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Order in semiflexible polymers at an interface
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In the present paper, the simultaneous effect on a polymer of orientation by a solid surface and strong
repulsion at the interface with an incompatible liquid is studied. Semiflexible polymers resist deformations
perpendicular to the monomer and have a tendency to align in a given direction in contact with a surface. When
a second incompatible liquid is added, a sharp interface between the two liquids forms at a given distance from
the substrate. By changing the nature of the second liquid, this second constraint can control the order and
force the polymer in the ordered surface layer to assume different conformations. The wormlike chain is used
to define the parameters of the system that will determine the resulting conformation. An extended or con-
tracted form is found depending on how the chains interact with the liquid.
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I. INTRODUCTION

The formation of ordered liquid layers near an interface
surface is of fundamental and practical interest@1,2#. A
clearer view of liquid-surface interactions and their cont
would be useful for many practical applications in syste
such as lubricants, coatings, detergents and suspensions
cent experimental work on model systems has proven
existence of order under certain conditions and has stu
the effects of temperature and degree of polymerization~DP!
@3–5#. Orientational order in polymer systems is observ
near a surface or an interface if the polymer chains are
ficiently long and the temperature sufficiently low for th
loss of entropy to be balanced by a gain in interaction
ergy. The chains orient in a preferential direction to the s
face. Such orientational effects are well known in liqu
crystals and routinely used in industrial applications@6#. In
liquid crystals, the anchoring force at the surface fixes
direction of preferred orientation in the bulk by coupling t
direction of the molecular axis and the surface plane. In s
tems without liquid crystal phases, a surface anchoring co
cause some orientational order of the monomers in the
mediate vicinity of the surface-liquid contact. Strong intera
tion at the contact between a surface and a polymer liqui
not unusual; in physisorption, steric effects produce effici
packing of the chains, and in chemisorbed systems, chem
bonding develops. In systems with weak orientatio
dependent interaction, the polymer must have appreci
resistance to bend deformations in order to straighten un
outside influences and the resulting monomer distribution
a flexible chain does not necessarily produce orientatio
order. Semiflexible polymers that resist deformations perp
dicular to the monomer may show a tendency to align i
given direction relative to the surface@7,8#. For example, it
was shown that model rigid asymmetric chains can ori
parallel to an interface simply due to the coupling betwe
position and direction of a monomer@9#.

For a distribution of monomers that depends on the dir
tion of the monomer as well as the position, an anisotro
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chain conformation can emerge. Anisotropic elongation
the monomer density allows us to model the polymers
ellipsoids in numerical simulation studies and in analytic
theory @10#. As the anchoring force decays away from t
surface into the bulk liquid, the monomer distribution w
return to spherical symmetry.

Recently, a second incompatible liquid has been adde
control the order of a liquid in contact with a surface@11#. A
sharp interface between the two liquids forms at a giv
distance from the substrate and by changing the nature o
second liquid this second constraint can force the orde
surface layer to assume many different conformations.
pending on how the chains interact with the liquid, an e
tended or contracted form is observed. In the present pa
the wormlike chain is used to study the simultaneous eff
on a polymer of orientation by a solid surface and stro
repulsion at the interface with an incompatible liquid and
define the parameters of the system that will determine
resulting conformation.

II. MODEL

The model considers a two-component fluid, the ‘‘surfa
tant.’’ A and the solventB, in contact with a substrateW. The
structure of the fluid is shown in Fig. 1 and is assumed
follows. There is first a layer ofNA surfactant monomers
attached by polar heads to the wall. This is followed a
distanceD by the NB monomers of solvent and, due to in
compatibility between the solvent and the surfactant~unfa-
vorable Flory interactionx!, the layers consist of almost pur
A or B @9#. Because of the wall, the chains ofA have a
tendency to align, manifested by an extended conformat
The interactions are modeled by mean field averages, in
layers, of the interactions between the surfactant unitsUAA ,
between the solvent unitsUBB , as well as a contribution
from the orientation dependent interaction of surfactant w
the wall, VAW . The orientational order of the surfactant
determined by the wall interaction and depends on the
(5ZA) of the surfactants and on the chain stiffness. In a fi
step the interactions betweenA andB in the narrow interface
can be neglected. These are usually only weakly depen
on orientation of the monomers except in liquid crystals. T
©2001 The American Physical Society08-1
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thickness of the layerD is found then by minimization of the
free energy. For a given surfactant and substrate,D will be
determined byVAW and by the difference between the tw
interactionsUBB andUAA . If the net repulsionUAA2UBB is
sufficiently negative,D will be large. This means that th
system gains energy by increasing the more favorable c
tribution of A at the cost of unfavorableB. The surfactant
chains resist the elastic deformation and the maximum
tension is of the order of the DP. The change in conform
tion is not just a variation of the radius of gyration but
anisotropic extension perpendicular to the surface. The
rameters of the system are the persistence length and th
of the surfactant chains, and the interactions described ab
Experiments varyUBB . If the assumptions are correct, th
width of the surfactant layer and the extension of the cha
should be larger the larger the repulsion between solv
molecules in the pure solvent layer.

III. CALCULATIONS

The surfactant chain is represented by a semiflex
model@7–9,12#. The wormlike chain model measures defo
mation of the local tangent to the elastic chainw(s) with an
energy (cb/2)*0

Lds(dwW /ds)2. The bend elastic constant iscb

ands is the length measured along the chain of total lengthL.
Stretch deformation is included by a coupling term th
forces the polymer chain with monomers at positionsr (s) to
lie close to the mathematical line withwW (s)5drW(s)/ds. The
isotropic excluded volume in the mean field approximat
@13# donates an energy*ds U@r (s)#. Near the surface, the
orientation-dependent wall-monomer interaction contribu
an energy*ds V„r (s),w(s)…. The usual model forV is an
expansion in spherical harmonics, limited here to the low
order quadrupolar term@6,10,14#. All interactions are given
per unit segment length.

FIG. 1. Schematic representation of the sample with an orde
layer of chainsA in contact with a substrateW and with an interface
with an incompatible polymerB at distanceD from the substrate.
The z axis is perpendicular to the substrate.
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The probability for a conformation of the chain as give
by positionsr (s) and orientationsw(s) is found from the
Boltzmann factor

P„rW~s!,wW ~s!…5expH 2E
0

L

dsF cb

2kT S dwW ~s!

ds D 2

1
cd

2kT S wW ~s!

2
dr~s!

ds D 2

1
U@rW~s!#

kT
1

V„rW~s!,wW ~s!…

kT G J .

~1!

A useful quantity is the probabilityG(r 0 ,w0 ,r ,w,L) to find
the last monomer atr with directionw for a initial positionr 0
and directionw0 ,

G~rW0 ,wW 0 ,rW,wW ,L !5E drW~s!dwW ~s!P„rW~s!,wW ~s!…d„rW~0!

2rW0…d„wW ~0!2wW 0…d„rW~L !2rW…

3d„wW ~L !2wW …. ~2!

The equation forG(r 0 ,w0 ,r ,w,L) is derived as usual from
the definition given in Eq.~2! @15#,

dG

dL
5

kT

2cb
DwW G2wW •

d

drW
G1

kT

2cd
D rWG2

1

kT

3@U~rW !2V~rW,wW !#G. ~3!

The position and orientation dependence of the end-to-
monomer distribution are coupled. For semiflexible chai
the persistence lengthq5cb /kT is a measure of the stiffnes
of the polymer structure to bend deformations:q/L→` de-
fines the rigid rod limit,q/L→0 defines the limit of flexible
chains. To apply Eq.~3! to flexible symmetric chains with no
resistance to bend, the distribution of monomers must
independent of orientation and the usual excluded-volu
problem reappears.

To derive space-averaged properties for the semiflex
surfactant of DPZA and densitynA , the system is divided
into two parts as described in the model. The surfact
chains are constrained in the layer of widthD where wall
interaction is also present. The solvent chains of DPZB and
densitynB fill the remaining part of the sample of widthd-D.

For the surfactant chains, Eq.~3! is averaged over al
initial and final positions of monomers in the layer near t
wall to obtain

GA~w0 ,w,LA!5@1/D#E dz G~z0 ,w0 ,z,w,LA!,

which is a solution of

dGA

dLA
5

kT

2cb
DwW GA2~UAA1VAWY20~wW !!GA , ~4!

The mean-field interaction parameters are the effec
excluded-volume interaction~here simply UAA due to
exclusion of the solvent! and the effective-wall interaction

d
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as derived from V(z,w)5V(z)Y20(w) with VAWGA
5*d(z/D)G(z0 ,w0 ,z,w,LA)V(z)/kT.

The boundary conditionG50 is imposed at the limitsz
50,D of the layers. As discussed elsewhere@8,12#, this
equation is solved using eigenfunctions in an expansion
spherical harmonicsYLM(w). The z axis is placed perpen
dicular to the wall~Fig. 1!, the chain ends are assumed to
free symmetrical and invariant to rotation around the ch
axis.

Then GA(w,w0 ,LA)5SF j* (w0)F j (w)exp(2EjLA) with
F j (w)5Saj

LMYLM(w) and the equations for the coefficien
are obtained from Eq.~4!:

S 2Ej1UAA1
kT

2cb
~L11!L Daj

LM

1 (
L8M8

~21!MC~L2M ,L8M 8,20!VAWaj
L8M850 ~5!
be
i

e
is

06180
in
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with the definition

C~LM ,L8M 8,L9M 9!5E dw YLM~w!YL8M8~w!YL9M9~w!.

Relaxing the initial condition, limLA→0GA(wW 0 ,wW ,LA)

→d(wW 02wW ), the eigenvalues are calculated forq/LA→0
from a limited expansion to order 2: Forj 51,

E15UAA1
kT

cb
1VAWC~10,10,20!,

for j 50(2), 2(1)
Ej5UAA1
1

2 F3kT

cb
1VAWC~2;0,20,20!GF 17S 11

4VAW
2 C~20,20,00!2

S 3kT

cb
1VAWC~20,20,20! D 2D 1/2G
e

be
o-

e

and the coefficients are found to be forj 51, M50,

a1
151, a1

05a1
250,

for j 50,2, M50, aj
150

~aj
0!25

1

4p

VAW
2

~Ej2UAA!21
VAW

2

4p

,

~aj
2!25

~Ej2UAA!2

~Ej2UAA!21
VAW

2

4p

.

IV. RESULTS

The properties of the surfactant layer ofA chains now
follow @12#. The monomer density will be considered to
unchanged relative to the bulk. The order of the chain
measured byS5(1/LA)*dŝ Y20(w(s))& with

S5
~4p!

QA
( aj

0aj 8
0 aj 8

l 8aj
l C~20,l0,l 80!

3E
0

LA ds

LA
e2Ejs2Ej 8~LA2s!, ~6!

where^ & denotes the average in chain conformations as m
sured byG. The chain extension perpendicular to the wall
s

a-

given by the correlation function of orientation along th
chain in the direction perpendicular to the wall,

^wi
2&5E

0

LA
ds8E

0

s8
dŝ wz~s!wz~s8!&

5
2

3

~4p!2

QA
( aj

0aj
l 8aj 8

0 aj 8
l aJ

kaJ
k8

3C~10,l 80,k0!C~10,k80,l0!I jJ j 8

I jJ j 85 E
0

LA
ds8 E

0

s8
dsexp@2Ejs2EJ~s82s!

2Ej 8~LA2s8!#. ~7!

As discussed in@12#, the average chain conformation can
enclosed within an ellipsoid with the long principal axis pr
portional to^wi

2&.
The partition function of the semiflexibleA chains isQA

54p@(a0
0)2e2E0LA1(a2

0)2e2E2LA#.
For the flexible solventB molecules of lengthLB , the

position-averaged solution of Eq.~4! leads to GB5exp
(2UBBLB),UBB being the average isotropic excluded volum
interaction betweenB monomers.

The total free energy of total widthd of the system con-
sisting of the surfactant and the solvent is
8-3
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F

kT
5

NA

ZA
S 2

1

2
UAALA1 ln

NA

ZA
212 ln QAD

1
NB

ZB
S 1

2
UBBLB1 ln

NB

4pZB
21D . ~8!

The extensionD of the surfactant layer is calculated by min
mization ofF with D for equilibrium of surfactant and sol
vent with their coexisting phases of zero chemical potent

To illustrate the results, the wall-surfactant interaction
modeled by a simple exponentialV(z)52v exp(2lz). In
this case, the layer average is calculated asVAW'2v/lD.

For q/LA!1, the approximate solution ofD/d in the limit
of weak interactions (D/LA small! is found on minimization
of ~8!:

D

q
5

n

l

C~20,20,20!

S 11
Df

kT
1 ln

nq

ld
C~20,20,20! D , ~9!

whereDf is the difference in free energy betweenA andB
molecules, including the entropy of the semiflexible cha
~NA

0 andNB
0 are the number ofA or B monomers needed t

fill the entire sample of thicknessd!:

Df

kT
5

1

2
UAALA1 ln

NA
0

4pZA
2

nB

nA

ZA

ZB
F1

2
UBBLB1 ln

NB
0

4pZB
G .

~10!

Experiments explore differences in the repulsive interact
in the solvent@11#. A large repulsion inA relative toB re-
pulses the chains at the interface The chains curl up to red
D and the anisotropic chain extension. This is counterac
by the effect of the repulsive wall interaction~Fig. 2!. Strong
repulsion of intermolecular interaction inB increases the ex
tent of the ordered layer ofA. The thickness of the ordere
layer depends on the ability of the rigid surfactant to expa
as measured byq and DPLA . The strength of the chain-wa
interaction can be obtained from the slope ofD(LA), as can
be seen in Eq.~9!. The anisotropy of the single chain con

FIG. 2. The thicknessD of the ordered layer in the weak inte
action limit as a function of potential differenceDf ~in units ofkT!
for effective anchoring potential with the substratev/l51. q is the
persistence length of theA chains of total lengthLA. The sample
thickness isd5q(0.183103).
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formation depends onD and an example of order paramet
and chain extension are given in Table I for the orderedA
layer in contact with an incompatible polymerB. All anisot-
ropy disappears at high temperature and the extent of
ordered layer drops to zero.

The model can be adapted to a pure polymer liquid ne
repulsive orienting wall, also shown in Table I. The tw
layers consist of the ordered surface chains with ellipso
distribution of monomers and the bulk chains with a sphe
cal symmetry. For small effective repulsion from the wa
the extension in contact with the disordered liquid is fou
from Eq. ~10! with Df50. In order to find an appreciabl
ordered layer, the wall effect must be of the order of the to
monomer-monomer interaction in a chain.

V. DISCUSSION

As suggested by the experiments, the results prese
above show that chain order at a surface can be regulate
adding an incompatible solvent to the system. The b
chains must be rigid but by themselves need not disp
orientational interactions and do not form liquid cryst
phases. The parameters of the system are accessible t
perimental measurement. The persistence length has
given for many different systems@16,17#, and the isotropic
mean field interactions can be fitted to phase diagrams
though a dependence of the effective fields on density
possible. The wall interaction is more of a problem. In t
experiments on surfactants, polar heads bind the chain
the substrate and the chains are strongly asymmetric in s
ture and chemical reactivity. Numerical simulation for th
single chain or a number of chains in the presence of a w
could be used to calculate the effective interaction in sim
systems and to test the form and strength of the ancho
force. The simple exponential model used here for the ch
interface interaction has been applied successfully to m
surface problems in simple liquids@14,18#. More complex
models@1,19# could be used but will not change the qualit
tive results.

The method can be applied to calculate the surface p
erties of semiflexible polymers over the whole range of st
ness from flexible to rigid and 0,q/L,` as described in
@12#. The calculation requires numerical diagonalization

TABLE I. The thicknessD/q of the ordered liquid layer, the
orientational order parameterS, and the anisotropy of chain exten
sione5^wi

2&/2/3LAq within the ordered layerz,D for A chains in
contact with liquidB and in contact with pureA. The effective
anchoring potential isv/l51. The persistence length of theA
chains isq and LA /q52. In the incompatible liquidB the total
chain length isLB5LA and the density isnB5nA , the potential
difference is (UAA2UBB)q526. The sample thickness isd
5q(0.183103).

A1B A1A

D/q 1.7 90
S310 0.25 0.005

e 1.08 1.001
8-4
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the eigenvalue matrix of Eq.~5!. The larger the number o
spherical harmonics, the higher the precision. In the bulk
expansion in eight spherical harmonics yielded a precis
,1023. As the chains become more flexible or longer, t
expansion in eigenfunctions can be approximated by
smaller number of terms. In the bulk liquid, the one eige
value expansion is a good approximation in the rangeL/q
.1. With this in mind, the expansion was limited here to t
first three terms that made an analytical solution possible

Density and order parameter profiles arising from
position-dependent distribution of monomers can be ca
lated in principle @9#. Total spatial separation of the tw
components does not occur in systems with partial com
ibility and mutual interpenetration could influence the cha
conformation by chemical bonding or other effects. Minim
zation of the free energy functional by analytical or nume
cal means yields profiles for the monomer density and
a

v

d

s

06180
n
n

a
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e
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orientational order parameter. For physical reasons, the
files are expected to be continuous. In another approac
simple form for the profiles is assumed and the resulting f
energy is minimized with respect to profile parameters. T
actual interfacial profiles are not easily accessible to exp
ment but the present model can be expected to give the
rect trends for derived average properties. In strongly inco
patible A1B mixtures, the interface is sharp in order
reduce the contact between monomers of different com
nents. This may not be true for the contact between the
dered surface layer of pureA and the remaining isotropic
bulk.
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