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Simple weighted density functional approach to the structure of polymers at interfaces
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A simple weighted density functional approach is employed here for predicting the structure of polymers at
interfaces where the polymer molecules are modeled as freely rotating fused-hard-sphere chains with fixed
bond lengths and bond angles. The approach treats the ideal gas free energy functional exactly while the excess
free energy functional is evaluated using a weighted density approximation. The weight function and the bulk
fluid direct correlation function required in the theory are obtained using the Denton-Ashcroft recipe and the
polymer reference interaction site model integral equation theory, respectively. The calculated density profiles
are shown to be in good agreement with computer simulation results.
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The liquid structure of polymer melts at interfaces is of chains and freely rotating fused hard-sphere chains confined
importance in many technological applications such as lubribetween surfaces. Since a number of choices for the weight
cation, surface finishing, and liquid polymer allofs]. In  function are readily available in liquid state theories, it
recent years, considerable interest has grown in this area #fould be of interest to examine the applicability of a differ-
research due to the advances in experimental measuremeffdt weight function to the case of polymers. Such an attempt
as well as significant progress in liquid state theoreticahas recently been madéé] by using a Denton-Ashcroft
methods and computer simulation. Although computer simu{DA) [17] weight function for freely jointed tangent hard-
lations [2,3] have been used quite extensively for polymerssphere chain models, and the results are found to be quite
near surfaces, for long chain polymers at realistic meltlikecomparable with computer simulations. In the present work,
densities, they become too computationally intensive. Theowe investigate the applicability of the DA weight function
retical approaches like integral equation theptyand den-  for the freely rotating fused-hard-sphere chains confined be-
sity functional theory(DFT) [5—10], on the other hand, do tween two walls. Although the CA recipe also yields quite
not suffer from such disadvantages and have] therefore, beé\(;curate results, the Weight function calculation involves so-
employed in such situations. lution of a nonlinear differential equation and is much more

The structure of polymer melts confined between surface€ifficult than the DA method where one has an explicit ex-
has been studied in detail by Yethiraj and WoodwértlV) pression for the weight function in terms of the correlation
[9] through a Monte Carlo weighted density functional ap-functions.
proach where the density profile of the polymer melt is ob- In DFT of inhomogeneous fluids, the grand poteniais
tained from the simulation of a single chain in a self-treated as a functional of the density distributid®8]. For
consistently determined field due to the rest of the moleculeBolymers, the molecular densipj,(R) is a function of the
as well as the surfaces. The YW predictions for the densityositionsR={r;} of all the N - monomer sites of a polymer
profiles for hard chains are found to be quite accurate excepnolecule. The grand potenti&[py(R)] is defined as the
at very high densities, where the density profiles are found té.egendre transform of the Helmholtz free energy functional
be somewhat displaced as compared to the simulation ré=[pum(R)] as
sults. The YW theory has also been appl{dd] to predict
the effect of attraction_s on thg structure of freely rotating Q[pM(R)]:F[pM(R)]JFJ [U(R)— u]pm(R)AR, (1)
fused-hard-sphere chains confined between surfaces and the

results are found to be quite comparable with computer . . . .
simulations[12]. where u is the chemical potential and(R) is the external

The YW theory is based on the weighted density approxipotential responsible for the density inhomogeneity. The free

; - e ; : Flpm] is expressed as the sunf[py(R)]
mation (WDA), with the specific choice of step function as (inergy M : i
the weight function, which is, therefore, independent of in-= Fidlpm(R) ]+ Felp(r)], with the functionalF g pw(R)]

termolecular interactions and polymer architecture. SubsdePresenting the ideal gas contribution given by the exact

quently, Yethiraj 10] attempted to improve the results of YW expression

by using a more sophisticated choice of the weight function

from the Curtin and AshcroftCA) recipe[13], using the Fid[pM(R)]=ﬁ*1f dRpw(R)[IN{A3py(R)}—1]

bulk fluid direct correlation functiodDCF) calculated from

the polymer reference interaction site mod@RISM)

[14,15 theory. The theory was found to be quite accurate for + J dRV(R)pm(R), (2

the density profiles of freely jointed tangent hard-sphere
where 8= (kgT) %, kg is the Boltzmann constanf, is the
absolute temperature\ is the thermal de Broglie wave-

*Electronic mail: skghosh@magnum.barc.ernet.in length, andV(R) describes the internal potential generated
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due to all the intramolecular interactiofiacluding bonding  (r) as the argument ofv leads to tremendous computa-
and the long-range excluded volume&he excess free energy tional simplification[16,20. The DCFc(r;p) is obtained by
is treated as a function&le,{ p] of the single particle average solving the PRISM equation

site densityp(r) given by

h(k)=a(k)e(k)d(k)+pa(k)ek)h(k) 9

N

p(r)=f dRi; A(r=ri)pm(R). 3 simultaneously with the Percus-Yevick closui2l], with

h(k) being the total correlation function aris(k) referring
The exact functional form oF ¢,{ p] is yet unknown and to the single chain structure factor, which in the present work
hence is approximated here, within the WDA, as is obtained from a single chain Monte Carlo simulation for

the freely rotating fused-hard-sphere chains.

B The calculation of the density profile thus involves an
Fex[p(l’)]—J dr p(Nf(p(r)), (4) iterative procedure to solve the final density equation

wheref(p(r)) is the excess free energy per site of the bulk
fluid evaluated at an effective site densftjr), obtained as P(r)=§J dR
the weighted average

N
21 5(r—ri)}

, (10

N
710~ [ drpe e =10 ® Xex’{_ﬁv(R)_B“(R)_ﬁiEl M

by using a Newton-Raphson technigukescribed previously

by YW [9]) with V(R) obtained at each iteration through a
single chain simulation in the field of the other fluid mol-
ecules and the surfaces. For the polymer melt confined be-
tween two planar hard walls as considered here, the external

of the actual density distributiop(r) using a suitable nor-
malized weight functiorw.

The molecular density profile corresponding to a minimi-
zation of the grand potential is given by

N potential and hence also the density varies only along the
PM(R):feXF{_BV(R)_BU(R)_BE AT |, (6) perpendicularz direction, thus requiring only the planar-
i=1 averaged weighted densify(z) and the weight function
. . w(z) given by p(2)=/dz'p(z')w(|z—2'[;p) and wW(z;p)
where =expBu)/A® is the fugacity and A(r)  —rdxfdyw(r:p), respectively, for evaluating the corre-
=0Felpllop(r) represents an effective field that can begponding self-consistent effective fieldz). It may be noted
evaluated within the WDA as that, while the argument used in the weight function here is

the bulk densityp, for comparison, we have also carried out
_ r e IR / calculations with a weight function involving the position-
M) f(ﬁ(r))+j drp(rw(r=r’l:p)f (e(r")), () dependent weighted density but the results are almost iden-
tical in both the schemes. Hence we report here only the
Wheref’=df/dp. It may be noted that for Simplification we results obtained through the present scheme.
have considered the argument of the weight function to be \we have calculated the density profiles of a model poly-
the bulk densityp instead of the weighted densip(r) as  mer (N-men confined between two hard walls of separation
used in Eq(5). H=10c. Each polymer molecule is modeled here as fused-
The quantityf(p) can be taken from a suitable equation hard-sphere chains with fixed bond lengtiasd bond angles
of state for polymers. In our earlier wof6], we employed ¢ and no restrictions on torsional rotatioffseely rotating.
the generalized Flory dimer equation of st@f] as was To mimic the alkanes, we have chosér0.40 and 6
done by Yethira[10], since it was found to be quite success- —109.47°. Beads on the same chain that are separated by
ful for freely jointed hard chains. Following YethirB}0], we  four or more bonds as well as beads on different chains are
have also used the empirical equation of state for the presegksumed to interact via a hard-sphere potential.
case of fused sphere chains confined between surfaces. For|n the present work, we have considere-8 and 16,
the weight function, we follow the DA recigd 7] which has  gng pa03=0.2, 1.0, and 1.8, wherp,, is the average site
recently been employed successfully for different types ofjensity of the polymeric fluid between the two surfaces, so
complex fluid[17,20] as well as polymer§16], and use the  that we can compare our results with that of Yethj@ajL0].

approximation given by Figure 1 shows the plots of the calculated density profiles for
N=8 using three weight functions, viz., the step function
W(r:p)= c(rip) (8  Model used by YW9], the CA schem¢13] used by Yethiraj
' €(0;p)’ [10], and the present scheme, along with the corresponding

results obtained by direct computer simulation. The density
wherec(r;p) denotes the site-averaged DCF at the bulk denprofiles of model polymer melts are governed by competition
sity p and€(0;p) is thek=0 limit of its Fourier transform. It  between the single chain configurational and many chain
may be noted that the use of the bulk dengitinstead of packing entropic effects. At low densities, the chains are
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FIG. 1. Density profiles of 8-mers ats°=0.2, 1.0, and 1.8. FIG. 3. Plot of the weight functiomv(r) for 8-mers atp,,o°
Present worK—); YW theory[9] (------); Yethiraj[10] (— — —). =0.2, 1.0, and 1.8. Present worli,0°=0.2 (- - - -), 1.0
Circles represent Monte Carlo simulations. (——-—+—), 1.8 (—); YW theory (------); CA recipe (p,0°

=1.8) (- — ).

found to prefer the bulk region to prevent the loss in con-
figurational entropy for a single chain near the surface, whil

at higher densities, the chains pack against the surface hergy

utilize the available free volume most efficiently. The domi- = 2" 10\ ciohted density functional approach pro-
nance of the configurational entropic effect causes the deplj)- P 9 y hp P

S0 the overall weighted density and hence the excess free

tion of longer chains from the surface as compared to short osed here is thus found to predict the density profiles of
9 P olymers at interfaces in quantitative agreement with simu-

chains, as can be seen =16 in Fig. 2. : o ; .
P . lations at all the average densities and chain lengths studied.
JO gain |r;15|ght Ilntt(t) éht?\ sucgeﬁ;sfof tthe prgsgnt \éVDAThe oscillations in the density profiles are also quite well
fSC ET%’ wed atVth ?h € d N W.?'g 3u_ng lg(rl)om 'g'l 8 reproduced by the present theory. At low density, the chains
or M=o and at the three densitigg,o™=1.4, Z.U, and 1.5 5rq depleted from the surface, whereas at high density, the

along with the density independent step function form ofChains ; :
pack against the surface. Entropic effects also play a
w(r) used by YW[9] as well as that calculated from the CA dominant role in determining the effect of chain length on

scheme[13] (at p,,0°=1.8 only by Yethira_j [1.0]. .The na- e overall density profiles.
ture and strong dependencewo(r) on density indicates the 1o hresent formalism and the results can be directly ap-

imp‘)c\j‘”f]e of ir}termlt)lecglar: intleractions in SL:jCh a Chal(;u'ablicable for the calculation of depletion-induced effective in-
t!on. yve have aiso pottg the planar-averaged weig ,t UNCeractions[22] in colloid-polymer mixtures. The predicted
tionsw(z) in F|.g.. 4 for dlffer.ent schemes 'corr_espondlng t0 hreference of polymer for the buliat low polymer density

the same densities and chain lengths as in Fig. 3. The simig reminiscent of the depletion layer near the surface of a
larity between the DA and CA weight functions clearly jus- oo 5idal particle. If the colloidal particles are modeled as

tifies the predictions of comparable results by both thesg, g hard spheres, the depletion-induced interactions can be
schemes. The profiles @f(z) and their dependence on den- ¢5icjated from the difference of densities of the polymer
sity provide insight into the contributions of different regions
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FIG. 2. Density profiles of 16-mers at,0°=0.2, 1.0, and 1.8. FIG. 4. Plot of the planar-averaged weight functiatz) for
The key is the same as in Fig. 1. 8-mers aip,,0°=0.2, 1.0, and 1.8. The key is the same as in Fig. 3.
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molecules. In other words, the force between the colloidaivould be worthwhile to use a different bulk equation of state

particles immersed in polymer melts can be calculated fronfrom the generalized Flory dimer equation. Also the theory

the present formalism. can be easily extended to more realistic polymer models to
It is highly encouraging to note that the proposed theoryinclude branching as well as different kinds of intermolecular

provides very good results just by introducing a simplepotential.

weight function which takes into account the intermolecular

interactions and also the molecular architecture. The impor- C.N.P. would like to thank Professor Arun Yethiraj for

tant point to note is the simplicity of calculation of the introducing him to the subject of polymer theory. It is a

weight function in the present approach as compared to thpleasure to thank Dr. T. Mukherjee and Dr. J. P. Mittal for

same calculation in other methods of comparable accuracy. their kind interest and encouragement.
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