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Effect of surface undulation on polymer adsorption
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We study the adsorption of a long, flexible polyni&teal or self-avoiding chajninteracting with a rough
surface via a finite-range attraction. Within the Edwards equation approach, we develop a variational method
to find the segmental distribution and the free energy of an adsorbed chain. As adsorption becomes strong, the
segments tend to be localized within the valleys rather than above the hills of the undulating surface, resulting
in a decrease of adsorption thickness. Consequently, the surface undulation enhances adsorption in the case of
a strongly adsorbed chain whereas the undulation suppresses it for a weakly adsorbed one, since the enhanced
entropic repulsion is dominant over the attraction from the surface. Considering the surface with undulation
characterized by a Gaussian correlation as an example, we find an optimal correlation length at which the
adsorption becomes the strongest and a critical correlation length below which desorption is induced.
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I. INTRODUCTION case, the polymer conforms itself to be within a valley of the
) . ) _ . undulating surface due to increase of both entropy and attrac-
Polymer adsorption on surface is a subject of scientifigion, Related with the enhancement of adsorption, the previ-
interest that has extensive practical applications. For eXous studies also have shown that the polymer layer thickness
ample, it is important in surface adhesion, surface protectiondecreases on a rough surface than on a flat suftagg All
wetting, stabilization of colloids such as inks, coatings anchese effects of enhanced adsorption are reasonable in the
paints, and in numerous biological applications. Since surease of short chain strong adsorption. For weak adsorption of
faces are usually rough, there have been numerous theoreti-long chain, however, more care needs to be taken in prop-
cal [1-13], simulational[14—16], and experimentdl17,18  erly evaluating the effect of entropy. Depending upon surface
studies on the effect of surface roughness on polymer adshapes, the polymer enjoys more entropy outfid# or in-
sorption. Most theoretical studies, dominantly done for theside[13] of the curved surface where there is more space for
model of contact interaction between polymer segments angolymer fluctuation than in the case of flat surface. For weak
surface, have shown that the higher degree of roughness 8fisorption, the undulation-enhanced entropy reduction can
surface induces the stronger adsorption of polymer. The sufompete with the atraction and can also affect the
faces, such as sinusoidally undulating oftes3], completely adsqrptlon—desorptlon transition, which has beer_1 seldom in-
random ones characterized by fractal dimengidr6], a vestlgat'ed. 'Here we study these aspects of erX|bIe polymer
“randomized” de Genne’s boundary conditi8], other cor- adsorption in the case where chain length is much longer

rugated surfacel?,14], and stochastic distributions of bind- than characteristic length of the surface randomness. Also we

ing siteg 9], have been considered in the work. Recently, thisconﬂne ourselves to the case where polymer segments and

trend of enhancement of adsorption is also observed in surface interact with éinite-rangeattraction and a hard-wall

: . ulsion. This model of finite-range interaction, compared
experiment on nanoscale patterned glass surfaces designgflh the contact attraction model mostly used, can be rel-
by thermal evaporation of gold.8].

(?vant to a variety of technological and biological situations.
There are two types of arguments for the enhancement o

) : : . For the cases mentioned above, the authors including one
adsorptlon. One is tha_t the randomness gives rise to an argg ;s found that the membrane undulation enhances the
increase of the attracting surfatk4,d. T.h'S effect is Pro-  Helfrich-like entropic repulsion between the polymer and
nounced when the polymer conformational entropy is Neinamprane, and enhances desorptuppresses adsorption
g!eged as fm theAcasr? of a Brownian ﬁart'de Iﬂoatmg ofn 11]. It was shown that for small undulation, the adsorption-

mblng sufr ac(;a. nother argumen'; ISt atﬁ po r)]/mer pre eﬂr esorption transition temperature is lowered below that for
to be confined on a concave surface rather than on a figfe fat syrface by a factor proportional to the surface area
surface due to the less entropic cp419]. For arelatively

h hainthi b bl . increase. The key physics is that a long flexible polymer
S ortdcbamt I\I/IS argucmelnt s_eerrs_to ? rﬁasor;a < asdls Sg%hain sees a greater steric barrier near a surface with undu-
ported by a Monte Carlo simulation of the polymers adsorby o, - Although this aspect of entropic reduction is physi-

Ing to a surface with undulatlo_n pe”Od'C”.@”Va"e'engt,h cally reasonable, surface-polymer interaction induced by the
comparable to the polymer radius of gyratiftb]. In this \nGyiation has not been considered in the work. Another
limitation of the work lies in its basic ansatz on chain con-
formation on the surface, which states that the segments con-
*Corresponding author. Electronic address: wsung@postech.ac.korm affinely on the undulating surfa¢&0,11].
TPresent address: Department of Physics, University of California  In this paper we extend the previous wfk] to explore
at Berkeley, Berkeley, CA 94720, USA. and understand, in a systematic manner, the contrasting ef-
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fects of surface undulation, viz., the enhancement of adsorp-
tion of a strongly adsorbed polymer and of desorption of a
weakly adsorbed one. First, we incorporate the undulation-
induced effect on surface-polymer interaction and analyze
the results in detail. The interaction is modeled by a pairwise
additive continuous potential between a polymer segment
and a surface element supplemented by the boundary condi- (x, Kx))

tion (BC) to describe the polymer impenetrability to the sur- ’

face. Consideration of this hard-wall BC is important for FIG. 1. A long flexible polymer chain is adsorbed on an undu-
implementing the Helfrich-like interactiofiL1] which is not  |ating surfacef, andf are the positions of initial and final seg-
incorporated by the delta-function-like contact potential orments, andx,h(x)] is a position on the undulating surface.

the de Gennes’ boundary condition adopted by many inves-

tigators[1-10. Second, we modify the ansatz above men- 2

tioned in a way to incorporate the optimal distribution of the L£=-—=V?+ U, (2)
segments by minimizing free energy of the chain. For the 6

cases where both the attraction range and the correlationh he f h . ibuti f
length are longer than amplitude of surface undulation, weVNere the first term represents the entropic contribution o

derive analytical expressions, giving numerical results. Wéhe conformational free energy and_the_ second yields the

not only explain the avowed undulation-induced mechanisnit€mal energy due to _tlhe Interactioh.is the segmen-

of adsorption, but also discover other novel effects, of whicH@!(Kun length andg=T"" with kg=1. U(F), the effective

the most notable is that the desorption is induced when thBotential energy of polyméper segment located &}, is as-

characteristio(correlation length of surface randomness is SUMed to vary slowly over the segmental lengfi9]. This

below a critical value. includes the interaction with the surface and the other inter-
This paper is organized as follows. We present, in Sec. ||§egment mteraqtlon that is not incorporated in chgm connec-

a general formulation of a long flexible polymer interacting tivity. Here we first qeglect the excl_uded volume interaction

with an undulating surface. Here we adopt the Edward?etweer_‘ s.egme.nts in our for_mulgtlon, and then estimate its

propagator approach of an ideal chain and the ground-stafdf€ct within a simple approximation. _

dominance approximation. To tackle the Edwards equation 1N€ adsorbed polymer is long engugh to uniformly cover

for the undulating surface, we develop a variational methoVer @ surface of projected arde=L°, wherel is much

using the modified ansatz mentioned above. In Sec. Ill, wéonger than the characteristic length of surface roughness.

consider an interaction model given by a Yukawa potential’V€ first consider the case of a completely flat surface, de-

and a surface model described by Gaussian height correlaticif'iPed by a two-dimensional coordinate (x,y). With the

function. Using these potential and surface models, severdotential reduced adq(2), wherezis the vertical distance to

physical quantities are examined by numerical plots, andhe surface, the Green’s function is given as

analytical results for limiting behaviors. We analyze the L

polymer layer thickness, and the concentration ratio of the GO(F,Fp) = ;% e Nl (2) y(20).- (3)

segments within a valley to that above a hill of the undulat-

ing surface. By investigating the free energy per segment, we

explain the affect of undulation on the adsorption-desorptiorHere ¢,(z) is the normalized eigenfunction of the one-
transition. Finally, we analyze the above quantities with thegimensional(1D) Schrédinger-like equation

excluded volume effectEVE) between polymer segments

incorporated in a mean field approximation. Lob2) = FRe(2), (4)

where L,=—(1?/6)(5*192°) + BUy(2). If discrete, bounchd-
Il. POLYMER INTERACTING WITH AN UNDULATING sorbed states exist, the summation in E(Qi) is dominated
SURFACE: GENERAL FORMULATION by the ground state with the eigenfunctigp,(z) and eigen-

valuef%; for the long chain(N> 1) polymer we consider
A long, flexible polymer ofN segments interacting with a

surface is described by the Edwards equaf@®23, . 1 0
GU(F o) =~ & b2 d(20)- (5)
d L - Complication arises when the surface is not flat but ran-
- a_NGN(r’rO) = LG To). @) dom. Let us consider the randomness represented by

position-dependent undulatidi(X) relative to a flat surface

given byx=(x,y) (Fig. 1). Since thermal fluctuation of the
Here G\(r,fp) is the Green's function descriptive of the surface, even if any, is much slower than that of the polymer,
probability density for finding the last segment at the posi-we make an approximation of the Born—Oppenheimer type
tion ati given the initial segment a, (Fig. 1). £, which will  that the polymer conforms as if the surface has fixed undu-
be called the Edwards operator, is lation. In the ground-state dominance approximation

031805-2



EFFECT OF SURFACE UNDULATION ON POLYMER. PHYSICAL REVIEW E 71, 031805(2005

a<0

Gn(F,Fo) = € Nty (7) thn(Fo) (6)

the f,,, and ¥, represent the adsorbddround state eigen-
value(negative and eigenfunction perturbed by the presence
of the undulatiorh(X):

L0} (1) = Frihin(1). (7

FIG. 2. The solid line is a sinusoidally oscillating surface and
In the ground state dominance approximation, the segmenite dashed line is a line of equal concentration of adsorbed polymer
distribution of the adsorbed chain is given NWrzn while the  segmentshy is the amplitude of the oscillation aridis correlation
chain end distribution is proportional tg,, [19]. The free length of the surface’, andr, indicate the positions that have the
energy Change divided uSéT per Segment upon adsorptlon' same he|ght from the SUrfaCE/,:Z_h()—()), above the hill and the
called dimensionless free energy, is given fhyas can be valley of the undulating surface, respectively. The line of equal
seen from the polymer partition function obtained upon in-concentration changes by the influence of the layer thickness pa-
tergrating the Green’s function ovélandFO [19]. In order to rametera. When thea is negative, the concentration within the
obtainf,, and ¢, the central objectives of our study, via Eq. valley i% higher than that above the hill at the same height, i.e.,
(7), we develop a variational method as below. p()/p(Tp)>1.

The presence of the surface undulation affects neighbor-

ing polymer segments in two ways. First, the surface restricts Py _ |2 _[1+ah(X) 2
the polymer conformatipn via a boundry conditi@®C) on on B (T2 “\1 +ah(%))
the surface, e.g., for a impenetrable, flat surface=,

(11

For a sinusoidal surface, Fig. 2, the ratio is evidently shown
(2] 0=0, (8) to be larger than unity itv<<0. Also a related quantity is the
polymer thickness of adsorption. Considering the polymer-
which we will adopt in this work. Such polymer impenetra- adsorbed surface to be effectively flat, we define the thick-

bility to the surface is conceivable even in a fluid membrand'€SS as

unless the steric barrier formed by the lipid bilayer assembly

is disturbed. The surface undulation has the direct steric con- D= f d3F¢r2n(F)Z, (12
sequence of modifying the BC to z>h(x)

so that the change in thickness induced by undulation is

Pl =iz = 0. (9)  given by
This along with the form Eq(5) guides us to make a 4o o 2 h2
variational ansatz fot,, AD :j dr(yi(n — A ¢r(2)z= Teai?’ (13
z>h

N where the overbar denotes the average over the polymer cov-
Y1) = AT/zd’m(Z_ h())[1 +ah(x)], (10 ered surface, e.gh?=(1/A) [ d’kh?(X). The change in thick-
ness is also negative far<0. Using the ansat.0) we find

wherea is what we call a “layer thickness parameter” to be the free energy, to be minimized is obtained by
determined variationally so as to minimize the free energy, o

and \V is the normalization constant. The ansatz is an im-  f, = (¢|L| Ef d%’(’f dZ [ (X, 2") L(F) h(X,2') ]
proved version of the earlier ori¢0,11 which corresponds A 0

to the case witha=0. It was shown that even the earlier =K, +BU (14)
version can adequately describe a certain aspect of surface m m

effect on polymer conformation. In particular, the steric re-where z'=z-h(X), K,=(m—-(%/6)V?|¢sy, and U,
pulsion of Helfrich type is enhanced on the polymer by the=(y; |U(F)| .

undulation of the confining surface owing to the impenetra- K the “kinetic energy” for the undulating case, indicates

bility BC (10) we impose. Thex# 0 correction on our varia- entropy reduction incurred by confining the segments to the
tional ansatz can incorporate some departure from this strigtate,,,. We find that

condition that the chain conforms affinely to the surface. As

we will find, the optimala that minimizes the free energy is KO + EW
usually negative for any adsorbed cases, indicating that the 1+(V,h)?\ o ) m X
segments are localized preferentially within the valleys m= 1+ a2 Km+a 1+ a2h2 , (19

(Fig. 2 rather than above the hills of the undulating surface.
A direct observable consequence of nonvanishirig found  where K% =-[dz¢(2)(12/6)(#/ 622 dm(2). In the case ofu

in the ratio of segmental concentrationrat[X,,h(X,)] on =0, the first term on the right of Eq15) is the additional
the valley to that af,,=[X,,h(X,)] with a same height above steric effect of undulating surface on the confined polymer,
the hill, which was already obtaingd.0,11]. The effect of nonvan-
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ishing « in the denominators is to reduce the entropic cost of C(p) = h(X + p)h(X)/h?(X) = h(ﬁ)h(O)/F (23
confining the chain segments within the valleys of the undu- ] ) ) )
lation below that obtained by assuming the affine conformalis the normalized height correlation function. Then E2()

tion. is expressed as
Another way how the undulation affects the polymer free 1¥.1)2 2
energy is via its effect on the potential energy which can be y_ = (1 FRTARES _) 0 — (V" + 20V ),
expressed by 1+a”h®/ ™ 1+aPh?
(24
u@r) = dru(r = ry). (16)  \where
z=h(x)
I:|ereu(F— iy repre_sents the interactiorj betwgen gseqment at <V(n)>m: f dz¢§(z)an(z), (25)
r and the undulating surface per unit areargt(Xs, (X)) dz’
(Fig. ). When the surface is flat, the equation reduces to and
- 22 1(F — %
Hol?)= Lod ). an V@ = [ it -cpua, (26)

In calculating the potential energy E@.6), we first note

which we call a “screened surface potential.”

that surface element area increases due to the undulation are \ow the free energy per segment at equilibrium is ob-

given by

2->

derg
2—»

dX

Then, we have

= {1 +[V,h(X)]32 (18)

Uy = f o 26 f (L + [V, MR BT - %,
—h(%)2]). (19)

Upon coordinate transformatiofX, X} — {X,p} where p=X
-X and expansion to the second ordehiandVh in the bold
parenthese§) in Eq. (19),

1 2
5(Vyh
um:(1+2( ) ) 0
1+ a?h?
+

1 e
1+ 20 f dzp{z[h(P +X) = h(x)]?

x<<§ + 2a§z)u(ﬁ+ z“z)>m},

where U2 =[dz¢2(2) Uy(2), and (- -),=fdz#?; -+ denoting
the average over the statg(z). It may be noted that the

(20)

second-order approximation is at its best when the followin

conditions are met
— h?
(Vxh)2 =~ ? <1,

2
NI

5 <1,

(21)

o}

tained by minimizingf,,=K,+B8U.,. The optimala that does
so is found to be, to the leading orderhf/a?,
6 h
= - Ss==83V' 27
Om |2(Vxh)2'8< m (27)
and then the minimized free energy per segnfgntdenoted
asf hereafter, is

f=fo+ 1, (28)
fo=K%+ U, (29

- ﬁ{ [0+ 2600 .+ g0,
- g%ﬁ%vvnﬁ}. (30

Each term inf’ can be given a reasonable interpretation. The
first term in brace represents the reduction of the free energy
due to excess area compared with the flat surface given by
the nonaffinity (¢ #0) of the segmental distribution. The
second and third terms denote the new effects due to the
interplay of surface undulation and interaction we will study
g{1elow. Note that for a weakly adsorbed polymgy=0 or

0 ~-pUC. Therefore, the first ternfsurface area tenmin
f’ tends to yield a net positive contribution to the polymer
free energy in the weakly adsorbed state, while the last two
terms may counterbalence it depending upon the strength of
adsorption and surface randomness. Below we investigate

where ¢ and a are the characteristic lengths for the surfacethe quantitative details of our predictiori@7) and (28),

correlation and interaction respectively which we shall dis-yhich shows a great variety as a function of the two param-
cuss later in detail. eters.

The first term in Eq(20) with =0 reflects the enhance-
ment of attraction energy due to the increase in surface area.
In expressing the other terms we note that

[h(X+ ) — h(x)]? = 2h2(1 - C(p))

Ill. THE ANALYSIS OF ADSORBED POLYMER
DISTRIBUTION AND FREE ENERGY

(22) To illustrate the points discussed in the preceding section,

where let us consider a simple model of polymer-surface attraction
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characterized by its strength and range. A representative exion length limits are identical to those of Gaussian correla-
ample of such a model is the Yukawa potential with a hardion function. In the long wavelength lim{¢/a> 1) we find

core,
1 W
uif)=9y2mar
OO! r= O!

e’ r>o,
(31

where uy(<0) and a define the interaction(attraction
strength and range. For a flat surface we have

zla

qu_ , 2> 0,
Uo(2) = o

, z<0. (32)

The unperturbed ground state, over which the average

((--m) are to be taken, is given by

Im(2) = CI(Se™), (33

as obtained from the exact solution of E4) [20]. HereC is
the normalization constant anj is the Bessel function of

that
c<ﬁ)~1—(3>2with k:£, (40)
3 ¢
a 2
V(z) = 2(5) Us(2). (41)

Also in the short wavelengtfcorrelation lengthlimit (£/a
<1), both Gaussian and sinusoidal models yield

(42)

Therefore, a sinusoidal surface, which can be easily visual-
ized, can provide a convenient picture for the polymer ad-
sorption on random surfaces in these two limits. Further-
more, the sinusoidal surface, which can be artificially
constructed, can facilitate a comparison of our theoretical

V(z) = Uy(2).

of v that satisfies the BCJ,(S)=0. The eigenvalue

f=—2-(1/a)?n? is the adsorption energy per segment in units

of T. As the Sy=(248|uy|)"%a/l has to be larger thaiy,
=~ 2.4048, the first zero aly(x), the T, is given by

24uy| a2
Tc = |—2

> (34)
Jo1

For the undulating surface, we consider a simple model of

height correlation functiofi21,22,

C(p) = exd— (pl&)*], (35

whereé¢ is the correlation length of surface randomness. The

screened surface potenti¥lz), defined by Eq.(26), now
takes the form

—
w

_ _NTE 20+ 292 (i E)
V(2) Uo(z){l > ae erfc| 2a+§ .

(36)

The correlation function Eq35), which is the inverse Fou-
rier transform oflh(g)|?/h?, also determines

W2 2golh@? f d?da?ih(d)|?
v =
T M egnap

The advantage of the Gaussian correlati8§) is that it

=4¢72, (37)

has an interesting connection to a sinusoidally oscillatin

surface,
h(x) = hg sin(k - X). (39)
It can be easily shown that it gives
C(p) = cogkp) (39

if we take the distance along the direction of the wave
vectork. Here the both long and short wavelengtorrela-

our surface interaction and correlation models to calculate
the @ and f in detail as follows.

A. The polymer distribution near surface

Equation(27) is rewritten as

3 2
A =— Elg_zﬁ<vl>m-

’ — _E 2 )
v >m_sz< 3 2m2 V@),

obtained by integrating Eq25) by parts withn=1, and us-

ing the BCs ¢(0)=0 and ¢,()=0. The layer thickness
parametew,, Eq.(43), is in general negative in an adsorbed
state, sincé/(z) is similar toUy(2) in z dependencgsee Egs.
(41) and (42)] and mostly negative for the region where
¢r2n(z), the concentration of segments in the absence of sur-
face undulation, is a sharply increasing functiorzo®n the
other hand, it is proportional to the effective surface force on
a segment, as can be seen in &%), and thus they,, tends

to be vanish approaching the desorption transition. We will
analyze the layer thickness parametey, as a function of
two parameters, adsorption strengfuy and correlation
length &. As the quantities related with,,, we will analyze

the polymer adsorption thickness and the ratio of segment
concentration within valleys to that above hills of the undu-

(43
with

(44)

gIating surface.

Figure 3 is the plofsolid line) of layer thickness param-
eter, o, as a function of the adsorption strenggiy,|, for
the case ofl=1 nm, a=5 nm, £=15 nm, and(h?)?=h;
=1 nm. The choice of these parameters here and hereafter
are tentative, as we merely want to see the trends of the
phenomena predicted. It shows tha} is negative with the
magnitude increasing monotonically as temperature de-
creases below,. This means that as the adsorption becomes
stronger the segments tend to be more concentrated within
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>
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2
0.05/
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Blugl B luy|
FIG. 3. Polymer layer thickness parametgy as a function of ) O©
adsorption strengthg|ug|. The dashed line is the result obtained by Y
including the excluded volume effeEVE) to be discussed in Sec. = = - Undulation+EVE
IV. Here I=1 nm,a=5 nm, £&=15 nm, h,,=1 nm,v=13/300, and -0.2
c=1/(812. 2 o4
£
. 5 o4
the valleys than above the hills, because the effect of attrac- T s
tion for segments is dominant over the entropic cost for con- e
finement. This is consistent with an earlier study based on 0.6
scaling theory where strong adsorption induces a flexible sur- 07, T R Y Ty T——
face to bend toward the polymer while weak adsorption drive ’ ’ Blu| ’ ' '
0

the surface to bend away from the polynji28]. More quan-

titat_ively, this _behav_ior_ is measured by the ratio of CONCeN- £ 4 (a) The ratio of polymer segment concentration at a
tration at a height within the valley to that at the same height,eignt within a valley to that at the same height above a hill, (@ihd
above the hillp,/py, (Fig. 2). For a sinusoidal surface Eq. changes of polymer layer thickness, as a function of adsorption
(38), Eq. (11) yields strength,8|u|. The dashed line is the result of EVE. The parameter
values used are the same as in Fig. 3.
2
& - ( 1 amho) ’ (45)

a
o e aim~ = 6lug. (47

wherehy is the amplitude of oscillation related with,s via
hims=ho/v2.  When Bluol =0.1, the case corresponding t0 ag correlation length of the surface increases, entropy loss of
strong adsorption, the ratio jg/p,~ 10 [Fig. 4@)]. Surface 5 holymer, due to the confinement within valleys, decreases.
undulation |r_1duces the layer thickneBsof adsorbed poly- Thus, in the region of largé/a the polymer can be more
mer to be thinner than the case of flat surface. The change &yncentrated within wider valleys owing to the dominant ef-
the thickness, Eq13), induced by the undulation is given by fact of the attraction. This trend appears to be enhanced for

the strong adsorptiofFig. 6b)]. In this case, ashims

20Ny ~-0.5, the concentration ratio js/p,~ 30 [Fig. 7(a)], and

AD= 1+a.2h 2 (46) the adsorption thickness change\i® =~ —0.8h,,,s [Fig. 7(b)].
m

rms

10’

In Fig. 5 whenp|ug| is 0.1, layer thicknegsolid line) de-
creases to the order of the attraction range. In this case of
strong adsorption, layer thickness decreases due to the undu-
lation below that of the flat surfadglotted, dashed, and dot
+dashed lines in Fig.)5 The figure shows that the higher 20
undulation induces the thinner layer thickness, indicating the a
enhanced adsorption by undulation. Figufk)4hows thick-
ness changésolid line) is as large asAD|~0.65h s

Figures 6§a) and Gb), the plots ofa,, (solid line) vs the

surface correlation length show thata,,, approaches to cer- 107

. N . 0 0.02 0.04 0.06 0.08 0.1
tain plateau values agincreases. We have considered both B lu,|
the weak(|ug|=0.01, Fig. 6a)] and the strong adsorption
case[B|ug| =0.1, Fig. b)] with fixed values ofi=1 nm, a FIG. 5. The linear-log plot of polymer layer thickness as a func-
=5 nm, andh,,s=1 nm. The plateau value fof/a>1 is tion of adsorption strengtig|ug|, for flat surface and several values
given from Eq.(27) and(41) as of hyne= (A2 Herel=1 nm,a=5 nm, andé=15 nm.
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30

(a) (a)
25
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FIG. 7. (a) The ratio of polymer segment concentration at a

correlation lengthg, for (a) weak adsorptiori8|ug|=0.02) and (b) height within the valley to that aF the same height gbove the hill qnd
strong adsorptior8|ug|=0.1). Herel=1 nm,a=5 nm, hype=1 nm, (b) changes of polymer layer thickness, as a function of correlation
v=13/300, andc=1/(81?). I_eng_th,g, for a strongly adsorbed polymég|ug|=0.1). The dashed

line is the result of EVE. The parameter values used are the same as
Such large values qf,/ p, and a;,, although can be reduced in Fig. 6.
greatly by the excluded volume effeldashed lines in Fig.
7(a) and Fig. @b)] treated later, could be artifacts of our d d
ansatz that may fail in the limit of large It should be borne <V">m=f dZ(‘ d_z¢r2n(2))d_ZV(Z)- (50)
in mind that at the outset we are limiting ourselves to value
the & which is smaller than the polymer covered distahce
As far as the free energy, which is considered in the nextfhe second term in the brace tends to be negative because in
section, is concerned, however, this restriction does not magur model potential, Eq32), (d/d2)V(z) has large positive
ter, since it approaches to that of flat surface in this limit as itvalue for the region of less thara, whereg?(2) is a sharply

FIG. 6. Polymer layer thickness parametey, as a function of

should. increasing function of. The last term, representative of in-
On the other hand, wheg/a gets much smaller than trinsic a# 0 effect, i.e., preferential localization of segments
unity, we have in the valleys, is always negative, playing a significant role
2 in reducing the free energy for strongly adsorbed polymers.
A~ - |§2—6‘3|u0|, (48) Let us first study the effect of the undulation on the nature

of desorption transition. The transition temperaftéor flat

suggesting that,, tends to be much smaller than the case ofsurfac% iso obtained from the conditiorfo=0, i.e.,
T°=—Um/Km. Similarly, f=0[Eq. (28)] determines the criti-

large correlation length. This implies that the polymer tends'c
to escape from the narrow valleys driven by higher entropy:al temperaturd, and the desorbed state as well for undu-

above the hills rather than to accumulate within the valleydting surface. However, an analytic calculationTefis not
due to the surface attraction. easy because of the complexity involved in the temperature

dependence in the polymer wave function. Instead, numeri-

B. Free energy per segment cal plots of free energy can be obtained in order to visualize
The change of dimensionless free energy of adsorptiot€ changes of critical temperature in several conditions. Fig-
induced by undulation, Eq30), is rewritten as ure 8 is the plot of total free enerdyfor a weakly adsorbed
- ) polymer as a function of3|ug| in the case ofi=1 nm, a
P L i(Ko +1ﬁu°> + BV _§§_Bz<vl> 2 =5 nm, £=10 nm, andh,,s=1 nm. It shows that the free
1 +ar2nh2 gyum rrm mo2)? m energy per segment decreases monotonically as temperature
(49) decreases in the two cases of fldwtted ling and undulating
surface(solid line). The value ofg|ug| wheref=0 is found to
with (V') given by Eq.(44), and be higher(Bug|=0.0101, compared with the case of the
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X 107° X 10°
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- \\//“
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FIG. 8. Dimensionless free energy per segmiefdr a weakly
adsorbed polymer as a function of adsorption strengtig|. The
value of 8|ug| that meets wittf =0 indicates the critical temperature
of adsorption transition. Heré=1 nm, a=5 nm, £=10 nm, hyg
=1 nm,v=13/300, andc=1/(8l?).

FIG. 10. Dimensionless free energy changes per segnfiént,
=f-fy, as a function of correlation lengtl§, for weak adsorption
and stronger one. Cusps exist where adsorption-desorption transi-
tions occur. The plateaus indicate the desorption state. Here
=1 nm,a=5 nm, andh;,,s=1 nm.

flat surface(B|uo| ~0.0096, meaning that critical tempera- Pulsion by less confinement. Fgfug| smaller than the criti-
ture of the adsorption on the undulating surface is loweredcal Value Bdlug|, the polymer desorbs withi=0. Then, the
This is because in weak adsorption the entropic effect of €€ €nergy change due to undulation is giverf by—f, [Eq.

enhanced steric repulsion induced by the undulattidy is (28)], which is positive since, the free energy of polymer

larger than the effect of attraction. i.é’- dominated by the adsorption on flat surface, is considered to be negative. This
firs% term in Eq.(49), is positive as, s.h(.):/vn below y means that the polymer can desorb on an undulating surface,

Consider that the polymer is adsorbed on a flat surfac although it adsorbs on a flat one. The single desorption line

! . ' =0 or f’=-f,, independent of the surface correlation, meets
and_ then ask w_hat will happen if the surfac_:e undullatlons o] dsorption lines(f<0) at the cusps, which indicates the
various correlation lengths are turned on. Figure 9 is the pIo(IJl

dsorption-desorption transition point. From the cusps, we

of the free energy change per segment induced by undulgyg that the transition temperature is higher for the longer

tion, f’, as a function of3|uy| for several values of=10, 15,  orrelation.

and 20 nm with=1 nm,a=5 nm, andhms=1 nm. It shows Figure 10 reveals that free energy charigedramatically

that the free energy change increases to a maximum in thgepends upon the surface correlation length. Dashed lines in

weak adsorption region, but it drops precipitously as the adthe figure show the free energy change for a weakly adsorbed

sorption strength increases. In the caseéeflO nm, the polymer chain(B|u,|=0.01,0.010% As correlation lengthe

value off’ is positive fors|ug|<0.02 and negative foBlu)|  decreases, free energy change increases éntdaches a

above. The large decrease of the free energy to negativityritical value&., a cusp of free energy corresponding to the

mainly comes from the increased attraction reflected in th@dsorption-desorption transition point. For the valuestof

larger value ofla,,|, which makes the segments concentratesmaller thané,, f’ approaches fq, positive value indepen-

within the attracting valleys. As increases tof=15 and dent of ¢ and thus the adsorbed chain on flat surfée

20 nm, thef’ is lowered owing to the suppressed steric re-<0) becomes desorbetf=0) due to the steric repulsion

enhanced by confining the chain within the narrower valleys.

<10 The solid lines in the figure show the free energy change for
' ' : ' ' ' stronger adsorptior{|ug|=0.02,0.025. As ¢/a decreases

far below unity, the adsorbed chain on an undulating surface

have a free energy chan@ehich is sharply increasingand

tends to be desorbed as in the case of weak adsorption. For

&la< 1, substitution Eq.42) and Eq.(48) into Eq. (49

yields
’ 4F 0 1 0
fl = ?<Km+ EBUm (51)
oL , , , , , which should be equal tofg for the desorption transition.
001 0.012 0.014B(i.31|6 0.018 002 0.022 From this andTg:—U%/K%, one obtains
()}
o [2T -T2\
FIG. 9. Dimensionless free energy changes per segnienf, &= V2Nng T(C)_TC ) (52)

—fo, as a function ofg|ug| for three values o. Three adsorption

curves meet a single desorption curve at cusps where adsorptioAs &/a increases, the free energy change tends to be small on
desorption transition occui@nlet). The parameter values used are the undulating surface. F@f/a>1, Eq. (41) and Eq.(47)

the same as in Fig. 10. yield
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4 & ( 3a2 ) h?
fl o~ 2U02 53 \V4
1+ar2nh2 O 2|2:8 ( ) (V h)2< >m
o= W, (59)
In_this region free energy changé approaches zero like 5 +2vCEW
X

-h?/ €. As Eq.(53) suggests, the strong adsorptidree en-
ergy reductiohis enhanced by the surface undulation. As its
correlation length increases to infinityvith h® finite), f’
tends to vanish. This is expected since in this limit the sur-
face becomes flatf=f). It is shown that in between two
limits there exists an optimal value @f, for which free

where the magnitude is smaller than the earlier result of Eq.
(27). The minimum free energy per segmeht with h?
=3&(V,h)? for a Gaussian surface, is

S : : f=fy+f,
energy is minimum, i.e., adsorption becomes the strongest.
Using the data for solid lines the optimal correlation lengths
are about 2-3 times of the attraction rarsge fo=K%+B8U°,

IV. EXCLUDED VOLUME EFFECT , 1 1 — . S
fr= WHK% + EBU%}(Vxh)Z + BhAV" ),
Until now we have neglected the self-avoiding interaction %m
(excluded volume effegtwhich can appreciably influence D vce —= 5
polymer distribution at highly concentrated regions. As a * 20V Im+ =+ am | S (V)7 + Svceh™ |
consequence, we obtained quite unrealistically high values

for ratio of segments within valleys to that above hills for (60)
low temperature and large correlation length of surface un- EVE is depicted by the dashed lines in most of the figures
dulation. In order to assess the additional trends the excludegiscussed previously. Using parametets=13/300, c

volume effect(EVE) gives, we develop a simple approxima- =1/(82) as tentative examples, Figs. 3 anth)4 respec-

tion within our formalism of Sec. Il. tively, show that the absolute value pf}| and p;/p, de-
The Edwards operator, E(), is modified to crease as EVE becomes stronger. Figut® ghows that the
° L undulation-induced decrease in layer thickness is also less
L===V2+ BU(F) + =vp(P), (54) due to EVE. These trends are readily understandable because

the EVE prevents polymer segments from being highly con-
centrated within a limited space. In Figgapand Gb), the
wherev >0 is the excluded volume parameter, and the chaimagnitude of|«,| is lower than|a,,| for all values of¢/a.
volume segmental density is The strongly adsorbed polymer is much more affected by the
EVE than the weakly adsorbed one due to the enhanced EVE
N N R R on more concentrated segments within a valley as shown in
p(r(n)):J dn’8(r(n) —r(n’)). (55) Fig. 7(a).
0 The|e/,| andpy/p, show interesting turnover behaviors as
function of ¢ showing a maximum at a certain value, say
~ 5a for the strongly adsorbed case. Whgfa is small|«;|
_ tends to be vanishing, since the high entropy cost for confin-
p(7) =Ny (56) ing segments within narrow¢/a<1) valleys drives them to

For simplicity, we assume that the reference siagg the escape towards the hills. Whéha is large, the surface looks

polymer wave function in the absence of undulation, is notlse;]?l{l Tug%gﬁe.{_ﬁé %%Z:vgci‘fﬁléi:i? tshk:c?l\:\:\r:eéz bg@;)a;-
affected by the presence of EVE. Basically EVE is treated ag Iso gér}:ows a similar effegcts of exclu):ded volume, that is, the
the first order perturbation, whose magnitude is modulate

by the parameters, andc. Then using our ansatd0), free |?:kin5rses ghiznge |c:, ?corfe?rseees éisésr' er segmépy; as a
energy per segment, E¢L4), becomes 9 P gy p 9 E

function of adsorption strength|uy|, where the free energy
feve is higher than thef. Consequently the value ¢|ug|
wherefg,e=0 is also found to be higher, which means that
the critical temperature is lowered compared with that with-
out EVE. This trend of increased free energy is due to the
s effect of more enhanced steric repulsion induced by the
E. = EUNJ d3F¢4(F) - }uce<ﬂ) (59) EVE. Nevertheless, EVE yields no appreciable changes
mo2 m 2 1+ a?h? qualitatively in physics explained before in Figs. 9 and 10.
All of these excluded volume effects show reasonable trends
where c=N/A, surface segmental density, ames [dz¢y,.  of the quantities under study despite the simple approaches
Then thea,, that minimizes free energy per segment, Eq.that we have used: the mean field approximation combined
(27), is modified to with the first order perturbation.

For this, we use the mean field approximat[d9],

f=Kn+ BUn+En, (57

with
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V. SUMMARY AND DISCUSSION Next, we found how the correlation length of the surface

In this paper, we have investigated the effect of surfacéignificantly affects the segment distribution, free energy,
randomness on polymer adsorption. We consider that the suf"d adsorption-desorption transition of the polymer as well.
face is nearly flat with small-scale undulations whose correThe enhancement of desorption transition induced by the un-
lation function is given as Gaussian. For the polymer confordulation can be negligible in the region of long correlation
mation and free energy, we used the Edwards equationgéngth, but it becomes strong in the region of short correla-
considering that the polymer-surface attraction can be longtion length. Thus, for a polymer adsorbed on a flat surface
ranged, supplemented with the hard-wall repulsion. the desorption transition occurs if the surface becomes ran-

First, by developing a variational scheme, we found thatdom with the correlation length below a critical valug, as
the polymer segments tend to be increasingly localizedghown by dashed lines in Fig. 10. Also, we found the optimal
within valleys of the undulating surface as the adsorptiorcorrelation length¢,, at which the free energy of the ad-
strength(B|ug|) or the correlation lengthé/a) increases. For  sorbed chain is at a minimum, as shown by solid lines in Fig.
strong adsorption, this is due to enhanced effect of attractiod0. This implies that if a surface is flexible enough, it can
dominant over the steric repulsion within the valleys, whichspontaneously develop an instability with respect to oscilla-
increases as the surface correlation length increases. THisn with the wavelength of the order of this length. This
enhanced attraction is owing to the larger space for the polyaspect is in accord with a recent wdrk4].
mer fluctuation within the influence of the attractive field in ~ Finally, in Sec. IV we incorporated the excluded volume
the valley, more than to the increased surface area of contaeffect into our analytical results of an ideal chain, which
which often has been attributed to enhancement of adsorpesulted in more realistic chain behaviors. The tendency of
tion. As a consequence, the thickness of the adsorbed polgegments to be localized within valleys is constrained, result-
mer layer becomes smaller than that in the case of a flahg in a higher free energy cost for the chain adsorption.
surface, and also g8|uy| and é/a increase, the free energy ~ Our approximation is at its best validity for smooth undu-
decreases due to the undulation, leading to enhanced surfakaion (|h| < ¢), long range interactiofih|<a), and for small
adsorption. We have dealt with a long chain interacting withvariation of polymer distribution as required by the Edwards
the surfacevia finite-to-long range attraction, and thus the equation. Moreover, we treated EVE as a perturbation, which
qualitative agreement of these trends with the models usinghay not be so in some cases. In spite of these limitations, our
the contact interaction may not be sufficiently explained. study gives reasonable explanations about the essential be-

Second, it was shown that the undulation suppresses thHeviors of long chain adsorption on an undulating surface. To
polymer adsorption transition, lowering the transition tem-the best of our knowledge, most work have been done for the
perature below that for a surface without undulation. This iscontact(polymer-surfacg attraction, not the finite-range in-

a direct consequence of the fact that for weak adsorption theraction we consider here. Our analytical theory, demon-
additional free energy arising from the undulation, domi-strated numerically here only for several cases of parameters,
nated by the entropic reduction, is positive. This steric effectan be easily extended to a variety of situations and can be
is due to Helfrich-like repulsion between the polymer andreadily assessed by experiment and simulation studies.
surface which is induced by the hard-wall BC on the Ed-
wards equation as found earligtl]. Care should be exer-
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