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ABSTRACT: We use density functional theory to investigate how the presence of polymers influence the
interactions between adsorbing or nonadsorbing flat surfaces, forming a slit geometry. The study is primarily
made under “restricted equilibrium” conditions, i.e., below a threshold separation, the chains are allowed to
equilibrate conformationally between the surfaces, but they are unable to diffuse into or out from the slit. This

is believed to be a reasonable model for commonly encountered experimental situations, when the surfaces are
large and adsorbing and the polymers are long. Using a recently presented density functional theory, we are able
to compare predictions for chains of finite and infinite length. A major advantage of the infinite chain formulation

is that it is a high resolution theory, and predictions from the finite length version will exactly approach the ones
for infinite chains, when the degree of polymerization becomes large enough. Our study spans across a relatively
large number of relevant system parameters, such as bulk concentration, surface adsorption strength, polymer
length, and chain flexibility. The response in terms of the net surface interaction, to a change of a system parameter,
is often nonmonotonic. We also make comparisons with predictions at full equilibrium, where the diffusion
constraint has been relaxed. We give a specific example of how a diffusion-limited process can lead to hysteresis
effects, similar to those observed in many surface force measurements. Finally, in a separate section of this work,
we have included some direct experimental comparisons, demonstrating the relevance and applicability of restricted
equilibrium conditions to “real world” scenarios. The computational power of the density functional approach is
here highlighted, with calculations including semiflexible 20000-mers.

1. Introduction obtained between polymer brushes, where essentially all chains
Polymers are known to have a substantial influence on the &€ anchored to the surface&ffects due to slow diffusion

interaction between surfaces and particles, sometimes even aPfocesses are expected to be particularly relevant when the
long range. This property is used in nature as well as in many average degree of polymerization is large.
industrial processes. Scientists have made considerable efforts A common theoretical assumption is that the chains, which
to understand and predict how surface forces are affected byhave been “captured” between two large surfaces, are still able
the presence of polymers. One major problem is the very large t0 equilibrate their configurations. This is is usually defined as
number of parameters that are required to characterize a givenTestricted equilibrium’®™> This system may be treated with
system. On the other hand, this is also why polymers find such an equilibrium theory, by introducing a semipermeable mem-
a wide range of applications. Relevant system parameters, forbrane at the edges of the slit preventing exchange of polymers
neutral polymers include the following: chain length; polydis- With the bulk, but allowing free diffusion of solvent particles.
persity; solventmonomer, monomermonomer, and solvent In this work, we will investigate forces between large flat
solvent interactions; solvensurface and monomeisurface surfaces in the presence of polymers, under the restricted
interactions; intrinsic chain stiffness; polymer architecture equilibrium constraint below a threshold separation. We will
(block, star etc.); temperature; polymer concentration and use density functional theory (DFT), including a recently
solution compressibility. Unfortunately, specifying even all of reported version for chains of infinite lenditThis theory is
these parameters may still not suffice to characterize the systemable to resolve structural details at the monomer length scale,
completely. Nonequilibrium effects are often considerable, and and fulfills thermodynamic sum rules, such as the contact value
can sometimes dominate the overall behavior. This is obvious theorem. This is in contrast to the commonly used Edwards
from surface force measurements, where the interaction for deGennes theord//~14 where predictions only can be made at
approaching surfaces commonly differs, even qualitatively, from @ coarse-grained level. Several additional approximations are
the one obtained when the surfaces are drawn apara true usually added to the original Edwards formulation, in order to
equilibrium situation they would coincide. It is generally tailor the theory to various circumstances (small density
believed that a major contribution to the observed nonequilib- gradients etc.), and the validity of these assumptions is rarely
rium effects, is a diffusion-limited bulk exchange of polymers, demonstrated by explicit examples. This is partly due to
as the surface separation is changed. This suggestion isfundamental difficulties associated with direct comparisons with,
supported by the fact that equilibrium curves usually are forinstance, simulations. These problems are not only imposed
by the obvious difficulties of simulating “infinite” (very long)
* Corresponding author. E-mail: jan.forsman@teokem.lu.se. polymers, but are also related to the inability of the theory to
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Hamiltonian is often replaced by physically ambiguous boundary perimental data. The paper concludes with a few summarizing
conditions. comments.

Additional approximations to the Edwards theory may lead
to erroneous conclusions. For example, deGehpelicted a 2. Model and Theory
generally monotonic repulsive surface force in the presence of ~2.1. Confining SurfacesWe calculate interactions between
infinite polymers, under restricted equilibrium conditions at the infinitely large, flat and parallel surfaces. The confining hard
mean-field level. The analysis contained a number of ap- Walls are perpendicular to thedirection, and are located at
proximations, and subsequent stuéiféshave shown that this = 0 andz = h. In addition to the hard, confining interaction,
prediction does not apply to systems where the chains have finitethe monomers will in general also sense a surface attraction,
length, even when they are rather long. As we shall see below, Vedz h), where
it is not supported by a full solution of the mean-field density
functional theory either, even for chains of infinite length.
Another prediction by deGennes (in the same work) was that The first part of our work focuses on purely theoretical analyses
surface forces are monotonically attractive under conditions of which are simplified by the use of a truncated adsorption’
full equilibrium. This prediction has been confirmed by infinite potential. Here, we will adopt a Morse potential
chain density functional calculatiof$ut sometimes significant ’
free energy barriers are present even for very long chains. In ﬂvvmf(z) =A(l - efZ(zfzm)/o]z - 1) )
other words, the approach to infinite length behavior is in some &

cases quite slow. An interesting flndlng in deGennes’ work was Whereﬁ is the inverse thermal energy, whites the monomer
that, when the restricted equilibrium case was analyzed at thediameter. Hence, the “well depth” is directly given by the

same level of approximation as the corresponding problem atamplitude factorA. The range of the adsorption potential is

Vo(z h) =w(2) + wh — 2) Q)

full equilibrium, azeroforce prediction was obtained. limited by a truncation and shift procedure, i.e.:
Finally, it is worth mentioning the “scaling” approach, of of
introduced by deGenngso treat infinite polymers between We(2) = We(2) — Wex(2) 3)

surfaces. This approach is not able to resolve structure at the » . L
monomer length scale, which may have an important bearing The position of the minimum value of the potential, is

on surface forces, especially with respect to the extent to which defined such thate(z = 0) = 0. Choosingz; — zZn = 2.9, we

this structure governs adsorption onto surfaces. In this work, OPtainzm ~ 0.346. This means that the adsorption potential has

we shall make comparisons with experimental systems closeN© repulsive part (hard walls are locatedzat 0 andz = h,

to © conditions, where mean-field theories, such as the density hough). Overlap between opposing potentials occurs below
functional theory employed here, are expected to display a SeParations of about = 6.5. .
reasonable scaling behavior. Furthermore, we also explore N the second part of our work, we shall make comparisons
athermal systems (effectively good solvents), where the densityWlth a specific experimental system, in which dispersion

functional theory has also been shown to provide reasonably'meracfjIons are expecteéj IEO domén?te' Hegce, we will in th'sll
accurate predictions, when compared with simulations, at least®@S€ adopt an integrated Lennard-Jones adsorption potential:

for relatively short chain>16:31.35 210\ 1/0
The density functional formalism can be used to treat flexible w42 = ZEALfJ[ZS(E) - §(§)1 (4)
as well as semiflexible chains, and it has the added advantage o )
that solvent particles can be easily includedlicitly, without ~ Where the surface affinity is modulated by the amplitude factor

an incompressibility assumption. In many cd$e¥ an explicit A . . )
solvent model has uncovered new phenomena. Finally, the 2.2 Finite Chains.Our theory is based Woodward's density
density functional theory for infinite chains is a rigorous limit ~functional formalismt® but we will adopt further developed
of the theory for finite polymer&16.25This allows us to properly ~ Versions for flexiblé® and s.em|erX|bIé5 polymers. Quite
address the crucial issue about the applicability of infinite chain r€cently? these were generalized to handle the infinite length
theory predictions on experimental systems containing polymers limit. We first re_c_apnulate_ the descnpnqn for f|n|_te chains. We
of finite length. In other words: how long do polymers need to denote the position of thith monomer in a chain by;. The

be in order to be qualitatively regarded as “infinite”? Note that complete polymer configuration of armer can then be written

in practice, very long chains find few practical applications, 2SR = (r1, ..., rv). Neighboring monomers along a chain are
mainly due to problems with diffusion, viscosity and high cost. connected by bond of a fixed lengtiwhich also defines their

In our previous work, we found that very high molecular ~diameter. Hence, €"e® O [1™'~1 d(|ri1 — ri| — 0), where
weights are sometimes required to reproduce infinite length Va(R) is the bond potential. The density distributid¥(R) is
behavior, evenqualitatively. Furthermore, a nonmonotonic ~defined such thali(R) dR is the number of polymer molecules
dependence of interaction free energy barrier height on theaving configurations betweeR andR -+ dR. We can then
degree of polymerization was found. This is a behavior that extract the monomer densityr) from n(r) = i, o(r — ri)-
cannot be captured by first-order perturbation thedésThat N(R) dR. The free energy functiondf[N(R)], contains an ideal
study was limited to conditions of full equilibrium. In the present  (FUIN(R)]) and an excessH*{N(R)]) part:

case, we perform similar comparisons, but focus on surface i

interactions under restricted equilibrium conditions. FIN(R)] = FId[N(R)] + FYIN(R)] (5)

The density functional formulation is recapitulated in the next The ideal term is given by
section, which is followed by a presentation of our results. These
are in turn divided in two separate sections: the first contains SF[N(R)] = [ N(R)(IN[N(R)] — 1)
detailed theoretical analyses, while the latter focuses on
comparisons between density functional predictions and ex- drR +ﬁf N(R)(Vg(R) + V(R)) dR (6)
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whereVey(R) is the previously defined surface potential. Note repulsion between next nearest neighbors in a chain. If we by
that for purely ideal chains, the theory is exact. The excess parts denote the bond vector between monomessdi + 1, we
has to be approximated. Following Woodwabdye formulate can write Eg as follows: SEg = €(1 — (S°S+1)/0?), Wheree

it in terms of the monomer density=®{n(r); n(r)], wheren(r) regulates the strength of the stiffness potential. Furthermore,
is a weighted densit$8 with Az = z41 — z, we can write the vector product as
— /
M) =—— [ n(r)dr 7)  S'Su1=AZAZ,, + (07 - AZ) P x
Ae® VI rIse

(02 - Azi+12)1/2003¢i,i+1 (11)
We estimatd=#{n(r);n(r)] from an integration of the “General-

ized Flory-Dimer” (GFD) equation of sta8 Explicit expres- ~ Wherégi.1 is the angle between and .4, as projected onto
sions are provided in ref 16. Other weight functions and the plane of the surfaces. If we average the Boltzmann factor
functionals have been suggested and comp®&dbut the over the surface plane, we get the following:

specific choice is less relevant to this study, which focuses on (1 (20 )
solutions with an implicit solvent and a low monomer concen- W(Az, Az,;) =€ g x

tration3! AZ\A\12 Az \\V
The grand potentiak?, is obtained from Sl ey 1-1— (12)
QIN(R)] = FUIN(R)] + F¥[n(r);n(r)] — u, f N(R) dR Herelo(x) = (1/27) /7" exp[—x cos¢] d¢ is a modified Bessel
(8) function, which can be evaluated from a polynomial expansion.

The equilibrium monomer density profile, which minimizes the

wherey, is the chemical potential of the polymer fluid in the free energy, reads as follows:

bulk. By minimizing the grand potential we obtain the corre-
sponding equilibrium density distributioN((R). However, in r r r-1 r—2
our model system, bulk exchange is prevented below a thresholdn(z) = eB”pZ j;ha(z —z) Ze*i@);@(mm — O)qu
surface separatiomr. Above this separation, we relax the = = = =
constraint and assume full equilibrium. This serves as an (Az, Az, ) dz,...dz, (13)
idealized model of the diffusion-limited processes discussed in

the previous section. It should be emphasized that we, unlessHere @(x) is the Heaviside step function,
otherwise specifically stated, allow for complete adsorption

equilibrium athy. The theoretical part of this work only consider 1,x<0
such situations. When we proceed to make comparisons with O() = {o X>0
experiments, we will also investigate the interesting and relevant

scenario of undersaturated surfaces (incomplete incubation time). "€ notation is simplified by the omission of the special
At separations belovr, the diffusion constraint is conve- ~ treatment of end monomers in the GFD functidhéhey were

niently handled by a potentiakp(h), which adjusts with handled appropriately in the calculations, though). By neglecting

separation so as to conserve the number of monomers in thetffeécts from hard core repulsions, we can estimate several
slit. ®(h) acts uniformly across the slit, and serves a similar '€/évant single chain properties. For instance, denoting the

purpose as the Donnan potential in electrolyte theory, where it POSition vector between E“d monomersRy, we can evaluate

enters to ensure electroneutrality. Specifically, we obtain the the persistence lengty, = [Reesi/ol] as

following expression for the density distribution: _
e(l—e %)

i Ep/() - —2¢
N q(R) = eﬁ(#p_VB(R))I_'eCD(h)—ﬁl(fu) ) 1—e *(1+ 2€)
e

= Even for moderate values efthis simplifies to5y/o ~ €, which
perhaps provides a more intuitive interpretation of the stiffness

(14)

(15)

where parameter. Furthermore, the root-mean-square end-to-end sepa-
A(r) = BOF/On(r) + Vo {r)) (10)  ration,Re = [ReRed?? is given by
We emphasize thab(h > hr) = 0, and that this potential is [ReRed 2 le*a+e+e-1]
a mathematical way to treat the way in which diffusion =r—1+23(r—-1-1 -
restriction modulates our reference “full equilibrium functional”. o = €l—e™)
This allows us to prevent bulk exchange and yet retain the (16)

functional form, eq 8.

The free energy per unit areg(h), is given byg(h) = QedS where the brackets).[J denote a Boltzmann weighted orien-
+ Pph whereQgq is the equilibrium grand potential ari}, is tational average, at the given stiffness parameter,
the osmotic pressure in the bulk. The symmetry, coupled with \ye first describe how eq 13 can be solved for the simpler
our mean-field assumption, allows us to integrate away all ¢age of flexible ¢ = 0) polymers, in which case the last product
(x, y) dependence. At large separatiogspproaches twice the g ynity. We define an auxiliary field(i,2), for positioni along

tension at a single surfacgs. However, since our focus is 0N {he chain. Equation 13 can then, for flexible chains, be written
restricted equilibrium conditions, we have in most cases used 546,30,32

the definition Ag(h) = g(h) — g(hy); i.e., we measure free
energies relative to a reference at the transition distance. r

The intrinsic rigidity of semiflexible polymers is modeled n(z) = pg c(i.gg(r+1—1i2 a7
via a stiffness potentialEg, which effectively imposes a =
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wherepg is the bulk polymer densityc(i,2) fulfills a recursive
relation (for 2<i < r):

c(i.2) = €* [ofi —12)T(Z.29) dz

with ¢i(1,2) = 1. Here,/;, is the value ofl in the bulk, which
one may refer to as the “excess monomer chemical potential”.
The connectivity matrixT(z,2), is defined as

(18)

e—A(i)/zg(lz — 7| - G)G—z(z)/z

T(Z,2 = >

19)

With semiflexible chains, the corresponding solution requires
a three-dimensional matrixGs(i,z,Z), which should be used
sparsely if computational efficiency is of interest, i.e., for long
chains (see below). The connectivity matii¥zz), now reads:

e‘“z)/3®(|z — 7 O)e—l(z)/3

T(Z,2 = 5

(20)

The monomer density is obtained from

n2) = pgz Jedizz = 2e(r +1-i2,2— 2)T(z2) dz
(21)

with the following closure:

cfizz -2 =" [cfi—12'z2-2") x
W(z—2'Z — 2)T(z2') dz' (22)

2.3. Infinitely Long Chains. In an infinitely long polymer,
all monomers are equivalent, i.e., all monomers are “central”.
It may be useful to think of it as a very large ring polymer. The
equivalence of all monomers simplifies the iterative procedure
considerably, which now can be formulated as

2
n(2) = nyys (2 (23)

whereny is the monomer density in the bulk solution. The vector
yi(2) fulfills the closure

i@ =€* [ y(2)T(2,2) dz

These equations are rapidly solved in an iterative manner.

With semiflexible chains, the corresponding solution requires
a two-dimensional matrixys(z,Z), but the iterative relations are
still simple:

(24)

n@=n, [ vz — Jy(z,z— 2)T(z2)dz  (25)

with
y(2Z =)= [y(2'2-2)W(z~2'7 — 2 x

T(zZz") dz' (26)
The formalism above (for finite and infinite chains) is general

in the sense that it does not rely on any specific choice of the
approximate partFex. We shall primarily be using a GFD
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As we pointed out in our previous stuflyan interesting
alternative would be to use a continuum DFT verélof the
Scheutjens Fleer theory*? An important point is that this kind
of theory relies on a different view of the solutions, since the
solution is assumed to be completely incompressible, even on
a local scale. We will therefore include a comparison with
predictions from such a model at the very end of this work.
With this exception, we will use the GFD functional as described
above, and thus implicitly assume that solvent effects are
captured via the monomemonomer potential of mean force
and McMillan—Mayer theory.

2.4, Computational Efficiency. In the second part of our
work, we will compare DFT predictions on flexible and
semiflexible polymer models, with experimental surface force
data. These comparisons are in general made for very long
chains, up to 20000-mers. In those cases, it is worthwhile to
make some effort to optimize the computational efficiency of
the code, in particular for the semiflexible chains. Below we
list a few useful strategies:

eHigher order vectors are used as seldom as possible. For
example, integrals, such as eq 18 are more rapidly evaluated if
we introduce “alternating vectors” cA(z) and cB(z). If we define

cB() = €* [ cARZ)T(Z 2) oz

followed by an updating loop which seté,z) = cB(2), we can
set

(27)

cAR) = € [ cB(2)T(Z.2) dz (28)
andc(i + 1,2 = cA(2 and so on. Evaluating integrals with
lower order vectors is even more important for semiflexible
chains, in which case we replace the three-dimensional vector
c(i,z,z—7) by two-dimensional “alternating vector€A(z,z —

Z) andcB(zz — Z). For long chains this trick speeds up the
code considerably.

«Good initial guesses for the iterative solutions are made. For
the first calculation, one might use the corresponding infinite
chain predictions. The latter are obtained (somewhat paradoxi-
cally) very quickly. Once a solution at one separation is
obtained, it can be suitably scaled to provide an initial guess
for a density at another surface separation.

eThe DFT parallelizes extremely well. We have only tested
up to four processors, for which we get a speed-up of 4.0

eMatrices are indexed in an optimal fashion. This depends
on the language in which the program is written (e.g., Fortran
or C) as well as the nature of the solution algorithm itself.

3. Results

Only monodisperse polymer solutions are considered. In order
to estimate the thermodynamic significance of the calculated
interactions, we will sometimes compare our results with the
nonretarded van der Waals (“vdW") attraction, using a typical
Hamaker constant of 18° J.

3.1. Theoretical Analysis.In this section, we only consider
athermal hard core polymer fluids (“good solvent conditions”),
and the surfaces are of the “truncated Morse potential” type,
eq 3.

We will investigate how the polymer mediated surface

functional, the high accuracy of which has been demonstratedinteractions respond to changing the following system param-

in several studie¥2933-36 There are in principle other viable
options¥’~40which display an accuracy comparable to the GFD.
They would be likely to produce results similar to those found
in this work.

eters:
echain lengthy;
esurface affinity,A;
eintrinsic chain stiffnesse;
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Figure 1. Comparison between surface interaction free energies at full and restrigted 400) equilibrium, respectively. The surfaces are
adsorbing A = 1) and the bulk monomer concentrationnigr® = 0.001. The dashed line shows a nonretarded van der Waals (vdW) attraction,
assuming a Hamaker constant & + 20 J. Surface forces at full and restricted equilibrium are given for all four reference systems. (a) Solutions
containing flexible ¢ = 0) and semiflexible{ = 6) 200-mers. (b) Solutions containing flexible € 0) and semiflexibled = 6) infinitely long

chains.

| (a) . (b)

—
O—C0r=200
+——%r=800
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g’ ¢ rinfinite
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Figure 2. Interaction free energies between adsorbing surfaces, at restricted equilibrium conthitieng@o), in solutions containing flexible
polymers. Each curve represents a monodisperse solution, where all chains have a givan MogtithatAg(h) = g(h) — g(hr). The dashed line
is as defined in Figure 1. Graph b is a blow-up of the repulsive regime at long range.

ebulk monomer concentratiomy,. sometimes accompanied by a free energy barrier in some

In particular, we consider varying these gquantities around the systems may be due to either polymer bridging or the interaction
following “reference” valuesr = 200;A = 1; ¢ = 0 or 6;nyo° of the potential well from one surface with polymers adsorbed
= 0.001. Unless otherwise stated, restricted equilibrium condi- on the other surface. As will be discussed later, both these
tions will apply at separations belott = 400. In the next attractive mechanisms may become important at short-range,
section (containing experimental comparisons) we shall adopt especially for flexible polymers. Remember that adsorption
a larger value ohr. We will also investigate effects of how  potentials on opposing surfaces start to overlap bélew6.5o.
diffusion limitation can generate hysteresis effects. On the other hand, for semiflexible polymers, attractions at

3.1.1. Full vs Restricted Equilibrium. We have performed longer range i{ > 100) is unambiguously due to polymer
calculations for polymer solutions with both full and restricted pridging.
equilibrium boundary conditions. In Figure 1a, we consider the

reference systems. Note that the free energy is only shown for 3.1.2. Chain Length. In Parts a and b of Figure 2, we
h < hr. For the restricted equilibrium case investigate the role played by the degree of polymerizatipn,

for fully flexible chains. We see that, in all the cases we studied,

dAg(h) OV, (z, h) there is a barrier gt ~ 50, with an attractive well at shorter
— = ﬁ*ln(h) — j’g n(z)Ldz +P,+ separations. The depth of the well, and the barrier height, depend
dh oh strongly on the length of the dissolved polymers. For example,
HON(2) we note that the well-depth is dramatically reduced as the

@ (h) fo oh dz (29) molecular weight increases. Figure 2b focuses on the repulsive
regime at long range. Here, we see that shorter chains generate

wherePy, is the bulk pressure, and the last term is zero at all a stronger repulsion at long range, presumably due to the
separations, a$(h) = 0 for separations abovir, and the presence of more tails. However, the height of the free energy
monomer surface density is conserved for separations belowparrier increases with, thus the free energy curves cross each
h.. n(h) is the monomer density adjacent to the surface, and is other. As mentioned above, this barrier is due to the structure
a continuous function ofh. Thus, Ag(h) is continuously  of adsorbed monomers. The amount adsorbed is greater for
differentiable ah = hy for both full and restricted equilibrium |argerr, due to greater cooperativity.
boundary conditions. Figure 1a clearly shows that systems with The corresponding interactions for semiflexible chains=(
restricted equilibrium generally display less attractive interac- S g Interactions for semitiexible chams=
tions when compared with the completely relaxed case. The 6) are_qualltatlvely d'ffere”_t from the f!eX|bIe case, with an
degree of difference between these systems depends upon th.@tt.ractlon at I.ong.range that.mcrease.s w[th polymer length. This
polymer length and the intrinsic chain stiffness. In particular, IS illustrated in Figure 3. This attraction is generated by strong
we note how the restricted equilibrium curve deviates strongly bridging interactions (as will be discussed later) and is consider-
from the relaxed one even at relatively large separations, in theably stronger than the expected van der Waals interaction at
presence of semiflexible chains=< 6) of infinite length, Figure these separations. In the presence of 200-mers, there is a free
1b. The occurrence of a short-ranged attraction<( 50), energy barrier, and a strong attraction at short range. This
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h/c Figure 4. Separate contributions to the osmotic pressure acting across

Figure 3. Surface interactions under the same conditions and in Figure the mid plane of the slit, for the infinite chain length system displayed

2, but where the chains are semiflexible= 6. The dashed line isas  in Figure 3. The inset is a blow-up where the sum of the idea) (

defined in Figure 1. and bridging Py, contributions can be more carefully compared with
the collisional termPcoi. Piot is the total internal osmotic pressure in

- - - . the slit, acting perpendicular to the surfaces. Note that we only display
is absent for the systems with the higher degree of polymeri- the long range part, where there are no monerserface interactions

zation. This is because the average monomer density in the slitacross the mid plane, i.6Ps.s = 0. At infinite surface separatioiiq

is greater for longer polymers. The resulting entropic confine- + Py, = 0, while Peoi = Py. In the present case, the bulk pressure is

ment of the longer chains leads to a larger repulsive free energysmall, fP,0® < 107,

contribution, which dominates the surface interaction at shorter

separations. are nonadsorbing. Stilh = 0 serves as a useful reference, i.e.,
An important advantage of a high resolution theory of the the asymptote of very weak adsorption. Increasing\te 1

kind considered here, is that it is possible to scrutinize the leads to the appearance of an attractive well, as seen before.

interactions in a mechanistic fashion, by extracting the separateHowever, forA = 2.5, there is a counterintuitive decrease of

contributions to the total osmotic pressure acting across the the well-depth. This is due to the increased number of monomers

midplane (perpendicular to the surfaces). In an athermal systemdrawn into the interstitial region &t= hr, whenA s increased.

these contributions are as follows: A similar effect was seen above when we consideredrthe
« a repulsive ideal entropic pressui®y, simply given by dependence of the interaction. Qualitatively similar behavior is
the total monomer density at the midplane; demonstrated for infinitely long polymers, Figure 5b. Note,

« a repulsive collisional pressurBe, caused by hard core ~however, that the free energy minimum that occuré at 1is
interactions between monomers on either side of the midplane;about an order of magnitude deeper with the shorter chains.

« an attractive pressur®ss;, from particles on one-half of Furthermore, in the presence of infinitely long chains, the surface
the midplane interacting with the surface on the other side; ~ fOrce appears, on this scale, to be monotonically repulsive at

e an attractive bridging termPy,, from intrachain bonds =25
crossing the midplane. The inset of Figure 5b highlights the transition between full
Explicit expressions for these has been presented else-2nd restricted equilibrium av = hr for infinite chains. In
where?344 Furthermore, the total internal osmotic pressure is agreement with a theorem by deGenhétse fully equilibrated
given by: P = Py + Pig + Peoi + Psur, Which approaches ~ System is attractive at large. Furthermore, as pointed out
the bulk pressureP,, at large separations. AlthoudPro is earlier, the interaction f_ree energy is cqntlnuously differentiable
termed a “collisional” contribution, it should be noted that its athr. Thus, in this region the interaction between surfaces at
origin actually stems from configurational constraints imposed restricted equilibrium will be attractive, albeit weakly so. This
by the excluded volume of particles, and not from impulsive fact is fundamentally interesting, because the attractiomr at
forces. follows from the deGenne’s theorem for fully equilibrated
The dependence of these components on the separhion, SyStems, wh_ich has beer_1 confirmed_ (at least nqmer_ically) by
for infinite semiflexible polymers is given in Figure 4. Clearly, density functional calculations of the kind adopted in this sfudy.
P, andPy, dominate the surface interaction at these separations, ThiS suggests that the attraction may well be a ubiquitous
but since the degree of polymerization is infinite, these phenomeno_n for restrlc_ted equilibrium systems with the type
components will exactly cancel as the surfaces are drawn farf Sample history described here.
apart. Specifically—APy = BPia = Ny, at infinite separation. In parts a and b of Figure 6, we investigate the role played
Thus, we have also plotted their sum, which is more clearly by surface potential strength for semiflexible polymesrs<
depicted in the inset of Figure 4. The attractive regime of the 6). For 200-mers, we once again find a nonmonotonic response
surface pressure occurs whég is larger than its bulk value,  to increasingA. For purely hard walls the interaction free energy
Ps. Hence, the attraction is due to the bridging component, which is repulsive, except very close bs. For moderately attractive
dominates the sunBiy + Py,. surfaces A = 1), a strong attraction persists down to small
3.1.3. Surface Affinity. The polymer mediated interaction distances. However, a repulsive free energy is reestablished at
between two surfaces will also depend strongly on the monemer large separations fok = 2.5, together with an attractive well
surface interaction. This is clearly demonstrated in Figure 5, at smaller separations. With adsorbing surfaces, the attractive
for flexible chains. For 200-mers, Figure 5a, there is a regimes are due to strong bridging interactions. As with flexible
nonmonotonic response, as the surface potential stregth, ~ Polymers the nonmonotonic behavior with respect to the
increased. AR\ = 0, the surface interaction is repulsive. This adsorption strength is due to increasing number of monomers
is due to the reduction in configurational and conformational Per unit area, which increases the repulsig and Pco
entropy of the confined chains as the surfaces approach. Herecomponents to the osmotic pressure.
it should be pointed out that, in practice, one would not expect  For infinite polymers, however, there is a monotonic response
restricted equilibrium conditions to prevail when the surfaces to the adsorption potential strength, as shown in Figure 6b. With
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Figure 5. Surface force dependence on adsorption potential potential stréngihthe presence of flexible chains. Restricted equilibrium conditions
(hr = 400). The dashed line is as defined in Figure 1. (a) 200-mers. The inset is an enlargement of wide slit widths. (b) Infinite degree of polymerization.
The inset is a blow-up, demonstrating the existence of a weak attraction at very long range, tlpse to
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Figure 6. Responses to changes of the surface affinity, in the presence of semiflexible ehair, Restricted equilibrium conditions apply
below hr = 400 The dashed line is as in Figure 1. Key: (a) 200-mers; (b) infinite degree of polymerization.
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Figure 7. Effects of intrinsic chain stiffness, as regulated by the parametander restricted equilibrium conditionsr(= 400). The dashed line
is as defined in Figure 1. Key: (&)= 200; (b)r infinite.

purely hard wallsA = 0, the slit is depleted of monomers for  considerably weaker, turning repulsive alreadiz at 100. This

h < hr. Hence Ag is zero in this regime. Increasing the surface response is qualitatively similar when the chain length is infinite,

attraction leads to progressively deeper attractive wells occurringbut in this case the stiffest chains generate an attractive well

at arounch = 150. This attraction is due to bridging interactions. that is almost as deep as with the moderately stiff ones. At long

We see in general that the depth of the attractive well is weaker, range, the attraction is even slightly stronger.

but more long-ranged, than in the finite-sized polymer systems  3.1.5. Bulk Monomer Concentration.One would expect that

(r = 200). This is due to the higher monomer density between under conditions of restricted equilibrium, i.e., beltwy the

the surfaces for infinite chains, which increases the repulsive surface interactions become more repulsive at higher bulk

osmotic pressure components. On the other hand, the interactiormonomer concentrations (assuming full equilibriunigt This

free energy at long range is less attractive for finite chains. This is because the fixed internal monomer surface density, deter-

is due to overlap of tails of adsorbed polymers, which add to mined ath = hr, becomes larger ag increases. This conjecture

repulsive forces but contribute weakly to bridging. is confirmed by the results shown in Figure 8. Indeed, for
3.1.4. Intrinsic Chain Stiffness.In Figure 7, we compare flexible, infinite polymers, reducing the bulk monomer con-

the interaction between surfaces, immersed in solutions with centration by an order of magnitude,¢® = 0.0001) gives rise

the same bulk density, but where the intrinsic chain rigidity is to a monotonically attractive surface interaction. This is

different. Again, it appears that the for finite sized polymers ( qualitatively different to the repulsive interactions seen at the

= 200), the response is nonmonotonic. While fully flexible higher densitiesp,o® = 0.001, 0.01. Indeed, fame® = 0.01,

chains induce a free energy barrier, moderately stiff oaes ( the onset of the repulsive interaction occurs at quite large

6) generate a strong and rather long-ranged attraction. With aseparation. Clearly there is an interplay between repulsive

further increased stiffness (= 12), this attraction becomes entropic and collisional interactions and attractive bridging
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Figure 8. Restricted equilibriumt = 400) interactions between surfaces immersed in solutions containing infinitely long chains, at various bulk
monomer concentrations. The dashed line is as defined in Figure 1. Key: (a) fully flexible chaing, (b) semiflexible chainss = 6.

interactions, as the monomer density is changed. At low
concentrations, the bridging component dominates, leading to

an overall attractive interaction, while at higher density the -0.142
repulsive terms are larger. One can qualitatively understand these

hysteresis effects

effects by realizing that the entropic and bridging terms would "g, >—>restricted eq., h; =50
scale approximately linearly with the monomer density, while = === full eq.
the collisional term is expected to have a higher order (at least o146 “restricted eq., hy =40 0
quadratic) density dependence. ' r infinite, A = 1

One might argue that the concept of restricted equilibrium, =0, ng’ =0.001
at least in the sense we have defined it, is less likely to be a 10 20 30 40
valid description of an experimental scenario when the monomer hic

concentration is high. This is because at high concentrationsrigure 9. Example of a possible hysteresis effect, caused by diffusion-
the adsorbing surfaces tend to become fully saturated, and theimited processes. The surfaces are adsorbing- (1) and the chains
slit may contain quite a few chains that are essentially are infinitely long, and fully flexible. Triangles pointing left describe
« ” : ; the interaction as the surfaces are pushed together, imposing diffusion

unadsorbed_ (‘expelled”). T_hose chains are likely to f°”°W. the_ restricted equilibrium aby = 400. Imagine that the surfaces then are
solvent as it exchanges with the bulk when the separation is gjjgwed to relax completely, including bulk exchange,hat 5o.
changed. Triangles pointing right are results obtained if the surfaces subsequently

Similar behavior is observed for semiflexible polymers, except &€ pulled apart, again under the assumption of restricted equilibrium,

. . . . . but in this case withhy = 5¢0. The dot-dashed line is a reference,
that the attractive interactions, obtained for the dilute Cases’describing the surface interaction at complete equilibrium. Notice that

extend to larger separations. This is expected, given the longerine total free energy per unit area)(is displayed; i.e., we do not
range of the bridging interactions. Furthermore, at shorter subtract the value at some given separation.

separationsh( < 100), the interactions turn repulsive, due to

the compression of stiffer chains. Large effects of intrinsic chain kept in a nonequilibrium state. In an actual experiment, one
rigidity on surface interactions, have also been found at full would expect the reestablishment of bulk exchange at large
equilibrium condition$:36:44 surface separations.

Finally, it should be remarked that the surface force is less  3.2. Experimental Comparisons.In this section, we will
sensitive to changes to the monomer density when the concenimake comparisons between density functional predictions and
tration is low. This will be highlighted in the “Experimental some available experimental data. The Derjaguin approximation
comparisons” section. is used in order to relate the interaction free energy per unit

3.1.6. Nonequilibrium Hysteresis EffectsAs already men- ~ area in our planar system, to the force per radius of curvature,
tioned, experimental surface force measurements in polymerF/R, measured in the experiments.
solutions frequently display hysteresis effects, indicative of  Thus far our model has assumed athermal conditions for the
inhibited diffusion (nonequilibrium) processes. Specifically, the polymer solution; i.e., monomers interact as hard cores giving
measured surface interactions on approach usually differrise to temperature independent behavior in the bulk. This
considerably from those when the surfaces are drawn apart. Incorresponds to a FloryHuggins interaction parametgr= 0,
Figure 9, we have illustrated how this can occur, according to a good solvent. However, it is difficult to match these conditions
the model described above. The thin solid line describes the experimentally, as we usually have little knowledge of the
“usual case”, where restricted equilibrium is imposedat= monomer-monomer potential of mean force. Another drawback
400, as the surfaces are pushed together. With infinite, fully with good solvent conditions is that measured surface forces
flexible chains, this leads to a repulsion. We assume that the generally display considerable hysteresis effects, which makes
surfaces are pushed together to a distande-ef5¢, and kept it difficult to unambiguously establish the data with which the
there for a time long enough to permit the establishment of DFT predictions should be compared. On the other h&nd,
complete equilibrium with the bulk solution. As the surfaces conditions are generally better determined, as the temperature
are drawn apart, no further exchange with the bulk is allowed. at which the effective second virial coefficient is zero. In
The corresponding surface interaction is given by the thick solid addition, mean-field theories (like our DFT) are more applicable
line. In this case, we find a strongly attractive interaction, in to ® conditions, where intrachain correlations cancel out, leading
qualitative agreement with most surface force experiments. Theto ideal-chain configurational behavior. Thus, we shall primarily
plateau value for the free energy is higher than for the interaction make comparisons with experiments performed at or &ar
free energy on approach. This is expected, given the system isconditions.
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There have been several previous attempts to theoreticallypolymer models, respectively. AK specifically focused on how
describe interactions between adsorbing surfaces in a homopolythese interactions respond to variations of the surface saturation.
mer solution. Apart from the ScheutjenBleer mean-field SCF  Undersaturated conditions were accomplished by allowing a
approactt, Pincus, Klein, and co-workers!24546have devel- short incubation period, following addition of polymer to the
oped and used deGenfsgmplified density functional descrip-  solution. Given our simplified model system, we are left with
tion of polymer adsorption. In cases where quantitative com- two unknown parameters, for the systems corresponding to “long
parisons with experimental data have been made, the range anéhcubation times”. The unknowns are the surface potential
strength of the interactions has generally been underestimatedstrength A —;, and the restricted diffusion threshold separation,

under ® conditions. Still, Klein and Ros$i did find good hr. Fortunately, as illustrated below, they have a rather weak
agreement with experimental data at close separationgdoa influence on the surface interactions.
solvent.

The experimental measurements, subsequent to long incuba-
tion times, displayed (see below) a rather long-ranged repulsion.
Assuming that these conditions correspond to full surface
saturation, the long range of the repulsion implies that the
surfaces are covered by rather thick layers of polystyrene. Hence,
where the mica surfaces were immersed in polystyrene- we expectAH.t.o b_e stron.g.e_nough to generate liquid-like
cyclopentan® and polystyrene-cyclohexaffesolutions, re- monomer densities in the vicinity of the surfaces. On the other

spectively. The nature of these experimental systems suggest?and’ physical arguments prevents the use of an adsorption

the use of Lennard-Jones (L-J) interactions in addition to the POtential minimum that is much deeper than one or_kyﬁ
hard core potential acting between the monomers. (per monomer). We shall use a reference valuéof, = 5,

For infinitely long polymers, the monomer volume fraction, Which gives a potential minimum of aboutl.4ksT. As we shall
n, is zero at the critical point. Thus, ti@temperature is defined ~ S€€ below, the DFT predictions of our model systems under-

3.2.1. Polymer Solution Models.In our comparisons, we
choose to focus on a surface force apparatus study by Almog
and Klein (AK)” of interactions between mica surfaces in a
polystyrene-cyclopentane solution near ttemperature. We
will also compare with other experiments, unéiconditions,

by the following relation: estimate the range of the surface interactions. In principle this
might suggest that we have underestimated the surface affinity,
92p as manifested by _; This is also supported by experimental
(_b) =0 (30) adsorption values of 2.5 + 1.5 mg/n. This value, although
8772 " of low accuracy, and based on certain assumptions, does seem

to significantly exceed the corresponding calculated value, 0.6

With our GFD functional, this leads tg6/e. 3~ 7.646. Here, mg/m#, for 20000-mers and,_ ;= 5. However, the adsorption
ks is Boltzmann’s constant, whilg —;is the usual L-J strength  increases very slowly witA__; and any physically reasonable
parameter. Under® conditions, the second-order density value leads to a calculated adsorption which is smaller than the
expansion of the interaction part of the free energy, predicts anone quoted in the experimental work. The weak dependence of
infinite correlation length for a bulk solution of infinitely long  T'¢q (as well as the range of the surface forces)/n;, is
polymers. This divergence is avoided, in our theory, by higher demonstrated in Figure 10. Since the adsorption potential is
order density terms in the density functional. rather short-ranged, the monomer density primarily respond in

We shall also assume that monomers are attracted to thea narrow region close to the surfaces, when the surface potential
surfaces via a L-J potential, eq 4, where the adsorption strengthparameter is increased. This largely corresponds to a flattening
is determined by an amplitude paramet&r—; We shall of adsorbed chains, and a 40 % increas@of; only results in
maintain the pearl-necklace representation of the polymers. g 20 % increase of the calculated adsorption, to about 0.7 mg/

A realistic polymer solution model should also capture the m2, This is also manifested in the surface interactions, where

experimentally observed radius of gyration of the polymers. \e see an increased amplitude of the forces, but with an almost
However, this criterion alone does not suffice to specify the constant range.

monomer size (or bond length) and intrinsic chain rigidiy. (
We have therefore analyzed two model systems, both of which
reproduces literature vat€f the radius of gyration for 6000-
mers and 20000-mers, und@rconditions. In one of our models,

As in the experiments, we assume that the surfaces are able
to absorb polymers (incubate) at wide slit widths. In our case,
this corresponds to separations greater than or equaf to
80 nm. We assume restricted equilibrium conditions apply below

the chains are fully flexible, i.e,= 0, and the monomers have hr, fixing the number of confined monomers per Unit area to
a diameter oty = 6.6 A. The second model contains semiflex- " 2

ible chainse = 1, whileo = 4.8 A. We believe the latter model ~ SOme prescribed valud, = /o™ n(2) dz For very long

is the most realistic one because one would expect some locafncubation times, we expect that = I'eq where the latter
rigidity of the polymers due to the steric hindrance between dquantity corresponds to the maximum adsorption allowed by
phenyl groups. Furthermore, polystyrene has a bulk density of equilibrium. It is of course possible that diffusion restrictions
1.07 g/cnd,*? and witho = 6.6 A, this corresponds to a reduced apply at even larger separations. In principle, this can be
density ofno® = 1.85, which by far exceeds cubic close packing! accounted for by choosinig > I'eq However I'eq and thus the
On the other hand, for the semiflexible chain modet; 4.8A, surface interaction, increase very weakly withat such low
giving ne® = 0.7, which is a more reasonable value. Despite monomer concentrations. This is due to the relatively rapid
good argument to support the semiflexible model, the experi- decay of the monomer density profiles, the range of which is

mental data does not allow a unique specification ahde. It determined by the radius of gyration, which is shorter than the
is therefore reassuring that that our results using these twobulk correlation length for the finite-sized polymers. However,
models are in close agreement (see below). for infinite polymers, the surface density profiles are governed

AK analyzed surface forces in the presence of 6000-mers andby the bulk correlation length, rather than by the radius of
20000-mers, respectively, at a polystyrene concentration of 15gyration. At such low concentrations, the former is quite large
ug/mL. This corresponds to bulk monomer concentrations of and, in this casel¢q displays a significant dependence lon
npo® = 0.000026 and 0.00001, for our flexible and semiflexible This is highlighted in Figure 11.
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Figure 10. Responses to changes of the surface adsorption amplifudg,for the fully flexible ¢ = 0) polymer model. Density functional
predictions, for a model system with Lennard-Jones interactions. Blefpvestricted equilibrium conditions apply, i.e., the number of confined
monomers per unit areal 2is constant. We denote by'g, the number of monomers per unit area, as obtained from full equilibrium calculations
at a separatiohy = 80 nm. Key: (a) monomer density profiles; (b) surface interactions.

&= r=20000, I'=T",,(h,=80nm) a slightly shorter range, than its flexible counterpart. In the
40 ©—0 r=20000, I'=T(h,=160nm) presence of long chains, however, we find opposite qualitative

o2 rinfinite, T=T', (h,=80nm) differences.

s rinfinite, I=T"(h,=160nm) 3.2.2. Comparisons undei® Conditions. The close agree-

ment between predictions from either model allows us to limit
ourselves to one of them, as we make experimental comparisons.
Since we argue that our semiflexible model is the most realistic

F/R (uN/m)
B

A_,=5,n,0’ = 0.000026 one, we will henceforth adhere to that choice.
T=6,e=0 In Figure 13, we have compared predictions and measure-
=20 . . . . .
0 50 100 150 200 ments of interactions in the presence of 20000-mers, including
h (nm) results from a 10000-fold dilutionnfo® = 2.6 x 1079).
Figure 11. Responses to changestaf The results are given for the  Experimental data have been obtained from referéhdde
fully flexible chain model.e = 0. qualitative response to dilution, as well as to undersaturation,
. is correctly reproduced by the theory, but the predicted
0 r= 6000, =1 . - -
o] =-mr=6000 ¢=0 interactions are more short-ranged than the corresponding
200 ! O-O'T = 20000, ¢ = 1 measured ones. The experimental results indicate that the
_ u ®-®r=20000,£=0 underestimation of polymer surface adsorption by the density
E ﬁlil O-Crinfinite, & = 1 functional theory, has a significant effect on the resulting surface
z i ¢-¢rinfinite, ¢ =0 forces. However, as discussed earlier, this is probably not due
o ® to an underestimation d&_—; (or hr). A more likely source is
w r'=T,,h; =80 nm the possibility that there is another mechanism for a longer
T ofe = 0) = 0.66 nm ranged force between surface polymer. For example, there is
ofe = 1) = 0.48 nm always some degree of ionic dissociation of the mica surface,
-200 even if the solution is a low dielectric fluid. If trace amounts of
0 20 40 60 80 100 o
h (nm) water are present, it will presumably accumulate at the surfaces

and possibly impart a slight degree of surface dissociation. The
presence of small amounts of water may have a profound
influence on surface interactions in simple nonpolar ligéfds.
Obviously, for the 20000-merEe, and thus the surface One may envisage asignifi_cant Iong-_ranged tail in the monemer
interactions, are essentially independenthefin the regime surface adsorption potential, even if the surfaces only are only
beyond 80 nm. This is, however, not the case when the chainsVery weakly charged.
are infinite. The difference between finite and infinite chain  This notwithstanding, given that the model description itself
behavior, in terms of dilution effects and the range of correla- is coarse-grained, the overall agreement is reasonably good. We
tions, highlight the possible risks of using infinite chain theories also note that Ingersent et &.who modeled this system with
to make predictions for polymers of finite length. a developed version of the deGennes density functional analy-
Before we proceed to experimental comparisons, we will sis? underestimated the range and strength of the surface
demonstrate that our flexible and semiflexible polymer models interactions by factors of 3.8 and 2.4, respectively.
lead to similar surface force predictions. In Figure 12, we have It should be further noted, that experimental results also
compared DFT predictions of surface interactions, assuming contradict each other. For example, measurements by Hu and
restricted equilibrium conditions, and full saturatiorhat= 80 Granick displayed a clear minimum under similar conditions
nm. We see that predictions from the semiflexible chain (5100-mers), provided that the surfaces were approaching or
approach are remarkably similar to corresponding ones with thereceding slowly enough. In an earlier experim&hpn a
fully flexible model. Hence, even though we believe the polystyrene-cyclohexane solution a® conditions, a rather
semiflexible model to be somewhat more realistic, this improve- strong attractive interaction was found even after “long”
ment has little impact on the predicted surface forces. On the incubation periods (6000-mers and 9000-mers), whereas Almog
other hand, this implies that the predictions are robust. Still, and Klein only found a monotonic repulsion (6000-mers and
there are some differences to be noted. With short chains, the20000-mers). The discrepancy between these experimental
semiflexible model predicts more attractive interactions, having findings are, together with corresponding density functional

Figure 12. Comparing predicted surface interactions, using flexible
(e = 0) and semiflexibled = 1) polymer models, respectively.
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Figure 13. Interactions between mica surfaces, in the presence of a cyclopentane-polystyrene solutior® aértigerature. The chains are
semiflexible,e = 1, and the monomer diameterds= 4.8 A. The bulk monomer concentrationrigo® = 0.00001, except for the curves marked
“diluted”, which correspond to a 10000-fold dilution. (a) Density functional predictions. We reiterate that restricted equilibrium condgipns ap
below hr. Here, the number of confined monomers per unit ar€aj22constant. Peqis the number of monomers per unit area, as obtained from
full equilibrium calculations at a separatibfn = 80 nm. The curve indicateld = 0.79 ¢ thus corresponds to undersaturation, i.e., “short incubation
time”. (b) A rough reproduction, by simple “graph reading” (symbols), of Figure 8 in the work by Almog and Kleieasuring interactions
between mica surfaces immersed in a cyclopentane-polystyrene solution. The lines are obtained from a splines fit.
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Figure 14. Interactions between mica surfaces at @éemperature. Figure 15. Responses to changes of the temperature (solvent quality).

The polymer model is identical to that in Figure 13, except that the
Chai“g herde are shorter: = 6t000- g.he ex;f)(;:‘:r_imentgl_dat? 2$V§.bee”1 range of the interactions in these systems (as predicted by the
eproice rom spproximee eeinge of e 31 7, EOUS L sty uncional theory). This suggest a much igher degree
polystyrene dissolved in cyclopentane (refs 47 and 48) and cyclohexane®f Polymer adsorption. Small amounts of impurities might
(ref 49), respectively. In all cases, the measurements were claimed tochange the solvent quality somewhat, and this can obviously
be performed at *“full saturation”. The crosses display corresponding have a strong influence on the observed forces. Experimentally
density functional predictions (DFT). measured forces are indeed sensitive to the presence of small
o ) o . , amounts of other solven52
pred|9t|ons, |I.Iustrated in Figure 14. Strictly sp'eaklng, the 324 A Different Polymer Solution Model.We end these
experiments in ref 49 were performed at a slightly lower anajyses by reporting some calculations based on modified
concentration, but the difference was too small to be of gensity functional approach. utilizing a different set of assump-
importance. Possibly more crucial is that these experiments wereiions than used in the model above. Specifically, we note that
subse_quent to simil_ar ones at a lower temperature. It is uncleargince we do not include solvent particles explicitly, we are
to us if the quoted incubation time (35 h) was conducted only jmpjicitly adopting a McMillan-Mayer picture of the solution.
at the® temperature. At any rate, the observed experimental This means, that provided we assume the polymer solution to
differences may have several causes beyond those which carhe gioally incompressible, we can directly relate the osmotic
be addressed by a polymer solution theory. pressure to the solvent chemical potential. On the other hand,

3.2.3. Effects of Solvent QualityHaving evaluated the DFT e allow the monomer density to attain any value locally. This
under® conditions, we will now include a brief discussion on s also the kind of model that is typically used in simulations.
predicted and measured responses to changes of the temperaturg, different assumption is made in FlorHuggins based
i.e., to the solvent quality. theories, where the solutions is assumed tddgally incom-

In Figure 15, we observe how the range of the surface forces pressible, usually via a lattice description. We have developed
increase with temperature, particularly as it drops below@he  a continuum density functional version of the Scheutjgfiger
temperature. Long chains clearly display a strong response totheory, which invokes local incompressibility. This means (see
temperature changes. It should be pointed out That0.9509 below) that the monomer density can never exceed the
is below the critical temperature for 20000-mers. The temper- prescribed constant total density of the solution. Which is the
ature dependence is less drastic for short chains (not shown)best way to describe a polymer solution, using an implicit
The observed trend, for calculations below Biéemperature,  solvent approach? This is a very difficult question that cannot
is in agreement with experimental findings by Hu and Gran- be answered by comparisons with simulations, unless these
nick,%8 although they found rather strong attractive interactions, simulations include an explicit solvent. Even in the latter case,
in analogy with the results shown in Figure 14. there is a risk that the results are sensitive to model parameters.

The large effect of small changes to the solvent quality It is of interest to see if the locally incompressible fluid (LIF)
suggests a possible source for the conflicting experimental model will perform better than the “globally incompressible
findings. In particular, we note the significant increase of the fluid” (GIF) density functional results above, when compared
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1 o0 r = 6000, GIF The dependence of surface forces on the strength of the
? O-Or = 20000, GIF surface attraction is rather complex. A stronger surface affinity
200§ E‘E::‘g&fﬁf will naturally attract a larger number of polymers. This will
_ i’ @-o r = 20000, LIF strengthen the repulsive as well as the attraptlve cor)trlbunons
E i +—+ rinfinite, LIF to the forces. Hence, the net outcome is nontrivial and
23 b nonmonotonic.
«c Hysteresis effects, observed in surface force experiments, can
w : I'=T,, h;=80nm be mimicked by bringing the surfaces together under restricted
v Te0ee1 equilibrium and allowing the system to reestablish equilibrium
_200 ’ at short separations, before the surfaces are separated again under
0 20 4:’1 (nm*;ﬂ 80 100 these new restricted equilibrium conditions.

It would be desirable to test these results against computer

Figure 16. Comparing density functional predictions of implicit solvent simulations. The simulations would pose fewer difficulties

polymer solution models, in which an assumptiongtdbal, GIF (eq

8), orlocal, LIF (eq 31) fluid incompressibility is assumed. compared with the full equilibrium systems. In the latter systems,
performing exchanges with a bulk are problematic due to the
with experiments. high probability of polymerpolymer overlap.
We obtain the LIF density functional model by rewriting the  The latter part of this work contains experimental compari-
grand potential (eq 8) as sons. In this case, potentials of mean force between the species
can only be roughly estimated. Nevertheless, @heondition
BRIN(R)] = BFYN(R)] + f {n, — n@}{In[n, — n(2)] — reduces the number of independent thermodynamic variables.
We have demonstrated that our density functional theory
1} dz+ BF** + fﬁ{vex(z) — ukn(2) dz— reproduces the same qualitative response to changes of under-
saturation, as well as to dilution and temperature change. The
f pudng — n(2} dz (31) range of the surface forces appears to be underestimated, but
) ) ) ) there are also significant discrepancies between experiments
whereF®*is a functional of thdocal total density, angs s the conducted under seemingly similar conditions. A plausible
chemical potential of the solvent. The total density, is explanation of the underestimated range, is that we have

constrained to be constant, i.& is constant and the free  a55umed monodisperse samples. In a polydisperse solution, long
energy can be considered a functional of the monomer density chains will be preferentially adsorbed at the surfaces. This
only. We have used the standard choige® = 1, corresponding  gggests a dominance of the large molecular weight tail of the
to cubic close packing. o _ chain length distribution, i.e., more long-ranged interactions than

. The comparison is made, for our semiflexible chain model,. implied by the average degree of polymerization. Another
in Figure 16. We see that the dependence on polymer length is,ossiple source of the discrepancy is that while our theoretical
more dramatic in the locally incompressible model. Still, given approach always monitors the free energy minimum, subject to
the scatter in experimental data, is it relieving to find such @ the imposed constraints, measured surface interactions may
gogd agreement be.tween results from these dlfferen.t ways Ngffer from nonequilibrium effects. Specifically, it is possible
which polymer solutions are modeled. It should be pointed out .+ piqge formation is suppressed by large free energy barriers,
that _|t_|s easy to include sp_herlcal models of solvent moleculgs as two saturated surfaces approach. With undersaturated sur-
explicitly in the DFT. The disadvantage of such an approach is faces, it is presumably easier for adsorbed chains to find “open
that the number of unknown parameters then increase evenspots" on the adjacent surface. Such behaviors can in principle

further. be handled by the density functional approach, by imposing
further restrictions. One could, for instance, limit the number
) ) ) of acceptable configurations to those where the chain ends are
We have studied the interaction free energy between two gp the same side of the mid plane between the surfaces. This
attractive surfaces, immersed in a polymer solution. We impose might be a plausible model for the case of saturated surfaces.
so-called “restricted equilibrium” conditions: beyond a certain pe problem is how to unambiguously allow for bridge
cutoff separationhy, polymers are able to exchange freely 4 mation at undersaturated conditions.
between the bulk and the interstitial region. Below this separa-
tion, however, they are unable to diffuse in or out from the slit.
A rich variety of possible interactions between surfaces is
predicted by the density functional theory. The qualitative
behavior of these surface forces is determined by parameter

4. Conclusions

The range of the surface interactions are, for long chains,
dramatically increased when the solvent quality is just slightly
poorer than unde® conditions. Hence, small amounts of
Jdmpurities can have a significant influence on the measured

such as surface attraction, bulk monomer density, and chainforces' This might be one of the reasons why experimental

length and stiffness, as well as the quality of the solvent. results deviate, even for systems that are very similar.

As expected, restricted equilibrium interaction free energies ~ An important finding in this study is that the predicted surface
are more repulsive, when compared with the full equilibrium interactions are insensitive to “reasonable” changes of param-
case. Comparison between finite and infinite length polymers eters that we have little knowledge about, e.g., intrinsic chain
show a systematic increase in repulsion as the polymer lengthstiffness and surface potential strength. We have also noted that
is increased, due primarily to the greater density of monomers the infinite chain length version of the DFT is useful, with very
present between the surfaces for the longer chains. The samaapid numerical solutions. Still, one has to be careful when
trends are observed when the polymers are semiflexible. Theinterpreting the predictions, especially when the bulk monomer
surface repulsion increases with bulk monomer density and, atconcentration is low. In those cases, there are some qualitative
low enough concentrations, bridging forces generates a signifi- behaviors that only can be captured by treating the finite size
cant attractive regime. of polymers properly.
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