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ABSTRACT: In a recent papénve investigated how the interaction between two adsorbing surfaces in a polymer
solution responds to changes of the intrinsic stiffness of the polymer chains. We demonstrated that as the chain
rigidity is increased, starting from the fully flexible limit, a free energy barrier develops. In this work, we shall
continue our studies of semiflexible polymers but focus on the other extreme, where the stiffness is increased to
the extent that the chains become rodlike. In this limit, the free energy barrier disappears and is replaced by a
long-ranged attraction. A weak barrier at separations corresponding to the length of a fully stretched chain is,
however, present. The approach to rodlike behavior is very slow at low polymer concentrations; i.e., rods will
under these conditions behave in a manner which is qualitatively different from that of even extremely rigid
semiflexible chains. At higher concentration, a slightly different picture emerges, since saturation effects will
prevent an exceptionally strong adsorption of rods. Semiflexible polymers will then display reasonably “rodlike”
behavior at a more moderate chain rigidity. Still, our results suggest that models of semiflexible chains as rods
or cylinders should be treated with considerable caution, at least in terms of adsorption or surface force properties.
Our results furthermore show that the results for explicit solvent models, adopted in our previous work, are in
this case qualitatively reproduced by simpler models, where the solvent enters implicitly. The agreement across
a range of different model systems, of which some are solved exactly, lends support to the qualitative conclusions
drawn from our studies on these systems. Finally, we compare structural density functional predictions with
corresponding simulation results. The predictions are accurate, except in the case of extremely stiff chains and
rodlike chains. These display considerable ordering at the surfaces, a phenomenon that cannot be captured by the
present density functional. This leads to a significant underestimation of the primary adsorption peak. However,
comparisons between surface forces in rod solutions, as obtained from grand canonical simulations and density
functional calculations, demonstrate that the ordering transitions have little influence on the surface interactions.
This is because the surface interactions are governed by the free chains, which are not strongly adsorbed to any
surface. We also show that the small quantitative effect that surface ordering does have on the surface forces, in
principle, can be handled in an effective manner by a simple increase of the surface potential strength.

1. Introduction We shall extend the density functional studies in our previous

Polymers are in general not completely flexible but contain work” on semiflexible pglymers to cases where the persistence
some degree of internal stiffness. The origin of this stiffness I.en.g.th exceeds the chain length. Indeed, we shaII also treat the
can be due to, for example, steric constraints, multiple covalent limiting case of rods themselves. Our f.o.cu.s will be on forces
bonding, or charge repulsion. Stiff polymers are sometimes between adsorbing surfaces at full equmbrlum (complete b_ulk
described theoretically as rodlike molecules. The removal of €xchange). The monomers are connected with bonds of fixed
intrinsic degrees of freedom leads to a much simpler model. /€ngth, and the chain stiffness is regulated via a bond angle
Several theoretical and experimental studies on rodlike polymersPotential, which effectively amounts to a repulsion between next-
and colloidd-1! have demonstrated that rods have interesting nearest neighbors along the chain. To facilitate studies of the
properties, with the potential for practical applications in the rod limit,** we shall restrict the study to rather short polymers,
area of colloid and polymer science. Few studies have beenusually 30-mers.
devoted to the study of polymers which, though very stiff, are  Another difference between this work and our previous one
not rods. This work will help establish when the rodlike limit  on semiflexible chairisis that here we will employ implicit
is a valid model of very stiff chains. solvent models. There are two reasons for this. Since the chains

Recently, Lau et al? used a very simple model of a “bent”  are short, their influence on surface forces is restricted to a rather
rod, composed of two linear rods at a fixed angle. Their findings short range, where the results would be obscured by solvent
imply that the rod model may not be a satisfactory one, even packing effects, were the solvent particles treated explicitly. In
for very stiff chains, although it is not clear how well their  addition, it is of interest to at least qualitatively compare
simplified model is able to reproduce properties of very stiff predictions obtained with explicit and implicit solvent ap-

polymer molecules. proaches. Our previous studi¢s® have demonstrated that in
some systems there are qualitative differences between the
* Corresponding author. E-mail: jan.forsman@teokem.lu.se. predictions of implicit and explicit solvent models. We will show
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that for the systems we study here the different model ap- 1.1.2. RodsThe extension of the density functional theory

proaches do agree qualitatively. The exactly solvable ideal to treat the case where the monomers are connected to form a

semiflexible (and rodlike) polymer fluid will serve as a useful rod is straightforward. The ideal part of the free energy

reference system. functional, 7“, will have the same appearance as in eq 1,
The predictive powers of the density functional theories will although the number of possible polymer configurations natu-

be evaluated by explicit structural comparisons with simulation rally is strongly reduced by the rod constraint. The expression

results. for the equilibrium profile of monomers connected to form a
1.1. Theory and Model Description.1.1.1. Model Reiew. truly rodlike chain, in a slit where the surfaces are separated a

We start by a brief review of the model system and the general distanceh, is given by

structure of the density functional theory. Connected monomers

are separated by a fixed bond distamcevhich, in the case of  n_(2 =

nonideal polymer fluids, also defines the monomer hard-sphere r _ r
diameter. A configuration of ar-mer is represented bR = Z fm'“[gvzf (r:';)"lfkkzl e in(@+i—Ka cosh) 4 cosg (i)
(r1, ..., r), wherer; is the coordinate of monomér The free &y max(0.z=(r=kezko] |

energy functional for ideal chains is exactly giventby
whereln(2) = 98Fex/dnm(2) is the mean field at positionfrom
BTYINR)] = fN(R)(In[N(R)] 1) R+ the left wall. Note that we have integrated out tkey
P dimensions, with a mean-field approach. Hence, while this
B f N(R) V,(R) dR (1) functional is the appropriate infinite-stiff correspondence to the
one we have used for semiflexible chains, it is unable to describe
wherep is the inverse thermal energy aiR) is a polymer smectic-like ordering. This flaw has some consequences for the
density distribution, defined such thiifR) dR is the number guantitative accuracy with which the functional predicts adsorp-
of polymer molecules having configurations betwé&eandR tion properties. However, we will demonstrate that the occur-
+ dR. Adjacent monomers in a chain are connected by a bond rence of smectic ordering has very little influence on the surface
potential VR(N(R)), which has no angular component but is interactions, which is our focus in this study.
infinitely rigid in the sense that it ensures that the bond distance  1.1.3. Implicit Salent Models.As mentioned above, the

is fixed ato. The monomer densityiy(r), is given byny(r) = solvent is treated implicitly in this work, which means that the
JI_0(r — r)N(R) dR. Hard-core interactions are approxi- Pressures acting on the surfaces should be regarded as osmotic
mated by an excess free energy ter®{nm(r)], which in this pressures. We shall use two different models, which we denote

paper is a functional of the monomer density only. An explicit as the “polymer fluid” and the “incompressible fluid” models.
expression for this has been provided elsewR&fhe grand The first simply amounts to treating the solution as a low-density
potential of an athermal polymer fluid, in the presence of an Polymer melt. This model can in principle be mapped to a

external potentiaV®X{(r), can thus be written as corresponding polymer solution, using McMillaWayer theory*°
We will not describe this here, but it should be noted that if the
BQIN(R)] =ﬁ74d[N(R)] + B[R (1] + fluid is approximated as being incompressible, the Gibbs
Ty ., m

Duhem relation between the osmotic pressure and the chemical
f ﬁ(Vf'nXt(r) — yp)nm(r) dar (2) potential of the solvent becomes very simple. The “incompress-
ible fluid” approach, which essentially is a continuum version
whereu, is the polymer chemical potential. The free energy of the ScheutjensFleer theory?? was introduced in an earlier

per unit areags, is given bygs = QedS + Pph, whereQeq is study!® The main assumption is a local incompressibility

the equilibrium grand potentiaRy, is the bulk pressure, arfsl constraint for the solution, i.eny(z) + nm(2) = ng, whereng is

is the surface area@s will at large separations approach twice the fixed total density. Substituting this into the expression for

the interfacial tension of the fluid at a single wall,. Hence, the grand potential, eq 2, we get

the net solvation free energy is obtained frof\gs = gs —

2yw. The solvation pressur®s, can be calculated frorRs = — poAd _ _

—dgy/dh or via a virial expression. PRINR).M(2] = 47 TN(R)L + f{ Mo~ Mm(@HIn[M
Polymer rigidity is modulated by a bond angle potentiz|, n.(2] — 1} dz+ 7%+ fﬁ{ Vei(z) — N2 dz+

between next-nearest neighbors along a chain. Specifically

SPIVED — ud{ng — ny(2)} dz (6)

3) where 7®X is a functional of the local total density and is
the chemical potential of the solvent. The total density is
constrained to be constant, which means th&tis a constant.
Hence, the free energy can be considered a functional of the
monomer density only and thus describes an effective one-
component polymer fluid. Note that, given the incompressibility
approximation and the neglect of intramolecular correlations
other than via the bonding and stiffness potentials (mean-field
assumption), the results obtained with this functional are exact.
In other words, the approach does not rely on the use of an
e approximate equation of state.
& (4) 1.1.4. Midplane Pressure Contributiorfsurther insight into
1—e %1+ 2) the mechanisms underlying the net surface interactions in the
system can be obtained by analyzing the separate contributions,
which in practice means that in most casggg ~ ¢. across the midplane of the slit, to the osmotic pressure ang/

wheres denote the bond vector between monomeaadi +

1, ande is the parameter we use to modulate the intrinsic
stiffness of the polymer. The way in which this stiffness potential
is incorporated into a density functional theory of semiflexible
polymer solutions has been described previotiSiyand will

not be repeated here. The persistence lenigth; Reesi/ol] is
given by

Ao =
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perpendicular to the walls. The formal expressions for these 3 lo! [A 10 |

has been provided previousiy! We will here only provide a f 5

description of their physical significance. The midplane con- | :

tributions are (i) a repulsive ideal entropic pressig, given 2 |
by the total particle density at the midplane, (ii) a repulsive "
pressurePcq, due to collisions between particles on either side N

of the midplane, (iii) an attractive pressuRg, from particles e

on one-half of the midplane interacting with the surface on the 1]
other side, and (iv) an attractive pressiPgiqge generated by _ J

0

r = 30, polymer fluid

n, o’ =0.01

|
]
\
]
1
]
1
]
1
]
1
\
\

e=0
———— =40
— rod

chains crossing the midplane. Since most of these contributions
are large in magnitude and have separate signs, it is useful to
consider their respective change relative to their value in the
bulk. These “excess” quantities will be denot&®., etc.

1.1.5. Surface Potential¥he same type of surface potential Figure 1. Monomer density profiles between surfaces separated by

. - Dir . S 400, whereo is the bond length as well as the diameter of the hard-
as used in our previous studié3?'will be used for the implicit sphere monomers. Profiles for fluids with chains of various rigidity,

solvent models. However, if solvent and monomer particles were as regulated by the stiffness parameterare given. The arrow,

to be equally attracted to the surfaces in the incompressible fluid shouldered by the number 10, indicates that the curve has been truncated
description, monomers would not experieeg net attraction and that it peaks at a value of about 10. The inset shows the full

to th f’ Thi Id Iti | depleti adsorption peak obtained for the rod fluid. In all cases, the 30-mer
0 e_ Sur_aces. IS would resuft in polymer depletion, a_s fluids are in equilibrium with a bulk, in which the monomer density is
described in ref 15. To model surfaces that attract polymers in 0% = 0.01.

this model system, it is necessary to adopt a discriminating

adsorption potential. Specifically, in the incompressible fluid 46 5 0ok at structural features to demonstrate how strongly
and polymer fluid approaches, the following surface potential 54sorhing the surfaces are for chains of different stiffness. This
will be adopted: is shown in Figure 1. We note that the rods display an adsorp-
- tion that by far exceeds even that of the most rigid chains
w(2) =Ae "W _2) (7) investigated. It should be pointed out that although the rods
adsorb very strongly at the surfaces, the monomer profile has a
acting on themonomersonly. We setA, ~ 2.7057, in depleted form in the central portion of the slit. This cannot be
accordance with our previous wotkwi () is a Lennard-Jones  detected on the scales of Figure 1 but will be explicitly presented

1 2

wall interaction 8w, —y(2) = 27[2/45 (0/2)° — 1/3 (0/2)%]. Since and further discussed below. The adsorption is very strong in
there are two walls, the total surface interaction is given by these cases. However, we have confirmed (not shown) that more
Vﬁft(h,z) =w(2 + wh — 2. moderately adsorbing walls lead to surface forces with the same

As it turned out, the ideal rod fluid shows an anomalously qualitative behavior.
large adsorption with the above potential. This led to particularly  Let us now study the surface forces of the system. We noted
large values foPac. Pacris very small in the other systems we  in our previous work on polymer solutions with explicit solvent
investigated. To obtain more comparable results, we chose torepresentatioff that, as the intrinsic stiffness is increased from
use a truncated and shifted Lennard-Jones surface interactiorthe fully flexible limit, the surface interaction displays a free

for the ideal fluid: energy barrier at intermediate separations. If the chains are even
. more rigid, a significant minimum appears outside this barrier.
w’d(z) = 0.4 _2 — W __2)) (8) When the monomer concentration is high, this minimum has
already developed for moderately stiff polymers. In Figure 2,
The range was limited & = 2.2, which make®identically we can see that this overall behavior is predicted also with the

zero forh > 4.40. The factor 0.4 adjusts the surface strength to Polymer fluid approach. We have investigated two different
achieve strong, but “reasonable”, adsorption, at least for flexible, monomer concentrationsn,o® = 0.01 and 0.1. As the rod
up to very stiff, chains. We stress that very similar net surface limit is approached, the barrier at intermediate separations
forces are obtained with both exponentially decaying (eq 7) and gradually weakens and finally disappears. Instead, a new barrier
truncated and shifted (eq 8) surface potentials. is developed at separations corresponding to the fully stretched
We have chosen to present our results in two SeparateChain, i.e., one rod Iength. At low monomer concentrations, this
sections. The first part includes density functional predictions barrier at long range is weak. In fact, it is undetectable on the
of surface interactions in our model systems. In the second part,scale displayed in Figure 2a. At higher concentrations the barrier
we will make comparisons with corresponding simulation is significant and increases with chain rigidity.
results. These will, with one exception, be limited to structural ~ Rodlike behavior of the force curves is approached more
comparisons. The surface potentials are strong enough to induceapidly (with €) when the monomer concentration is higher. We
ordering at the surfaces, which cannot be captured by our presentnterpret this as a saturation effect. The exceptionally strong
functionals. We have therefore included an explicit surface force adsorption of rods renders the surfaces essentially saturated with
comparison, for a hard-sphere rod fluid, under conditions where monomers, at both low and high bulk monomer concentrations.
such an ordering occurs at the surfaces. This comparison clearlySemiflexible chains do not adsorb as strongly and do not saturate
shows that the ordering has little influence on the surface forces, the surfaces at low monomer concentrations, unless the chain
which is dominated by a depletion of free (not strongly rigidity is exceptionally high. However, when the bulk density

adsorbed) rods. is high, surface saturation is reached for a more moderate
polymer stiffness, which leads to force curves resembling that
2. Results of the corresponding rod solution.
2.1. Part |. Density Functional Predictions of Surface We can obtain further insight by analyzing the midplane

Forces.2.1.1. The Polymer Fluid ModeWe will first briefly pressure contributions. Figure 3 shows entropic and brid%’Bq/
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(a) to a long-ranged depletion attraction. A tiny barrier, close to

- h/o = 30, occurs for rods, while the solution containing very
stiff polymers still shows some remnant of the barrier at short
range. At short separations, bridging again dominates and the
free energy there is attractive. The rod solution displays rapid
oscillations of APen and APy, at these separations. These
oscillations are anticorrelated and essentially cancel out; i.e.,
they do not give rise to dramatic changes of the interaction free
energy.

 High concentration, moderate stiﬁnesﬂ(ﬁ =0.1,e=0,

6): the behavior is qualitatively similar to what we observed at
_ _ : : low concentrations, although the regime in whiRe, is net
10 20 30 repulsive now has a much shorter range.

ho e High concentration, high stiffnessmﬁ(o3 = 0.1, e = 24,

() rods): again, the rod solution generat®B., and APy, which
NN : are rapidly varying at short range. However, since this provides
r =30, nmh03=l].1 little insight and tends to obscure the relevant information in
the graph, we do not show the short-range part of the rod curves.
At this higher density, the wide depletion regime we see for
the rod fluid, extending from short to large separations, is already
present fore = 24. This confirms the conclusion that rodlike
behavior in the surface interactions is more rapidly approached
at high concentrations.

2.1.2. The Incompressible Fluid Mod&/e also investigated
the predictions of the incompressible fluid model. The total fluid
density is constrained to the value for a simple cubic lattice:

10 20 30 40 Noo® = 1, . . o
ho Monomer density profiles are given in Figure 4. We see that
. L L . . the limits on allowed local density variations, imposed by the
Figure 2. Influence of intrinsic chain stiffness on surface interaction . - . .
free energies in 30-mer solutions, as predicted by the polymer fluid incompressibility constraint, has a dramatic effect on appearance

approach, at two different bulk monomer densities: r® = 0.01; _of these profiles (cf. the polymer fluid m_odel). The adsorption
(b) 0% = 0.1. is forced to be moderate for the rod fluid as well.

The incompressibility constraint also influences the surface
pressure contributions at the midplane for the dilute and interactions, but essentially only in a quantitative manner. The

r=30,n,’c"=0.01

=-0.01 '
0

0.01 |

polymer fluid

concentrated polymer solutions. resemblance of the surface interaction curves, presented in
Let us discuss the following cases separately: Figure 5, to those obtained with the polymer fluid approximation
o Low concentration, moderate stiffnesﬁn(r'* =0.01,¢ = (cf. Figure 2) is remarkable, given the difference between the

0, 8): there is a weak depletion at moderate to large separationscorresponding adsorption profiles. The absolute magnitude of
This is caused by expulsion of polymer molecules, which are the surface interactions in the incompressibility model is much
not strongly adsorbed to the surfaces, due to the entropically weaker. Nevertheless, it is encouraging to find the same
restrictive environment of the surfaces. At shorter separations, qualitative behavior with quite different models. The qualitative
the contribution to the free energy comes mainly from the features of the surface forces, and the response of the surface
overlap of the coronal region of the adsorbed polymers, made interaction to changes of the bulk concentration and the chain
up of tails and loops. The overlap of these regions as the surfacesstiffness, were discussed in the previous section, and we shall
approach one another leads to an increase in the midplanenot repeat the arguments here.
monomer density. However, these polymers do not bridge 2.1.3.Ideal Polymer#s discussed earlier, for ideal polymers,
strongly, and there is a relatively slow growth in the bridging we have used a short-ranged surface potential. We stress,
contribution. Thus, the free energy becomes repulsive. At evenhowever, that all qualitative features of the results presented
closer separations, the polymer molecules are able to bridgeare retained if an adsorption potential of the type used above
substantially and the free energy becomes attractive, leading to(cf. eq 7) is used.
the formation of a barrier. The separation at the barrier's A surface that attracts monomers strongly enough to generate
maximum is aboub/c = 5 and seems to be independent of a positive adsorption for a fully flexible ideal chain will produce
stiffness. Thus, it does not scale with persistence length, an enormously strong adsorption for ideal rods. This is
appearing instead to be a function of local monomer structure. demonstrated in Figure 7. We see that even if the ideal polymers
o Low concentration, high stiffnesmﬁ(o3 = 0.01,¢ = 40, areextremelystiff, with a persistence lengtho) far exceeding
rods): now, the depletion regime extends down to much shorterthe fully stretched chain, they are not nearly as attracted to the
separations, resulting in a substantial depletion attraction. Thissurfaces as are rods. This is of course partly due to the lack of
is related to the adsorption profile becoming sharper for stiffer saturation effects, but we found similar adsorption differences
chains, as these have an extremely low propensity to project(though smaller in magnitude) also with the polymer fluid
out into the solution. Hence, overlap of the adsorption profiles, approximation. The inset of the graph clearly illustrates that
with a concomitant increase of the mid plane density, only rods, even when they adsorb exceptionally strongly, still has a
occurs at very short separations, for stiff chains. Moreover, stiff depleted behavior some distance away from the walls, extending
chains that are not strongly adsorbed will sense the entropicall the way to the midplane. This is why we obtain the
restriction by the surfaces at relatively large distances. This leadsparadoxical behavior of a long-ranged depletion attrac&%\/
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Figure 3. Entropic,Pen and bridging Py, pressure contributions at the midplane for the surface interactions given in Figure 2. For visual reasons,
some curves are absent. Note that excess quantities are showkRi£h) = Pe(h) — Pf_in, whereP',;n is the entropic pressure in the bulk. (sfPen,
n2o® = 0.01; (b) APen, N0 = 0.1; () APy, n%0% = 0.01; (d) APy, n0® = 0.1.
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i I l'l‘ &—
\
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0
“s 0 20
E b 3
& r=30,n_o =0.01
0.4 incompressible fluid
e=8
e=40
' J ---- rods
o L - i
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Figure 4. Monomer density profiles for 30-mers, as obtained with
the incompressible fluid approximation, for different degrees of chain
rigidity. The surface separation is d0and the bulk monomer density

is nt’mo3 = 0.01. Th inset is a blow-up, showing how the density is

Again, we expect results qualitatively similar to those obtained
with the polymer fluid approach, at low concentrations (cf. parts
a and c of Figure 3). It is nevertheless of interest to establish
these quantities for a model that can be solved exactly. The
results are given in Figure 8, and they confirm our conjecture.
We see that the attraction at long range is caused by depletion,
while the barrier found at short range for semiflexible polymers
is due to accumulation in combination with relatively weak
bridging forces. It is interesting to note how the magnitude of
the separate contributions (even only their excess part) by far
exceeds the net pressure (cf. Figure 7). In other words, the net
osmotic pressure is the result of an almost complete cancellation
between very large, but opposite, contributions across the
midplane. This is a general observation, also valid for polymer
fluid and polymer solution models. Note also how the decay of
the entropic and bridging contributions to their respective bulk

depleted some distance away from the walls, when the chains are veryValues is remarkably slow, in particular for the more rigid chains.

rigid.

2.2. Part Il. Comparisons with Simulation Results.In the
following, density functional results will often be denoted by

between strongly adsorbing surfaces. The reason for the“DFT”. Analogously, “MC” stands for canonical Monte Carlo
depletion is that rods which are not strongly adsorbed will be simulations, while “GCMC” indicates that the simulations were
entropically restricted in the slit, even at rather large separations.performed by a grand canonical scheme.

Interestingly, the vast differences we observe for the adsorption

profiles are not really reflected in the surface forces. Still, the

2.2.1. Structural Comparisons of Semiflexible Polymer Fluids.
The structure of confined semiflexible polymer fluids, as

rod fluid produces a monotonic attraction, while even the stiffest predicted by density functional calculations, will be compared
semiflexible chain fluid has a free energy barrier at short range. with corresponding results from canonical simulations. It would

This is similar to our observations at low bulk monomer density

have been of greater interest to establish the accuracy of surface

with the polymer fluid as well as the incompressible solvent force predictions instead. However, surface interactions (at full
model. This is not unexpected since those approximations shouldparticle equilibrium) are very expensive to obtain from simula-
approach the predictions for ideal chains for vanishing bulk tions. Several different simulation methods have been developed
concentrations. Finally, we present the separate pressure conto deal with the bulk exchange criteria in efficient wa&ys?®

tributions across the midplane for the ideal polymer fluids.

Such simulations are nevertheless computationally demangqu/
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Figure 5. Influence of intrinsic chain stiffness on surface interaction
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ideal chains, r = 30
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Figure 7. Influence of intrinsic chain stiffness on net solvation
pressures, in ideal 30-mer polymer fluids. The bulk monomer density

is n°o® = 0.1.

free energies, as predicted by the incompressible fluid approach, at two

different bulk monomer densities. The total density of the incompress-
ible fluid is constrained to bey® = 1. (a)nle® = 0.01; (b)no® =

0.1.
' 1 1
I I
103] i e e gl
1 ]
!
2000 | 05 >
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Figure 6. Monomer density profiles for ideal 30-mers in a slit with
surface separatioh/o = 40. The solid line shows the adsorption of
chains are in principle semiflexible, but extremely sti&:= 60. The
thick dashed line is the solution in the true rod limit, i.e., “30-mer rods”.
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Figure 8. Entropic, APe, and bridging, APy, excess pressure
contributions at the midplane for surface interactions in ideal polymer
fluids. Note the difference in scale, as compared with Figure 7. (a)
Entropic excess partAPen (b) Bridging excess partAPy.

between adsorbing surfaces. The agreement was remarkable,

The thin dotted line is included as a reference. It gives the adsorption both for fluids with repulsive and attractive monom@nonomer

profile for the other extreme: completely flexible polymers. The note
in the upper left of the graph indicates that the rod profile peaks at
aboutnm(z)/nﬁ1 = 1(%. The inset is a blow-up of the central portion of
the profile. Here we see that there is indeed a positive adsorption of
the flexible molecules, although it is too weak to be detected on the
large scale. Stiff chains display a qualitatively different behavior from
flexible ones, with a depleted profile in the central portion of the slit.

interactions.

We have used the same surface potenfigl£ 2.7057) and
chain length ( = 30) as in the previous part of this paper.
Average monomer densities are calculated over the allowed
regions between the surfaces, i.e., outside &&m each wall.
Specifically, we performed all simulations at= 8¢ and the

Note that a truncated and shifted potential has been used for the idealaverage monomer density is fixed at

fluids; see eq 8.

and we have not implemented them in this work. We will,

h—0.5%
n.(2 dz
Joss =0.15

however, report such results in the near future. It should be noted 0(2) [ 55050 = T h—og )

that a recent work on flexible short chain fluithswith

monomers connected by harmonic springs, did focus on the There are several ways in which these results can be compared
ability of a density functional theory to predict interactions with DFT. In the DFT approach, the bulk density (or chemi&zﬂv
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Figure 9. Monomer density distributions in athermal 30-mer fluids with different degrees of intrinsic chain stiffness, as regulated by the bond
angle potential parameter“DFT” are density functional predictions, while “MC” denotes results from canonical Metropolis Monte Carlo simulations.

The simulated data have been symmetrized across the midplane to increase accuracy and precision. Low-density regimes are highlighted in the
insets. The bulk conditions of the DFT calculations are chosen such that the midplane density agrees with the corresponding MC data. These bulk
monomer densities are given in the legends.

potential) is the natural “input variable”. Hence, one option is 15) as being “ordered”, while the more flexible ones< 7.5
to adjust the bulk density until the average monomer density in ande = 3.75) are not. This is of course not a rigorous analysis,
the slit fulfills eq 9. However, as our paper focuses on surface and the transition from “disordered” to “ordered” appears to be
interactions, it is more appropriate to adjust the bulk density gradual. For instance, there asemetendencies to surface
until the midplane density agrees with that obtained in the alignment where = 7.5, but not very pronounced. At any rate,
simulations. This should also serve as a reasonable estimate ofhe occurrence of surface “ordering” manifests itself in terms
the corresponding bulk, had the simulations been performed in of stronger adsorption, which is apparent from the remarkably
an open (grand canonical) ensemble. Hence, with this approachsmall bulk concentration required in order to obtain agreement
the comparisons between MC and DFT are made at roughly between DFT and MC at the midplane, whers 15.
equal bulk densities. 2.2.2. Structural and Surface Force Comparisons of Rod
The usual Metropol® algorithm was employed, with  Fluids. As we have already noted, rods display anomalously
periodic boundary conditions applied in tkey plane, parallel strong adsorption. Unfortunately, this puts some limits on what
to the surfaces. Attempts to displace the polymer and monomerconditions we can reliably simulate. On the other hand, the lack
particles were made via crankshaft moves, reptations, or of intramolecular degrees of freedom makes rods a suitable
translations of the whole molecule. The simulations were candidate for grand canonical simulations, which in turn offers
performed in a geometry where the lateral sikze,of the the possibility of surface force calculations.
simulation box wad. ~ 30.24 (i.e., 32 chains). This ensures We have therefore chosen to limit this study to 15-mer rod
that we do not obtain errors due to self-interactions of rodlike fluids and have also reduced the surface potential strength.
chains lying flat on the surfaces. Specifically, we will investigate two different choices of the
We have compared monomer density distributions of semi- surface amplitudeA, = 0.4 andA,, = 1.25. In the latter case
flexible hard-core 30-mer fluids, wite = 3.75, 7.5, and 15.  the system displays smectic ordering at the surfaces, but the
The results are presented in Figure 9. We see that the agreememotential is still weak enough to permit reliable estimates of
is quite satisfactory for the fluid containing relatively flexible surface forces. The former potential is too weak to induce
chains, although the theory slightly underestimates the heightsurface ordering, and we shall see that this has a large influence
of the primary adsorption peak. This disagreement increases an thestructural agreement between simulated data and DFT
the intrinsic stiffness becomes progressively stronger and is predictions.
substantial for the stiffest polymers, with = 15. This is As mentioned, the simulation of rods will be performed in
probably related to the inability of the DFT to handle ordering the grand canonical ensemble (GCMC). These were per-
at the surfaces. Such an ordering leads to a more efficientformed in the same standard manner as described above,
packing of the chains at the surfaces. Guided by “configuration although crankshaft moves were replaced by molecule rota-
snapshots” of the kind presented for rods below, we would in tions. The lateral size of the simulation box was fixed_at

a crude manner characterize the stiffest adsorbed chairs ( 230. CDV
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Figure 10. Predicted and simulated monomer density distributions in Figure 12. Predicted and simulated monomer density distributions in
athermal fluids of rodlike 15-mers between weakly attractive surfaces: athermal fluids of rodlike 15-mers between strongly attractive sur-
Ay = 0.4. The surface separationhs= 190. This system does not  faces: Ay, = 1.25. The surface separationtis= 190. We shall later
display significant surface ordering. demonstrate that this system displays smectic-like behavior at the

surfaces. The corresponding DFT prediction, at the same bulk pressure,
T g ) 7 y i 1 is given by a thick solid line. The thin solid line is the analogous

T — prediction with a stronger surface potentiak, = 1.75. The inset
0.015 o focuses on the low-density regime.
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Figure 11. Predicted and simulated osmotic pressure curves in athermal
fluids of rodlike 15-mers between weakly attractive surfaclg:=

0.4. The osmotic pressurssmis the sum of the net solvation pressure
and the bulk pressurePosm = Ps + PP,

We start by showing that the functional is able to predict
adsorption characteristics as well as surface interactions with a
reasonably high accuracy, as long as no surface ordering takes
place, i.e., when the surface potential is weak. Monomer
distributions are compared in Figure 10, at a surface amplitude
of Ay = 0.4. Again, the functional does predict a somewhat
too low-density maximum, but the deviation is acceptable. A
perhaps even better agreement is obtained for the osmotic
pressure, which indeed is more relevant to the findings in this
work. A comparison is given in Figure 11.

Conditions under which surface ordering of rods does occur
is more relevant to this study, so we shall investigate this case
in some more detail. First, we see in Figure 12 how the DFT
severely underestimates the height of the first adsorption peak,Figure 13. A “snapshot” of a configuration in an GCMC simulation,
under identical bulk conditions, when the surface potential is with A, = 1.25 and at = 19¢. Only rods with their center of mass
strong @A, = 1.25). To reproduce such a strong adsorption, the in the left half cell ¢ < h/2) are displayed. Bridging rods contain black

. . ; monomers, for whickz > h/2. It should be noted that the periodic
s_urface potential has to be increased substantially, to gput boundary conditions have been removed in order to clarify the picture.

= 1.75. Surface ordering in simulations can be formally This means that the system actually is denser than it appears from this
expressed by monitoring various order parameters. However,graph.

the mental intepretation of such order parameters are not always
transparent and intuitive. We have therefore chosen to presentas DFT predictions of how the osmotic pressure varies with
a “configurational snapshot” which, though it is less rigorous, surface separation are provided in Figure 14. The overall be-
often provide some additional insight. Such a snapshot, display- havior of the simulated force curve is remarkably well repro-
ing a configuration in the left “half-cell” (center of massh/2), duced by the DFT. The reason is that the surface interactions
is presented in Figure 13. are governed by the free rods or more specifically by the
The ordering of adsorbed chains is quite evident, as is the depletion of these rods. Free rods do not display any ordering
random structure of the “free” rods that are not strongly inthex, y dimensions, and it is therefore not surprising that the
adsorbed. DFT predictions of surface forces are accurate. It is important
Finally, we switch focus to the properties we are mainly to note that the only influence surface ordering has on the surface
interested in, namely surface interactions. GCMC data as well forces is that it leads to a more complete surface satura&'%r{./
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, _ . : : : - 3. Conclusions
rods, r=15

We have investigated the interaction free energy between

e surfaces immersed in semiflexible and rodlike polymers. The
0 introduction of stiffness to the chain significantly affects the

E surface interaction. At low to moderate stiffness, one observes
“: 0.01 the growth of a free energy barrier at intermediate separations,

corresponding to the overlap between adsorbed polymer layers.
At short separations the interaction is dominated by bridging.
> Dbls Ay . 125 As the polymer stiffness approaches the rod limit, however, the
____ DFT, A, =1.75 free energy barrier begins to diminish due to the fact that the
0.005 © . . - : - / adsorbed layer is more tightly bound to the surface and does
5 a2 1% 20 not protrude as far into the solution. Instead, one sees the onset
Wo of a depletion attraction, which was always present in the case
Figure 14. Predicted and simulated osmotic pressure curves in athermal of the more flexible polymers, but which grows significantly
fluids of rodlike 15-mers between strongly attractive surfacs:= as the polymers become stiffer. This depletion attraction
1.25. Iirrfatceoérgsﬁﬁgﬂg‘g eD'S:eT Qﬁgﬁlﬂior;’rtaéft?ﬁesgm&fféﬁ g&fvsg)“rii dominates across a wide range of the surface interaction. At
é]eil\?eﬁsby a thick golid Iine.g The tlain solid Ilione is the analogous predictioin short surface separatlon_s, however, the adsorption _Iayers overlap
with a stronger surface potentiah, = 1.75. It is remarkable that an ~ and the monomer density between the surfaces increases, but
increase of the surface potential by almost 50% has a very small impactthe separation is small enough so that bridging will dominate
on the osmotic pressure curve. Compare also with the results obtainedihe total interaction. The onset of rodlike behavior depends on
with a weak surface potential, where no surface ordering occurs, i.e., the density of polymers in solution. The higher is the density,
Figure 11. the closer a semiflexible polymer solution will mimic rods. This
[ : ' i ' : ' is due to the fact that adsorption will be approach saturation
rods, r=15 - (and thus become more that of rods) as the polymer density
increases. It is surprising, however, that at low density polymers
whose persistence length is comparable to the chain length give
rise to surface interactions which are very different to those of
rods. This “slow” approach to rodlike behavior is further
illustrated by our ideal polymer calculations, which show
qualitatively different surface interactions between rods and
semiflexible polymers with a persistence length approximately
twice the length of the chain. This observation suggests that
[ _ _ | polymers, even if they are very stiff, almost never can be reliably
5 10 15 20 modeled as rods or cylinders. For instance, it appears unlikely
h/c that an unfolded DNA molecule has adsorption characteristics

Figure 15. Entropic contribution,Pen, to the pressure across the tha_t are even remotely similar to thfat of a corresponding

midplane for various separations’, as obtained from GCMC simula- cylinder. Finally, we have S_hown t_hat' in the absence of long-

tions and DFT calculations. Bulk conditions are the same as in Fig- fanged monomermonomer interactions, the occurrence of local

ure 14. ordering at the surfaces have little effect on surface forces. The
surface interactions are dominated by the depletion of free (and

This generates a more complete exclusion of free rods from randomly oriented) chains, which are expelled from the almost

the attractive part of the surface potential and hence to a slightly completely saturated surfaces.

stronger depletion interaction. That the orientational aspects (in
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