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ABSTRACT: We generalize a recently developed polymer density functional theory (PDFT) for poly-
disperse polymer fluids to the case of semiflexible (stiff) polymers. As with our earlier work on flexible
polymers, we show here that the generalization of the PDFT to polydisperse mixtures of semiflexible chains
allows us to obtain a remarkable simplification of the solution algorithm, compared to the monodispersed
case. The number of required equations for complete solution of the (polydisperse) PDFT scales inveresly
with the width of the polydispersity profile. This reflects the fact that more information is required, the
narrower is the polydispersity. We apply the theory to a number of model scenarios, including repulsive and
adsorbing surfaces. We find that polydispersity effects on the depletion interaction are larger for dilute
solutions and when the surfaces are adsorbing. We also investigate short, stiff chains and find rather
dramatic effects in the presence of adsorbing surfaces.

Introduction

Polymers have a profound effect on interactions between
surfaces. This property finds application in many industrial and
biological phenomena, such as colloidal stability and protein
crystallization.1,2 Polymer density functional theory, PDFT, has
proven to be a powerful theoretical tool for the treatment of these
kinds of systems.3-7

Density functional calculations to date have almost exclusively
focused on monodispersed chains. This is despite the fact that
laboratory samples of polymers rarely possess chains of a single
molecular weight. In recent years, polydispersity has come to be
viewed as a potentially useful experimental variable, that can be
used to alter the effect that polymers have on surface interactions.
This has made it desirable to find theoretical treatments for
polydisperse systems. Recently, Yu et al.8 have used density
functional theory to study polydisperse hard sphere fluids. This
model finds limited applicability for polymers in good solvents.
More relevant are other treatments for polymer fluids. For
example, Tuinier and Pethukhov used a product function ap-
proximation to study polydispersity effects on depletion by ideal
chains.9 The special case of equilibrium polymers has been rather
thoroughly analyzed by van der Gucht and co-workers.10-13

Additionally, Scheutjens-Fleer theory14 has been applied to
polydisperse polymers at surfaces.15 There have also been recent
attempts to treat more general molecular weight distributions
with Edwards-de Gennes self-consistent-field theory, SCF,16-18

wherein the effect of polydispersity has been numerically inte-
grated within the solution algorithm using adapted quadrature
methods.19-21 These methods were originally devised to consider
effects of polydispersity on bulkphase diagrams.However, recent
work by Yang et al.22 studied the effect of polydispersity on the
depletion interaction between nonadsorbing surfaces. They
found that the effects of polydispersity on surface interactions

were relatively modest. This may be, primarily, a consequence of
the flexible chain models used in those studies and/or the
concentrated solution regime in which the calculations were
performed. The mean-field nature of PDFT makes the concen-
trated regime preferable. This notwithstanding, in this work, we
will perform some speculative calculations in more dilute solu-
tions, that suggest polydispersity effects can become more sig-
nificant when the concentration is reduced. In general, much
larger effects on surface forces are found in solutions of semi-
flexible chains, especially as the degree of stiffness is increased.
For example, chain stiffness will cause both the range and
strength of attractive depletion forces, between nonadsorbing
surfaces, to increase significantly. On the other hand, if surfaces
are made attractive to polymers, a significant repulsive barrier
appears in the surface interaction, due to the steric interactions
between chains adsorbed on the opposing surfaces. This barrier
becomes larger and occurs at greater surface separation, themore
stiff the chains are. Thus, introducing polydispersity into a
solution of semiflexible polymers may have a more significant
effect on the resulting surface forces. For example, polydispersity
might be expected to attenuate repulsive surface interactions and
enhance attractive ones, as the system now has an extra degree of
freedom with which it can minimize the free energy.

The solution of PDFT for semiflexible polymer models has
greater computational requirements than comparable calcula-
tions for flexible chains. These requirements still scale linearly
with the length of the polymer, but the number of numerical
operations required increases significantly per additional mono-
mer, as compared with the flexible model. This is because next-
nearest neighbor interactions come into play, requiring storage of
higher dimensional (albeit sparse) matrices. Established theore-
tical methods for treating polydispersity, as described above,
would usually increase the computational demands, dramatically
for wide distributions. Recently, however, we showed how
the PDFT could be easily generalized to include polydispersity,
in the case where the molecular weight distribution is of the
Schulz-Flory (Zimm) form.23 Quite surprisingly, we found that
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the algebraic structure of the PDFTwas simpler than that for the
monodispersed fluid. Furthermore, this manifested itself in a
numerically more efficient solution algorithm. The formalism we
derived was for flexible polymers. The aims of this article are
2-fold. First, we generalize of the polydisperse density functional
theory to semiflexible polymer models. Second, we apply that
theory to study polydispersity effects on surface forces.

Theory

Density Functional Theory for Polydisperse Semi-Flexible
Polymers. In our derivation, we shall use the general for-
mulation due to Woodward.3 Most versions of the PDFT
either use a similar approach, or can be recast as such. The
derivation of a PDFT for semiflexible polymers can be found
in reference.24 We briefly outline aspects of that derivation
which are of relevance for the application to polydisperse
semiflexible polymers.

The exact canonical free energy density functional, Fr
id, for

an ideal, semiflexible r-mer polymer fluid is given by

βFid
r ¼

Z
dR NrðRÞðln½NrðRÞ�-1Þþ

Z
dR NrðRÞΦðbÞðRÞ

þ
Z

dr nrðrÞψ0ðrÞþ
Z

dR NrðRÞ
Xr-2

i¼1

EBðsi, siþ1Þ ð1Þ

where β is the inverse thermal energy. The r-point density,
Nr(R), is a function of the monomer configuration R = (r1,
..., rr), where ri is the coordinate of monomer i. The potential
Φ(b)(R) describes the intramolecular connectivity con-
straints, manifested by a nearest-neighbor, nondirectional
bonding, i.e.,

ΦðbÞðRÞ ¼
Xr-1

i¼1

φðbÞðjri -riþ1jÞ ð2Þ

The bending potential, EB, introduces a degree of stiffness
into the polymer molecules. We assume the following form
for this potential,

βEBðsi, siþ1Þ ¼ ε 1-
si 3 siþ1

σ2

� �
ð3Þ

where, si, denotes the bond vector between monomers i and
i þ 1, i.e., si = riþ1 - ri, and ε is the strength of the bending
potential. All monomers in the chain are assumed to interact
indentically with the external potential,ψ0(r). For fluids with
additional nonbonding interactions, the ideal functional, eq
2, must be supplemented with a suitable excess term, Fex. A
common assumption for most versions of PDFT, and that
which will be adopted here, is that Fex is a functional only of
the total monomer density, nm(r).

We consider now a grand canonical ensemble system,
whereby a bulk fluid, which determines the chemical poten-
tial, consists of a polydisperse sample of polymer. The
chemical potential of the r-mer in the bulk is denoted as,
μr. It is given by the expression,

βμr ¼ ln½φpFðrÞ�þβμex ð4Þ
Hereφp is the total bulk density of polymermolecules and μex

is the excess chemical potential of the r-mer. The latter is
ultimately determined by the equation of state used in the
model whereby it is usually approximated as being linearly
dependent on r. F(r), is the normalized, molecular weight

distribution of the bulk fluid. In this work, F(r), will be
described using the well-known Schultz-Flory (S-F) dis-
tribution,

FðrÞ ¼ Krne-Kr ð5Þ
where

K ¼ nþ1

Æræb

� �nþ1
1

Γðnþ1Þ ð6Þ

K ¼ nþ1

Æræb
ð7Þ

Γ(x) is a gamma function and Æræb is the average degree of
polymerization of the bulk solution. The quantity, λ= nþ 1,
determines the width of the distribution. The case λ = 1
corresponds to equilibrium (living) polymers, and as λ
increases the polydispersity distribution becomes narrower.
As in our earlier work, we shall assume that λ is an integer.

The total grand potential functional, Ω, for the polydis-
perse polymer fluid is given by

Ω ¼
X
r

F id
r ½NrðRÞ�þFex½nmðrÞ�-

X
r

μr

Z
dR NrðRÞ ð8Þ

Minimizing the grand free energy with respect toNr(R) gives
the following integral equation,

NrðRÞ ¼ φpFðrÞP
r-1

i¼1

Tðjri -riþ1jÞP
r-2

i¼1

Ψðri, riþ1, riþ2ÞP
r

i¼1

e-ψðriÞ

ð9Þ
The presence of the stiffness correlation term,Ψ(ri,riþ1,riþ2),
introduces a next nearest neighbor interaction. It is given by,

Ψðri, riþ1, riþ2Þ ¼ e-βEBðsi, siþ1Þ ð10Þ
The mean-field also includes a contribution from the mono-
mer excess chemical potential, μmon

ex , which implies that the
mean-field is zero in the bulk fluid.

ψðrÞ � δβFex

δnðrÞ þψ0ðrÞ-βμexmon ð11Þ

The bonding kernel, T(|ri-riþ1|), is given by,

Tðjri -riþ1jÞ ¼ e-φðbÞðjri -riþ1Þ ð12Þ

The explicit form for this bonding potential does not affect
the general derivation below. In our calculations, however,
we will use a simple form, wherein monomers are bound at a
fixed distance equal to their diameter σ. Thus,

Tðjr-r0jÞ ¼ δðjr-r0j-σÞ ð13Þ
where a normalization factor is appropriately incorporated
into the bulk chemical potential. From eq 9, one can obtain
the total average monomer density,

nmðrÞ ¼
X¥
r¼1

Z
dR

Xr
i¼1

δðjr-rijÞNrðRÞ ð14Þ
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It is convenient to introduce chain propagator functions,
which satisfy the following recursion formula,

cði; r0, rÞ ¼ e-ψðr0Þ
Z

cði-1, r00, r0ÞTðjr0 -rjÞΨðr00, r0, rÞ dr00

ð15Þ
with boundary condition c(0;r0,r) = 1. We note that the
arguments r0 and r in the c(i;r0,r), are ordered. In terms of
these functions, the monomer density can be recast into the
following useful form,

nmðrÞ ¼ φp

X¥
r¼1

FðrÞ
Xr
i¼1

Z
dr0 cðr-i; r0, rÞTðjr-r0jÞcði; r, r0Þ dr0

ð16Þ
Equations 11-16 form a closed set of equations to be

solved self-consistently. In its current form, the solution to
the polydispersity problem requires the self-consistent de-
termination of r propagator functions for each r-mer in the
distribution. As the distribution is continuous, it would
appear that one would need to discretize it, providing a finite
quadrature approximation to integration over the distribu-
tion. This approach has been used in several self-consistent
field (SCF) applications,19,20 where it has been shown that
adaptive quadrature methods can lead to efficiently evalu-
ated approximations. However, this approach generally
leads to more expensive and complex solution algorithms,
when compared with a typical calculations for a monodis-
persed polymer fluid. In previous work, we have already
shown (for flexible polymers), that the form of the S-F
distribution affords a more straightforward (and elegant)
solution to the problem.23 Belowwe shall demonstrate how a
similar approach can be applied to semiflexible polymers.
We also note that, due a simple reformulation of terms, the
relations derived below are even simpler than those which
appeared in our earlier work.

We begin by substituting the explicit form of the S-F
distribution into eq 16, which gives

nmðrÞ ¼ φpK
X¥
r¼1

Xr
i¼1

rne-Kr
Z

dr0 cðr-i; r0, rÞTðjr-r0jÞcði; r, r0Þ

¼ φpK
X¥
r¼1

Xr
i¼1

ðr-iþiÞne-Kðr-iÞ
Z

dr0 cðr-i; r0, rÞ

�Tðjr-r0jÞe-Kicði; r, r0Þ

¼ n!φpK
Xn
l¼0

X¥
r¼1

Xr
i¼1

Z
dr0

ðr-iÞl
l!

e-Kðr-iÞcðr-i; r0, rÞ

�Tðjr-r0jÞ in-l

ðn-lÞ! e
-Kicði; r, r0Þ ð17Þ

The double sum over r and i can be carried out, being careful
to treat the term i= r as a special case (which includes the r=
1 term). We are led to the very simple equation,

nmðrÞ=φpKn! ¼
Xn
l¼0

Z
dr0 ĉðl; r0, rÞTðjr-r0jÞĉðn-l; r, r0Þ

þ
Z

dr0Tðjr-r0jÞĉðn; r, r0Þ ð18Þ

where the transformed propagators are defined by,

ĉðk; r, r0Þ ¼
X¥
i¼1

e-Kiikcði; r, r0Þ=k! ð19Þ

Thus, themultiple sum in eq 16 is replaced by amuch smaller
sum of terms in eq 18 involving only n þ 1 transformed
propagators. However, we still require a closed expression
for the transformed propagators. This can be obtained by
multiplying both sides of eq 15 by (i þ 1)le - κ(i þ 1)/l! and
summing over i. The following recursion formula results,

ĉðl; r0, rÞ ¼ e-ψðr0Þe-K
Xl
m¼0

1

ðl-mÞ!

(

�
Z

dr00 ĉðm; r00, r0ÞTðjr00 -r0jÞΨðr00, r0, rÞþ1

)
ð20Þ

which is closed by the initial condition,

ĉð0; r0, rÞ ¼ e-ψðr0Þe-K
Z

dr00 ĉð0; r00, r0ÞTðjr00 -r0jÞΨðr00, r0, rÞþ1

� �
ð21Þ

Model and Adsorption Potentials. As noted earlier, differ-
ent versions of PDFT arise from the choice of the excess
functional, Fex.3-7,25-31 Thus, far we have developed the
theory assuming that the solvent molecules only enters
implicitly, via the monomer-monomer potential of mean
force. It is straightforward to generalize the approach to
polymer solutions with an explicit solvent, however, we shall
remain with an implicit solvent model in this study. Here, we
employ the generalized Flory dimer expression for mono-
mer-monomer hard core interactions,4,27 which means that
we are assuming good solvent conditions.

In order to illustrate typical effects due to the combination
of polydispersity and stiffness, we investigate the interaction
between two flat and infinite surfaces, immersed in a polymer
solution. The interaction between the surfaces and mono-
mers is given by V0(z,h) = w(z) þ w(h - z). where w(z) is a
truncated and shifted Lennard-Jones potential, i.e., w(z) =
wLJ(z) - wLJ(zc), for z < zc, and zero otherwise. Here,

βwL-J ðzÞ ¼ 2π
2

45

σ

z

� �9

-
aw

3

σ

z

� �3
" #

and we have set zc = 4σ. An adsorbing surface is character-
ized by aw = 1, while aw = 0 creates a nonadsorbing surface.
In order to avoid trivial effects due to the surface-surface
interaction, we have only investigated separations at which
there is no overlap between the potentials from either sur-
face, i.e., h > 8σ.

The planar symmetry of the system allows a simplification
of the bending contribution to the polymer distribution.
WithΔzi� zi þ 1-zi, we canwrite the vector product between
adjacent bond vectors as

si 3 siþ1 ¼ ΔziΔziþ1þðσ2 -Δz2i Þ1=2ðσ2 -Δz2iþ1Þ1=2 cos φi, iþ1

ð22Þ
where φi,iþ1 is the angle between si and siþ1, as projected onto
the plane of the surfaces. If we average the corresponding
Boltzmann factor over the surface plane, we get,

ΨðΔzi,Δziþ1Þ

¼ e-εð1-ΔziΔziþ1=σ2ÞI0 ε 1-
Δzi
σ

� �2
 !1=2

1-
Δziþ1

σ

� �2
 !1=2

2
4

3
5

ð23Þ
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where

I0ðxÞ ¼ 1

2π

Z 2π

0

exp½-x cos φ� dφ

is a modified Bessel function, which can be evaluated from a
polynomial expansion.

Unless otherwise stated, the total bulk monomer density,
nb, is set to 0.01/σ3. The net free energy per unit area, g(h), is
given by g(h) = Ωeq/S þ Pbh where Ωeq is the equilibrium
grand potential and Pb is the osmotic pressure in the bulk.
The net interaction free energy, which is plotted in the figures
below, is obtained by removing the bulk surface terms at
inifinte separation of the surfaces, i.e., Δg(h) = g(h) - g(¥).

Results

Semiflexible Polymers, Nonadsorbing Surfaces. Here we
consider polymer solutions in contact with nonadsorbing
surfaces. This system is similar to results reported by Yang
et al.22 However, in their case, theta conditions were assumed.
Parts a and b of Figure 1 show the interaction between
surfaces for a fully flexible polymer (ε = 0) and a stiffer
polymer model (ε = 6), as a function of the degree of
polydispersity. A typical hydrocarbon-water-hyrocarbon
dispersion interaction (Hamaker constant: 5 � 10-21 J) is
also shown for comparison. These interaction curves display
typical depletion attraction. Reduction of the configura-
tional entropy of the polymers due to the surfaces cause a
diminished average density between the surfaces, leading to a
greater osmotic attraction between the surfaces as they
approach. For the stiffer polymers, this mechanism leads
to surface interactions which are much larger, both in range
and magnitude. However, for both stiff and flexible models
the qualitative effect of introducing polydispersity is rather
small. This notwithstanding, it is still worthwhile exploring
the changes that occur upon going to a polydisperse sample.
For example, there is a discernible increase in the range of the
attraction between the surfaces as the polydispersity index
increases (λdecreases). This is due to a decrease in the relative
number of longer polymers between the surfaces, as h
decreases. The system obviously minimizes the free energy
by increasing the proportion of shorter polymers between the
surfaces, as their configurational entropy is less affected by
the walls. The depletion of polymers longer than the average
molecular weight(present in polydisperse samples) leads to
an osmotic attraction at quite larger separations, compared
with the monodispersed case. Figure 2 shows that the
average polymer length in the slit, Æræ, is smaller than its bulk
value, even at rather large separations. Not surprisingly, this

effect is greater for the stiffer polymers at larger separation,
as they have a larger radius of gyration. However, at shorter
separations, the rate of decrease in Æræ with separation is
smaller for semiflexible polymers. This is because stiffer
chains lose less configurational entropy than their flexible
counterparts, once the surface separation is much shorter
than their respective radii of gyration. The relative increase
in the number of short polymers between the surfaces, as the
separation decreases, is greater for samples with higher
polydispersity. For example, the average polymer length
has diminished to approximately 15 for stiff polymers with
λ = 1 at a separation of h = 10σ. It is four times larger for
λ=4, at the same separation. Nevertheless, as noted above,
the consequent changes to the interaction free energies are
small. That is, at large separations, the osmotic pressure for
polydisperse systems is only slightly more attractive than for
the monodispersed case, with a discernible crossover occur-
ring at smaller separations. The crossover occurs because
monodispersed polymers are now significantly depleted
from between the surfaces, while in the polydisperse case
the number of shorter polymers between the surfaces creates
a relatively more repulsive osmotic pressure. This leads to a
relatively larger free energy as the configurational entropy of
these shorter polymers is reduced by the surfaces. Though
polydispersity effects appears to be small under these condi-
tions, it is well-known that if the monomer concentration is
high enough, excluded volume effects on the correlation
length can be significant. That is, monomer correlations
become screened and the surface interaction can become
relatively insensitive to chain length. At considerably lower
concentrations, the range of the depletion attraction is
essentially governed by the radius of gyration. Hence, effects
from polydispersity are expected to be more pronounced.

Figure 1. Interaction free energies per unit area (Δg), between nonadsorbing surfaces, immersed in polymer solutions containing chains with
an average length, Æræb = 400. The bulk monomer concentration is nbσ

3 = 0.01. (a) Flexible polymers, with varying degrees of polydispersity.
(b) Semiflexible polymers, ε = 6, with varying degrees of polydispersity.

Figure 2. The average polymer length, Æræ, of chains in the intersurface
(slit) region. Polymer solutions were as defined in Figure 1.
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This is verified by the results in Figure 3 wherein the polymer
concentration is reduced 100-fold. In this case, the range of
the depletion attraction increases considerably with the
width of the molecular weight distribution.

Semiflexible Polymers, Adsorbing Surfaces. Parts a and b
of Figure 4 show the interaction between two surfaces that
adsorb monomers via a truncated L-J interaction, as de-
scribed earlier. The general shape of the interaction free
energy curves is qualitatively different to the depletion
interaction between nonadsorbing walls. Also, we again see
that the introduction of polymer stiffness into the model
increases both the strength and the range of the interaction.
Making the surfaces attractive to monomers has introduced
a barrier into the free energy. The presence of this barrier has
already been noted by us in previous work.31-33,35,36 It is due
to the steric interaction experienced between the tails of the
adsorbed polymer layers on each surface. For the stiffer
polymers investigated here (ε = 6), the tails of adsorbed
polymers generally project further than for flexible poly-
mers. Thus, the barrier occurs at larger separation for the
stiffer polymers. On the other hand, as the surfaces approach
one another, penetration of tails to the other surface occurs
and attractive bridging interactions begin to dominate,
leading to a strong attraction at shorter separation.

Surfaces which are attractive to monomers, provide a
different mechanism by which polydisperse polymers can
lower their free energy. Unlike the case of nonadsorbing
walls, longer polymers will tend to adsorb more strongly
between attractive surfaces in polydisperse samples due
to cooperative adsorption between monomers. This co-
operativity is greater for stiffer polymers, which lose less

configurational entropy when they adsorb onto surfaces,
than their flexible counterparts. Thus, for polydisperse sys-
tems in general, the average molecular weight of polymers
between the surfaces is larger than that of the bulk. This
occurs at all separations, as shown in Figure 5. Not surpri-
singly, the more widely polydisperse samples allow adsorp-
tion of longer polymers. For example, equilibrium polymers
(λ = 1) between the surfaces have an average length some
five times higher (at separation h = 10σ) than in the bulk.
Generally, the average polymer length between the surfaces
increases as the surfaces approach. As the average length of
the adsorbed chains becomes larger, the bridging attraction
concomitantly increases. It is the ability of longer polymers
to bridge between surfaces, at relatively small cost to their
configurational entropy, which leads to their preferential

Figure 3. Interaction free energies per unit area, between nonadsorbing surfaces, immersed in polymer solutions containing chains with an average
length in the bulk, Æræb=400. The bulk monomer concentration is nbσ

3 = 0.0001, i.e. considerably lower than in Figure 1. (a) Flexible polymers, with
varying degrees of polydispersity. (b) Semiflexible polymers, ε = 6, with varying degrees of polydispersity.

Figure 4. Interaction free energies per unit area, between adsorbing surfaces, immersed in polymer solutions containing chains with an average length
in the bulk given by, Æræb = 400. The bulk monomer concentration is nbσ

3 = 0.01. (a) Flexible polymers, with varying degree of polydispersity. (b)
Semiflexible polymers, ε = 6, with varying degree of polydispersity.

Figure 5. Average polymer length of chains in the intersurface (slit)
region. Polymer solutions as defined in Figure 4.
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accumulation in the region at and between the surfaces. The
increased bridging strength leads to a reduction of the free
energy barrier, as clearly seen in Figure 4, parts a and b.
Again, this effect is stronger for stiffer chains. One interest-
ing result is that for equilibrium polymers, the free energy
barrier appears to have disappeared completely. Compared
with the case of depletion attraction between nonadsorbing
surfaces, the effect of both stiffness and polydispersity on the
interaction free energies are relatively much larger. It is
interesting to conjecture upon the variation of the effects
discussed above. In polydisperse systems, a purely repulsive
surface enhances the adsorption of shorter chains. For
attractive surfaces, longer chains are favored. Presumably
there is a crossover behavior at an intermediate adsorption
strength. At this point the adsorption strength is able to
compensate for the loss in configurational entropy of chains
to some extent.

In order to determine if the magnitude of the polymer
mediated forces (shown in Figure 4, parts a and b) are
relevant to phenomena such as colloidal stability, we have
employed the Derjaguin approximation.37 This allows us to
estimate the interaction between large nanoparticles. Speci-
fically, Derjaguin derived the following expression for the
interaction between two spherical colloidal particles, with
radius R

WðDÞ≈-πR

Z ¥

D

dx gðxÞ ð24Þ

where g(x) is the free energy per unit area between the
surfaces, and D is the surface to surface separation between
the spheres. Recent work by us has shown that theDerjaguin
approximation can be quite accurate, even for surprisingly
small colloidal radii (relative to that of the polymer radius of
gyration).38 We chose a sphere radius of 100σ. The resulting
interactions, under adsorbing conditions, are presented in
Figure 6. The free energy barrier is about 0.6kBT for mono-
dispersed flexible polymers, and 3.5kBT for monodispersed
stiff polymers. Note also that the barrier occurs at larger
separation in the latter case, which makes the barrier more
relevant. This is because the van derWaals attraction rapidly
becomes weak as the separation increases.

The most important effect of polydispersity is the pro-
gressive diminishing of this free energy barrier, as the sam-
ples are made more polydisperse, to the point of monotonic
attraction, in the presence of equilibrium polymers. These
barriers seem to contradict a well-known theorem by
de Gennes, according to which surface interactions at
full equilibrium, always are monotonically attractive.18

However, the theory was based on considerations from
Edwards-de Gennes theory, in the limit of infinitely long
chains. In a previous study35 we established that finite length
effects, as manifested by a sizable barrier, persist with
remarkably long polymers. See also the work by van der
Gucht et al.34

Approaching the Rod-Like Limit. In earlier work,33 we
studied the approach to rod-like behavior for very stiff
polymers. In these cases, the persistence length, lp, ap-
proaches the contour length, L = (r - 1)σ. One may expect
that polydispersity effects for semiflexible polymers
approaching the rod limit, may be relatively larger than for
the systems described above (lp,L). Between nonadsorbing
walls, for example, one expects to find a population of
shorter (more rod-like) polymers between the surfaces, com-
pared with the bulk. On the other hand, for adsorbing walls,
one would expect longer polymers between the surfaces, and
hence less rod-like behavior. Figure 7 shows the interaction
free energy for adsorbing surfaces immersed in a fluid of
short, monodispersed polymers. As one approaches more
rod-like behavior (by increasing ε), we see a nonmonotonic
behavior in the free energy, as has already been described in
previous work.33 It is worthwhile recalling the essential
mechanisms behind the nonmonotonic behavior. In the
presence of flexible polymers we see the onset of a weak free
energy barrier, due to the overlap of adsorbed monomers, as
described above. Of course, this occurs at smaller separation
now, as the polymers are much shorter (r = 50). As ε
increases, the position of the barrier, and its magnitude,
initially shifts out to larger separation, as expected, but then
starts to move inward, as the adsorbed layers become flatter.

Figure 6. Interaction free energies (W), between adsorbing spherical colloids, as obtained via the Derjaguin approximation, eq 24, assuming a colloid
radius of 100σ. The bulkmonomer density isnbσ

3=0.01. (a) Flexible polymers, with varying degree of polydispersity. (b) Semiflexible polymers, ε=6,
with varying degree of polydispersity.

Figure 7. Interaction free energies per unit area, between adsorbing
surfaces, immersed in monodisperse polymer solutions, where r = 50.
The bulkmonomer concentration is nbσ

3= 0.01. Interactions are given
for various values of the bend stiffness parameter, ε.
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The flattening out of the adsorbed layer is due to the
increasing stiffness, which promotes the cooperative adsorp-
tion of monomers on the same chain. One also begins to see
the onset of a depletion attraction regime at intermediate
separations (h ≈20σ), which is quite pronounced for the
stiffest polymer investigated (ε = 25). This depletion comes
from exclusion of nonadsorbed monomers between the
surfaces at separations of around the persistence length of
the polymer (recall, lp ≈ ε).

As shown in Figure 8a, if the sample containing the stiffest
chains is polydisperse, we find dramatically different interac-
tion free energies. The typical rod-like characteristics of the
free energy is suppressed. Instead, we observe a behavior
which is reminiscent of longer polymers between adsorbing
surfaces, as described earlier. In particular, we see that at
intermediate polydispersity (λ=4) that the depletion attrac-
tion has disappeared and a free energy barrier occurs at a
separation that indicates an interaction between two thicker
adsorbed layers. For the equilibrium polymer case (λ = 1),
we once again see a purely attractive interaction that is due
essentially entirely to bridging. The reason for this behavior
is clearly shown in Figure 8b, which indicates a dramatic
growth in the average length of polymer population between
the surfaces. Thus, the interaction free energy is similar to
those found with longer semiflexible polymers. Interactions
between nonadsorbing surfaces, immersed in solutions con-
taining rod-like polymers, are presented in Figure 9a. The
forces are much stronger in this case, as compared to those
seen observed inFigure 1, parts a and b. This is due to the fact
that maximal depletion forces in general are stronger with
shorter polymers, at a fixed bulk monomer concentration,
since the bulk osmotic pressure is higher. For the mono-
dispersed case, we see the occurrence of a slight free energy

barrier, at a separation somewhat larger than the persistence
length. Here, polymer molecules begin to lose significant
configurational free energy due to exclusion by both surfaces
simultaneously, but depletion is not yet large enough to
create an osmotic attraction. Instead the entropic losses,
including those due to an increased excluded volume, cause
the free energy to increase slightly, with a resulting barrier.
Once the separation is small enough to cause significant
depletion, the free energy is monotonically attractive, down
to contact. In a widely polydisperse solution, the free energy
barrier is absent. This is because long chains are replaced (to
some degree) by shorter ones, as the surfaces approach. The
subsequent osmotic effect leads to an attraction. This is a
similar mechanism to that described above for longer poly-
mers. In this case, however, there is an additional effect from
short polymers being more rod-like.

The overall response is illustrated in Figure 9b, which
provides the average molecular weight of polymers in the
intersurface regime. If we compare with results using flexible
polymers, we note that long, flexible polymers are less
depleted at large separations, than are stiff molecules. At
short separations, though, the greater loss of configurational
entropy experienced by the flexible chains, causes them to be
depleted more rapidly, and a crossover occurs at h ≈ 10σ.
Interestingly, this occurs at approximately the same separa-
tion for both degrees of polydispersity, λ = 1.4, though we
cannot see a fundamental reasonwhy this should be the case.

Conclusion

We have developed extended the polymer density functional
theory to describe solutions containing polydisperse semiflexible
polymers. The method is simple, and applicable to most current
versions of PDFT. The theory turns out to be much simpler in

Figure 8. Adsorbing surfaces, immersed in polydisperse polymer solutions, with average length Æræb = 50 in the bulk. The bend stiffness parameter is
high, ε= 25, which renders the chains rod-like. The bulk monomer concentration is nbσ

3 = 0.01. (a) Interaction free energies per unit area. (b) The
average chain length, in the intersurface (slit) region.

Figure 9. Nonadsorbing surfaces, immersed in polydisperse polymer solutions, with average length Æræb=50 in the bulk. The bend stiffness parameter
is high, ε=25, which renders the chains rod-like. The bulk monomer concentration is nbσ

3 = 0.01. (a) Interaction free energies per unit area. (b) The
average chain length, in the intersurface (slit) region.
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structure than the corresponding PDFT for monodisperse poly-
mers. It is also very easy to implement numerically. We have
applied the theory to study interactions between adsorbing and
nonadsorbing surfaces. We find that polydispersity effects on
depletion attractions in solutions with flexible polymers are
relatively small, particularly at high concentrations. This is true
alsowhen the chains aremoderately stiff. On the other hand, with
very stiff (rod-like) polymers, there is a substantial polydispersity
effect. This is generated by depletion of longermolecules from the
intersurface region, leading to an osmotic attraction.

For adsorbing surfaces, polydispersity has a strong impact on
the surface interactions, in solutions containing flexible as well as
semiflexible polymers. This is due to the adsorption of longer
polymers at the surfaces, leading to increased bridging. Stiffness
in the chains, leads to stronger effects at larger separation.
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