profile; indeed at low
£ values (5% < 9/8) the profiles show a broad plateau where
the polymer crosses the unstable part of the bulk-phase
diagram (¢, < ¢ < ¢¢). In the tail (z 2 3¢), ¢ falls off
exponentially with decay length £/28, as also calculated
in part 1 (this is more clearly seen on a log ¢ vs. z plot of
the data, inset to Figure 2).

In Figure 3 the surface excess I is plotted (solid curve)
(normalized as w'/?I'a?) against bulk incubation concen-
tration ¢, for a system with ¢, = 0.2 and ¢, = 1.5 X 107
(similar to the PS/cyclohexane system at 24 °C for M =
6 X 10° polystyrene). There is a weak (logarithmic) de-
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Figure 2. Calculated segmental density profiles ¢(z) near an
adsorbing wall (z = 0), normalized with respect to ¢,, and the
Edwards correlation length ¢ for different values of 8: (—) 8 =
1.005; (---) B = 1.04; (---) 8 = 1.16. The inset shows the expo-
nential decay of ¢(2) in the tail region of the adsorbed layers. The
exponential decay length is in each case equal, within error, to
£/2B. (See also text.)
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Figure 3. Calculated surface excess I' (normalized as w'/?T'a?)
as a function of bulk incubation volume fraction ¢, The top axis
gives the corresponding value of 8 from eq I1.7, and the solid curve
is the calculated surface excess based on this definition of 3. The
dotted curve is calculated on the basis of the definition of 8 used
in part 1.1% (See also text.)

pendence of T on ¢, for ¢y, < 0.01¢; and a rapid rise in T’
as the bulk concentration approaches ¢, (the coexistence
concentration). Using the new renormalized form of 3 (eq
I1.7), we find that this sharp rise in the adsorbance begins
at lower values of ¢, than originally suggested in part 1.
This is illustrated in Figure 3. Experiments are currently
in preparation (with H. Terashima?®) to check the form
of T'(¢y) directly.

(2) Two-Plate Results. In Figures 4 and 5, reduced
surface interaction energies per unit area (of each plate),
Yred = ¥/ Vs Where v, = kgT/(6w'/?£%), are plotted against
plate separation D, scaled as D/£. In every case the general
shape of the curve exhibits the same features: strong
repulsion between the plates for small separations, the
existence of an equilibrium position at D = D,, where the
osmotic pressure vanishes and v = v, is a minimum, and
attraction for wider gaps.

In Figure 4 the incubation parameter 3 is varied at fixed
a; two trends appear as 3 increases (¢, decreases for a given
polymer size and ambient temperature):

(a) The D scale is compressed, consistent with an in-

teraction induced by overlap of two adsorbed layers, each
having an effective thickness

Ie® ¢
o = 5 In [26/(8 ~ 1)]

Rg
= ————In[20/(8 - 1)]

2(In ¢y1)"? vy
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Figure 4. Calculated interaction energy v per unit area (of each
plate) for two flat parallel plates a distance D apart, following
irreversible adsorption of polymer from solution, for ¢ = 3 and
different values of 3. Interaction and distance scales are nor-
malized with respect to v,. and & (a) 8 = 1.90; (b) 8 = 1.50; (c)
8 = 1.16; (d) 8 = 1.025; (e) 8 = 1.005. The inset shows the
exponential decay of v in the tail region of the interaction for three
values of 8. (y <0 corresponds to attractive interaction energies.)
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Figure 5. Interaction—distance profiles (axes as Figure 4) for 8
= 1.16 and different values of the surface coupling parameter o:
(Ho=2%(--)o=3(--)o=8

where R, is the unperturbed radius of gyration of the
polymer.

(b) The strength of the interaction (i.e., |yny)) increases.
Now it is found (see also Figure 2 and Figure 6) that ¢(z)
decreases, with decreasing ¢, or increasing 8, at all z values;
this would be expected to decrease the magnitude of both
(a) the sticking energy (which is proportional to ¢, = ¢(0))
and (b) the osmotic attraction (going as ¢?) in eq IL11.
Therefore the observed trend (of increasing |y m|) requires
that the decrease (at higher §) in the gradient term and
the pseudochemical potential terms in the expression for
% (eq II.11) more than compensates for the other two ef-
fects a and b. In other words, at lower adsorbance of
polymer on the surface the increase in free energy asso-
ciated with compressing the two plates and the irreversibly
adsorbed polymer between them (which would like to
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Figure 6. Adsorbed polymer segment concentration vs. distance
profile (at fixed surface excess I') between two plates at different
plate separations, plotted as normalized volume fraction ¢/,
against scaled distance z/£ from one of the plates. Profiles are
symmetrical about the end point of each curve; the plates sepa-
ration D is twice the value of z at each end point, i.e., for 8 = 1.04
and (----- ) D =2¢ (---) D=4, (—) D = 6¢, (---) D = 10§, and
for 8 = 1.16 () D = 6¢,

escape in full equilibrium) is low; the net attractive con-
tribution due to the osmotic attraction and sticking energy
(including bridging) is then greater. This may seem con-
trary to intuition and emphasizes the restricted-equilib-
rium nature of the situation.

When 8 is held contant but ¢ is increased, there is a
small expansion of the D scale (Figure 5), as expected from
the o dependence of the effective layer thickness d in eq
IV.1). Over the range of o used in these calculations (2
< ¢ < 8), there is no significant vartiation in the depth of
the attractive well, |y, indicating almost complete
cancellation between the three effects described above:
sticking energy and osmotic attraction, on the one hand,
and repulsion due to irreversibly adsorbed polymer on the
other (where increasing ¢ and reducing 8 produce similar
trends).

For separations D greater than about 6f the energy
profile has an exponential tail (inset to Figure 4). When
o = 3 the decay length increases from ca. 0.4¢ to 0.5¢ in
the range 3 = 1.04-1.24.

Figure 6 shows monomer profiles ¢/ ¢, vs. z/£ between
two plates for different separations D. e6Vith D as low as
2¢ the volume fraction falls rapidly away from each surface
and the greater part of the gap is occupied by a slowly
varying polymer concentration that lies in the unstable
part of the bulk phase diagram (¢; < ¢ < ¢, Figure 1).
The profiles also show that the monomer density ¢(2) at
any point well away from the plates does not always fall
as D increases (e.g., at z = £) and that in addition a pla-
teau-like region may form, similar to the single-plate case
(Figure 2), for D Z 10¢. Also shown in Figure 6 (dotted
line) is the ¢/, profile for a larger 8 value, for D = 6¢,
illustrating that in such a case (corresponding to lower ¢,
and adsorbance of polymer) ¢(z) is indeed lower at all z
values, as noted earlier. The occurrence of volume frac-
tions ¢ > 1 very close to the surface will be discussed in
section V.

As a control, we also compared the analytic predictions
of part 1 in the limits h (or z for the single plate) — 0, h
— =, and h = h (where w(he) = 0 or ¥ = 7,,;,) with the
present calculations. These included the following: (a)
the proximal concentration profile for adsorption onto a
single plate, given by

d’_ c+1

b 1+2/D D =¢/20

(b) the exponential decay of ¢ in the distal region of the
adsorbed layer (single plate, see also inset to Figure 2)
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¢ x ele where o = £/23

(c) the equilibrium half separation h,, for the two-plate
case

PR SR i .
“ 7 982/8- 112 {1-(8@2-B)2 (c+ 1)

(d) the variation
w(h) « 7P

with P — 3 as h — 0 for the two-plate case.

In cases a—c the calculated values were, within error,
identical with the analytical values in these limits, while
in case d the exponent closely approached P = 8 at the
lowest h values considered.

V. Comparison with Experiment

The numerical solutions of the previous section broadly
satisfy the assumptions of part 1'3 of this series with regard
to the various length scales; in particular, it is possible, over
a restricted range of ¢, to model weak but irreversible
adsorption and strong surface coupling. The experiments
we compared with are those in ref 3 and 5, polystyrene
(PS) in cyclohexane (CH) in poor-solvent conditions ad-
sorbed onto mica surfaces, where these conditions appear
to apply.

We first examine the interaction energy profile v (D) and
the adsorbance T for the PS/CH/mica system at 24 °C.
In ref 3 the polystyrene sample PS1 had molecular weight
M = 6 x 10°, unperturbed radius of gyration R, =21 nm,
incubation concentration 7 = 2 X 10 g mL™, corre-
sponding to ¢y, = 6.5 + 2 X 107® when account is taken of
partial specific volume,” and temperature T = 297 K. The
value of ¢, for this system is ca. 0.2,%! while ¢, is'® ca. 1.5
X 107%; we take the third coefficient w = 0.2!7 and the
surface coupling parameter ¢ = 3, as discussed in the
previous section (changes in the range about ¢ = 3 make
little difference, see Figure 5). From the expressions
following eq II.7 the Edwards correlation length is now
determined to be ¢ = 7.1 £ 0.2 nm.

When the definition of section II (eq I1.7 is used), 8 =
1.03 Z0%, where the range is due to uncertainty in ¢, (¢,
being taken at its median value ¢, = 1.5 X 107* and ¢,, =
0.2). If we neglect the translational entropy term, as in
part 1, we obtain 8 = 1.16 + 0.2; whenever the result de-
pends on §, the value for 8 = 1.03 will be followed, in
square brackets, by that for 8 = 1.16.

Figure 7 reproduces the (F/R) vs. (D/R,) profiles for
samples PS1 and PS2 (M = 10°) from ref 3. In this ex-
periment the force F between crossed cylindrical mica
surfaces, radius of curvature R, was measured and con-
verted to the interfacial energy E(D) between unit areas
between two flat parallel plates a distance D apart by using
the Derjaguin approximation

F(D)/2xR = E(D) = 2y(D) (V.1)

where the factor 2 appears because y(D) is in these cal-
culations the surface energy per plate.

Both curves show the same features as the computed
plots in Figure 4: strong repulsion for low plate separa-
tions, a position of zero force between the curved surfaces,
and attraction for wider gaps. The experimental equilib-
rium separation (i.e., at /R a minimum) for PS1 was

D, = (1.15 + 0.1)R,
close to the computed

D, = (13%HR,  [(0.8 £ 0.1)R,]
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Figure 7. Interaction—distance profiles between mica sheets
following adsorption of polystyrene in cyclohexane, taken from
ref 3 (curves a and ¢) and calculated (curve b): (a) M =6 X 10°
(24 °C), experimental; (b) as (a), calculated by using 8 = 1.03 (see
text); (c) M = 105 (21 °C), experimental.

The range of interaction can be compared by evaluating
the reduced exponential decay “length”

o= Dl/Deq

where y(D,) = ypime; experimentally
§=16=+02
in good agreement with the calculated value
§=16%01 [1.7 £ 0.1]

The theory thus appears to describe satisfactorily the
spatial aspects of the interaction; however, there is a factor
of 3-4 underestimate of the strength of interaction: we
find
2V mmin| 2 120 pd m™!
while (with v,. = 31 uJ m™2) Figure 4 gives
2V minl = 31 pd m2  [40 uJ m?]

The calculated profile (2v(D)) for 8 = 1.03 is drawn in
on Figure 7 for comparison (curve b).

The results for PS2 (Figure 7, curve c) taken at 21-22
°C cannot be compared quantitatively with our calcula-
tions in the same way as for PS1, because v and ¢4, in
particular, are strongly temperature dependent and vary
rapidly near the critical temperature T, (where ¢; = ¢,,,
see algo Figure 1), which is 30 °C for PS1 and 25 °C for
PS2.2

The mass m of polymer adsorbed per unit area of mica
at equilibrium was estimated for PS1 (at 24 °C) from
refractive index measurements® and also (at 34 °C) by
direct microbalance measurements.?? It is simple to show
that

(experimental, ref 3)

m = MTa?/6NAR,*

where N, is Avogadro’s number. Using this expression,
we calculate

m=23%02mgm3?

compared with the measured®2?

[1.5 £ 0.1 mg m™?]

m = 5-6 mg m2

While there is some uncertainty in the experimentally
determined values, the discrepancy appears too large to
be due to such ambiguity.
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At this point we note two shortcomings of our model,
which may have bearing on the above observations. First,
the real volume of monomers in the solution has been
neglected. A van der Waals type correction® would be the
replacement of (II.1) by an equation of the form

E(_)—il __¢ _1 ¢ 2+l ___¢ ?
T N™\1-¢/) 2\1-% 6°\1-¢
V.2)

While complicating the subsequent algebra of section II,
this modification would increase the interplate repulsion
for D < D,q. It would also tend to suppress the occurrence,
at low plate separations, of surface volume fractions greater
than unity, as obtained when (I1.1) is used.

Secondly, it is found? that for the PS/CH system the
polymer—solvent interaction parameter x increases mark-

edly with concentration. Since v in eq IL.1 {or eq V.2) goes
agl1s

v~ (2x—-1)

we have that it also increases with ¢ for the PS/CH sys-
tem. As the second virial coefficient is taken as constant
in our model, this actual increase of v with polymer volume
fraction (in eq IL.1) must lead to a decrease in the effective
value of w at high ¢. The determination of w in ref 17,
employing surface tension measurements at a repulsive
interface (where ¢ is necessarily low) under © conditions,
may thus have yielded a figure that is inapplicable to the
case we are studying. If w were lower, there would be an
increase in the predicted surface excess (Figure 3) and in
the strength of interaction (through an increase in «,,),
both of which would lead to closer agreement with ex-
periment.

The effect on the interaction profile of varying the
surface excess I' at 7' < 0 in the PS/CH/mica system has
also been investigated. In ref 5 low surface coverage was
achieved as follows: the mica surfaces were kept close
together while polymer was added to the solvent, thus
creating a narrow gap into which polymer had to diffuse
from the bulk solution before adsorbing onto the region
of interest. The rate of adsorbance was thus severely
diffusion-limited, and a low value of the adsorbance, I' =
I, could be obtained, representative of the effective local
polymer concentration ¢’ in the gap; this local concen-
tration ¢’ is considerably lower than ¢,, the bulk polymer
concentration, and it was found that I is effectively
constant over times long compared with the force mea-
surements if the gap is kept narrow.> To establish the full
adsorbance T characteristic of the bulk concentration ¢,
the mica sheets were taken a long way apart and incubated
overnight. (A fuller discussion of this experimental ap-
proach is given in ref 6.)

Now (for a given system) a lower surface excess, char-
acteristic of a lower effective incubation concentration,
corresponds to higher 38 values (Figure 3). From the com-
puted results in Figure 4 we expect a higher 8 value to lead
to a shorter-ranged but stronger interaction. This is indeed
shown in Figure 8, which reproduces the results from ref
5 for polystyrene, M = 9 X 105, at the two surface excess
values I (ca. 1.1 mg m™®) and T (ca. 3.6 mg m2) adsorbed
onto mice from CH at 26 °C. While it is not possible to
make an absolute comparison with the computed results,
as we do not have the value of ¢, for this polymer (M =
9 X 109 at the temperature of the experiment (see also
earlier remarks concerning PS2), we may make a relative
comparison. Thus, also shown in Figure 8 (broken lines)
are calculated interaction—distance profiles for 8 = 1.02
and 1.9, which correspond to T values differing by a factor
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Figure 8. Interaction-distance profiles between mica sheets in
polystyrene (M = 9 X 105-cyclchexane solution, from ref 5,
following partial adsorption (solid curve ii) and full adsorption
{solid curve i). The broken curves are calculated for § = 1.90 and
1.02, which correspond to adsorbance values differing by a factor
of 3 (¢ = 3 for both calculated curves), as suggested by the ex-

periment. Energy and distance axes for the calculated curves are
scaled to provide a fit at 3 = 1.9 (broken curve ii).

of 3 (Figure 3) as suggested by the experimental ratio I/T
(the D and v scales for the calculated curves are in arbi-
trary units, as ¢, (and hence £) is not known for this sys-
tem). We note that although the spatial scaling of the
calculated profiles is in very fair agreement with experi-
ment (for the same T'/T" ratio), the calculated well depth
[Ymin| is predicted to increase considerably more rapidly
at lower D, than is actually observed. This may possibly
be accounted for by the omission of the real volume re-
pulsion noted above.

Finally, we note that the lower T' = I" force profile (curve
ii, Figure 8) shows an (experimentally determined) expo-
nential decay length for |y| equal to 0.18R,, for D in the
range (0.6-1.2)R,, (for M = 9 X 10%). We predict, for M
=6 X 10° and 1.04 S 3 < 1.24 an exponential decay length
(0.14-0.18)R, for the range D = (1.3-2.4)R, (see also inset
to Figure 4). While these sets of figures are not strictly
comparable, they support the general assertion that the
spatial aspects of the interaction are well modeled by this
mean-field theory.

VI. Concluding Remarks

The mean-field model of part 1'% correctly predicts a
nonmonotonic force profile between irreversibly adsorbed
layers of polymer below the 6-temperature. The calcula-
tions of the present paper show a close qualitative, and fair
quantitative, agreement with the experimental results for
the system studied (PS/CH/mica). This suggests that the
assumption of “local equilibrium” of our model is not too
bad when applied to these experiments.

An important feature of our model is that it quantita-
tively predicts surface—surface interactions between ad-
sorbed polymer layers by using parameters which may be
obtained from bulk solution measurements only. These
include the detailed shape of the phase-equilibrium dia-
gram (yielding ¢, and ¢, for any given temperature T’ <
0), the unperturbed radius of gyration of the polymer R,,
third virial coefficient w, and the mass of polymer adsorbed
per unit area of surface incubated in the solution. There
are no adjustable parameters; it is not necessary, for ex-
ample, to specify an arbitrary value for the Flory-Huggins
lattice parameter a. Possible improvements to the theory
would be the inclusion of real volumes and of (experi-
mentally determined) corrections to the Flory~Huggins
free energy, arising, for example, from nonconstancy of the
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polymer—solvent interaction parameter x.

One prediction currently being tested (with H. Tera-
shima) is whether the onset of the biphasic region is ac-
celerated, in the vicinity of a surface, to volume fractions
¢ < ¢,; this is one interpretation of the surface adsorbance
curve (Figure 3) when the translational entropy is retained
in the Flory-Huggins free energy (eq II.1).

Finally, we note that in the experiments described in ref
5 on the polystyrene/cyclohexane/mica system (0 = 34.5
°C) a weak attraction persisted even when the temperature
was raised to T2 0. In contrast, in a slightly different
system, polystyrene/cyclopentane/mica (6 = 19.6 °C),
monotonic repulsion only is observed at T'2 6. In a paper
currently under preparation we have extended our calcu-
lations also to the #-temperature case: we find that, de-
pending on the magnitude of the third virial coefficient,
such behavior is indeed predicted by our model.
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Appendix

In part 1 of this series, the translational entropy per
chain (¢/N) In ¢ in the Flory-Huggins free energy (eq I1.1)
was neglected when the interfacial energy density v was
calculated. If this term is retained, (II.5) becomes

(7"70)/(71¢eq) = —y32+ a'.—lf [y6_2y4+

0

©

dy \?
mlny?+89y2+ b+ % dx (A1)

where n = -1/(In ¢,), 82 = (1 + In y,2 + 4y,2 - 3% /(In
#1), and b = 2y,.5 — 2y,4 + ny,,2; all other symbols have the
same meaning as in section II. When (A.1) is minimized
with respect to y(x), the first integral of the Euler-La-
grange equation yields

(dy/dx)* = G - Gy (A.2)

where G(y) = y% - 2y* + (5 In y* + 5%)y? + b and the G(y,)
term is included to avoid a logarithmic infinity as y — 0.

It can be shown that for typical values of y, > y > y,
(ys ~ 1, ¥p ~ 107%) the terms in n and b make a negligible
difference to the adsorption profile, but that the redefin-
ition of 3 is significant. Dropping terms of order v,2 and
higher, we write

. 1+ In (¢p/ deg)
- In ¢,

All other equations in section II of part 1 stand unaltered.
Registry No. Polystyrene, 9003-53-8; cyclohexane, 110-82-7.

(A.3)
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Scaling Analysis of Mechanical and Swelling Properties of
Random Polystyrene Networks
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ABSTRACT: The equilibrium swelling and shear moduli at swelling equilibrium of randomly cross-linked
polystyrene gels have been determined in the excluded-volume limit (good solvent conditions), at the 8
temperature, and in intermediate regimes (below and above the 6 temperature). The results have been compared
with data obtained by small-angle neutron scattering and quasi-elastic light-scattering measurements on the
same gels and discussed by using current analogies between gels and semidilute solutions. An attempt has
been made to correlate both macroscopic and molecular behavior in terms of a fundamental thermodynamic
correlation length £, the range of the monomer-monomer pair correlation function. Power law behavior for
moduli and diffusion coefficients similar to that which has been reported for semidilute solutions was found
in some cases, but departures from simple scaling behavior were also evident. Some of these discrepancies
have tentatively been attributed to an increasingly loose structure in the gels as the cross-linking density

decreases.

Introduction

Polymeric gels comprising a permanent covalently
bound network of long-chain molecules much diluted with
a low molecular weight solvent display both elastic and
viscoelastic properties.> They may be regarded either as
highly swollen elastomeric solids or as permanently
cross-linked solutions of entangled chains. Indeed, when
the lifetime of physical entanglements between chains
exceeds the time scale of the measurement, the molecular
properties of gels and entangled polymer solutions have
often been treated as equivalent.?

The investigation of macroscopic properties of elasto-
meric networks such as equilibrium swelling and stress—
strain isotherms has been, and continues to be, an area of
much effort, being germane to the examination of statis-
tical theories of rubber elasticity. Additionally, the theory
of rubber elasticity has a pivotal role in much of polymer
science.*® In recent years there has been renewed interest
in gels and entangled polymer solutions stimulated by the
development of new theoretical and experimental methods.
Techniques such as small-angle neutron scattering®’-°
(SANS) and photon correlation spectroscopy (PCS)1%-12
have become important as they probe polymer systems on
a molecular level, thereby providing data necessary for the
rigorous examination of theoretical models. Particular
attention has been paid to the analogy between gels and
weakly overlapping or semidilute solutions,? utilizing the
advances in theoretical descriptions of the latter. In spite
of considerable progress in our understanding, there are,

*To whom correspondence should be addressed.
tPresent address: Exxon Research and Engineering Co., Corpo-
rate Research Laboratories, Annandale, NJ 08801.

however, conflicting experimental data for the global
properties of semidilute solutions and no consensus be-
tween the theoretical models. Generally the properties in
limiting regimes of excluded-volume behavior can be ra-
tionalized, but much less well understood is the behavior
in situations where the thermodynamic conditions vary
over a wide range. Consequently, the situation for true
gels is yet more uncertain, as it is compounded by the
absence of suitable experimental data.

We report here the results of a series of equilibrium
swelling and compressional elastic modulus measurements
on randomly cross-linked polystyrene networks covering
a range of cross-link density. To study the behavior of the
gels under differing thermodynamic conditions, a good
(toluene) and a poor diluent {cyclohexane) were chosen as
swelling agents. The © temperature of polystyrene—cy-
clohexane systems has been found to be ~35 °C. Con-
sequently the behavior of gels at the excluded-volume limit
was studied with polystyrene—toluene gels and at © and
intermediate conditions (above and below 8) with poly-
styrene—cyclohexane gels. The results are compared with
the predictions based on the behavior of £ values obtained
from SANS and PCS measurements on the same gels,
which we have previously reported elsewhere, 34 and are
discussed in terms of the analogy with semidilute solutions
with the aim of obtaining a viewpoint from which both
macroscopic and molecular properties are consistent with
each other.

Theoretical Background

The analogy between semidilute polymer solutions and
gels swollen by good solvents is embodied in the c¢* theo-
rem.®> Above this critical concentration c¢*, polymer mol-
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