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Order in semiflexible polymers at an interface

A. ten Bosch
Laboratoire de Physique de la Matg Condense, CNRS UMR 6622, Parc Valrose, F-06108 Nice Cedex 2, France
(Received 20 June 2000; revised manuscript received 15 February 2001; published 29 May 2001

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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[. INTRODUCTION chain conformation can emerge. Anisotropic elongation of
the monomer density allows us to model the polymers by
The formation of ordered liquid layers near an interface orellipsoids in numerical simulation studies and in analytical
surface is of fundamental and practical intergs2. A  theory[10]. As the anchoring force decays away from the
clearer view of liquid-surface interactions and their controlsurface into the bulk liquid, the monomer distribution will
would be useful for many practical applications in systemgeturn to spherical symmetry.
such as lubricants, coatings, detergents and suspensions. Re-Recently, a second incompatible liquid has been added to
cent experimental work on model systems has proven theontrol the order of a liquid in contact with a surfede]. A
existence of order under certain conditions and has studiegharp interface between the two liquids forms at a given
the effects of temperature and degree of polymeriz&fix) distance from the substrate and by changing the nature of the
[3-5]. Orientational order in polymer systems is observedsecond liquid this second constraint can force the ordered
near a surface or an interface if the polymer chains are susurface layer to assume many different conformations. De-
ficiently long and the temperature sufficiently low for the pending on how the chains interact with the liquid, an ex-
loss of entropy to be balanced by a gain in interaction eniended or contracted form is observed. In the present paper,
ergy. The chains orient in a preferential direction to the surthe wormlike chain is used to study the simultaneous effect
face. Such orientational effects are well known in liquid ©n @ polymer of orientation by a solid surface and strong
Crysta|s and routine|y used in industrial app||cat|¢ﬁ$ In repulsion at the interface with an incompatible |IQUId and to
liquid crystals, the anchoring force at the surface fixes thélefine the parameters of the system that will determine the
direction of preferred orientation in the bulk by coupling the resulting conformation.
direction of the molecular axis and the surface plane. In sys-
tems without liquid crystal phases, a surface anchoring could II. MODEL
cause some orientational order of the monomers in the im-
mediate vicinity of the surface-liquid contact. Strong interac- The model considers a two-component fluid, the “surfac-
tion at the contact between a surface and a polymer liquid itant.” A and the solvenB, in contact with a substrat®. The
not unusual; in physisorption, steric effects produce efficienstructure of the fluid is shown in Fig. 1 and is assumed as
packing of the chains, and in chemisorbed systems, chemic&bllows. There is first a layer oN, surfactant monomers
bonding develops. In systems with weak orientation-attached by polar heads to the wall. This is followed at a
dependent interaction, the polymer must have appreciabldistanceD by the Ng monomers of solvent and, due to in-
resistance to bend deformations in order to straighten undeompatibility between the solvent and the surfactamtfa-
outside influences and the resulting monomer distribution offorable Flory interactiory), the layers consist of almost pure
a flexible chain does not necessarily produce orientationah or B [9]. Because of the wall, the chains éf have a
order. Semiflexible polymers that resist deformations perpentendency to align, manifested by an extended conformation.
dicular to the monomer may show a tendency to align in arhe interactions are modeled by mean field averages, in the
given direction relative to the surfa¢&,8]. For example, it layers, of the interactions between the surfactant uijg,
was shown that model rigid asymmetric chains can orienbetween the solvent unitdgg, as well as a contribution
parallel to an interface simply due to the coupling betweerfrom the orientation dependent interaction of surfactant with
position and direction of a monomg3]. the wall, V,y. The orientational order of the surfactant is
For a distribution of monomers that depends on the direceletermined by the wall interaction and depends on the DP
tion of the monomer as well as the position, an anisotropiq =Z,) of the surfactants and on the chain stiffness. In a first
step the interactions betwe@mandB in the narrow interface
can be neglected. These are usually only weakly dependent
*Email address: tenbosch@unice.fr on orientation of the monomers except in liquid crystals. The
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The probability for a conformation of the chain as given
by positionsr(s) and orientationsv(s) is found from the
Boltzmann factor

L dw 2
P(F(S),W(s))zex;ﬂ'—fod%%< V(;/(;)) +20k—“T(W(s)

dr(S))2 U[F(s)] V(F(s),W(s))
“Tds | TTkT T kT :
(1)

A useful quantity is the probabilit$s(rq,wq,r,w,L) to find
the last monomer atwith directionw for a initial positionr 4
and directionwg,

G(FO,VT/O,F,VT/,L)=f dF(s)dwi(s)P(F(s),W(s))S(F(0)

—T0)d(W(0) —Wo)S(r(L) —r)
FIG. 1. Schematic representation of the sample with an ordered S N
layer of chaingA in contact with a substrat® and with an interface X S(W(L)—w). @
with an incompatible polymeB at distanceD from the substrate.

The z axis is perpendicular to the substrate. The equation foiG(rq,wq,r,w,L) is derived as usual from

the definition given in Eq(2) [15],

thickness of the layeD is found then by minimization of the dGc kT d KT 1

free energy. For a given surfactant and substiateyill be —=-—A;G—W- =G+ -—A;G— —

determined by ,,, and by the difference between the two dL 2cy dr = 2cq kT
interactionsUgg andU 4 . If the net repulsiot ,p— Upgg is X[U(F) = V(F,W)]G. )
sufficiently negative D will be large. This means that the

system gains energy by increasing the more favorable confhe position and orientation dependence of the end-to-end
tribution of A at the cost of unfavorabl®. The surfactant monomer distribution are coupled. For semiflexible chains,
chains resist the elastic deformation and the maximum eXthe persistence |ength: cb/kT is a measure of the stiffness
tension is of the order of the DP. The change in conformaof the polymer structure to bend deformatiogét — o de-

tion is not just a variation of the radius of gyration but an fines the rigid rod limitg/L—0 defines the limit of flexible
anisotropic extension perpendicular to the surface. The pahains. To apply Eq(3) to flexible symmetric chains with no
rameters of the system are the persistence length and the DEsistance to bend, the distribution of monomers must be
of the surfactant chains, and the interactions described abovgydependent of orientation and the usual excluded-volume
Experiments varyUgg. If the assumptions are correct, the problem reappears.

width of the surfactant Iayer and the extension of the chains To derive Space_averaged properties for the semiflexible
should be larger the larger the repulsion between solverdyrfactant of DPZ, and densityn,, the system is divided

molecules in the pure solvent layer. into two parts as described in the model. The surfactant
chains are constrained in the layer of widthwhere wall
Ill. CALCULATIONS interaction is also present. The solvent chains ofZ3Pand

o . densityng fill the remaining part of the sample of widthD.
The surfactant chain is represented by a semiflexible Eq the surfactant chains E¢) is averaged over all

model[7-9,12. The wormlike chain model measures defor-nitia| and final positions of monomers in the layer near the
mation of the local tangent to the elastic chaifs) with an vl to obtain

energy €,/2)/5ds(dw/ds)?. The bend elastic constantdg

andsis the length measured along the chain of total lehgth

Stretch deformation is included by a coupling term that GA(WO*W’LA):[llD]f dz G(zp,Wo,z,W,LA),
forces the polymer chain with monomers at positio(s to

lie close to the mathematical line witka(s) =dr(s)/ds. The  which is a solution of

isotropic excluded volume in the mean field approximation

[13] donates an energfds U[r(s)]. Near the surface, the dGa kT
orientation-dependent wall-monomer interaction contributes dL,  2c,
an energyf/ds V(r(s),w(s)). The usual model foV is an

expansion in spherical harmonics, limited here to the lowesThe mean-field interaction parameters are the effective
order quadrupolar terf6,10,14. All interactions are given excluded-volume interactionhere simply U,, due to

per unit segment length. exclusion of the solveitand the effective-wall interaction

AiGaA—(UpatVawY20(W))Ga, (4
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as derived from V(z,w)=V(2)Y,o(w) with VawGa  with the definition
=[d(z/D)G(z9,Wq,z,W,LA)V(2)/KT.

The boundary conditios=0 is imposed at the limitg
=0D of the layers. As discussed elsewhd®&12], this
equation is solved using eigenfunctions in an expansion inC(LM"-’M"'—"M"):f dw Y (W) YL (W)Y Loy (W).
spherical harmonic¥ |y, (w). The z axis is placed perpen-
dicular to the wall(Fig. 1), the chain ends are assumed to be
fre_e symmetrical and invariant to rotation around the ChairRelaxing the initial condition, IimAﬂOGA(Woyv_\)/vLA)
axis.

Then Ga(w,wg,L ) =3 ®F (Wo)j(w)exp(—EjLa) with
@;(w)=2a; ™Y y(w) and the equations for the coefficients
are obtained from Eq4):

— 8(Wo—Ww), the eigenvalues are calculated fgtl,—0
from a limited expansion to order 2: Fpe=1,

KT
at¥ E1=UAA+C—b+VAWC(10,1O,2(),

kT
_Ej+UAA+ 2_%(L+1)L

_ M _ ’ ’ I__'M':
+L,§‘,M,( DMC(L=M,L'M’ 20V aya; 0 (5 for = 0(-), 2(+)

4v3,C(20,20,00% \ 2

3kT 2
—~— T VawC(20,20,20
b

1[3kT B
Bj=Unat 5| o +VauC(20,20.20|| 15 | 1+

and the coefficients are found to be for 1, M=0, given by the correlation function of orientation along the
chain in the direction perpendicular to the wall,

al=1, al=a’=0,

for j=0,2,M=0, a'=0 La (s
)= [P [ dstwspmisn)

(ao)z—i Vaw 2
1 4 Vaw' _ 2 (4m) 041740 o1 Kok
(Ej_UAA)Z"_E T3 Q, > ;8 a;,3;,a,3,
XC(10,1'0,k0)C(10,k'0,I0)1;;;
2)2 (Ej=Upn)? )
(B Uan™ 22 [ ,
ligjr = Jo ds JO dsexd —Ejs—Ey(s'—s)
IV. RESULTS

—Ej(La—s")]. ()
The properties of the surfactant layer Afchains now
follow [12]. The monomer density will be considered to be
unchanged relative to the bulk. The order of the chain isas discussed ifi12], the average chain conformation can be

measured bys= (1/LA) fds(Ya(W(s))) with enclosed within an ellipsoid with the long principal axis pro-
(@m) portional to(w?).
_ o 0,0 1" || / The partition function of the semiflexibl& chains is
S=——2> aa;a;,aC(20,0,1'0) A el Setha o
Qa [ (ap)“e (ax)%e ]
. For the flexible solvenB molecules of lengthLg, the
XJ Ad_seijstj«LAfs) (6) position-averaged solution of Eq4) leads to Gg=exp
o La ' (—UggLpg),Ugg being the average isotropic excluded volume

interaction betweeB monomers.
where() denotes the average in chain conformations as mea- The total free energy of total widtth of the system con-
sured byG. The chain extension perpendicular to the wall issisting of the surfactant and the solvent is
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° formation depends oB and an example of order parameter

8 and chain extension are given in Table | for the ordefed

7 layer in contact with an incompatible polymBr All anisot-

6l ropy disappears at high temperature and the extent of the

ordered layer drops to zero.

The model can be adapted to a pure polymer liquid near a
repulsive orienting wall, also shown in Table I. The two
layers consist of the ordered surface chains with ellipsoidal

Diq

21 distribution of monomers and the bulk chains with a spheri-
1 cal symmetry. For small effective repulsion from the wall,
0 : ; : " ; : ; the extension in contact with the disordered liquid is found
SR sM o mM R S pE RM el ol from Eq. (10) with A¢=0. In order to find an appreciable

ordered layer, the wall effect must be of the order of the total
FIG. 2. The thicknes® of the ordered layer in the weak inter- monomer-monomer interaction in a chain.
action limit as a function of potential differendap (in units ofkT)
for effective anchoring potential with the substrate. = 1. g is the
persistence length of tha chains of total lengtiL,. The sample V. DISCUSSION

i - 5
thickness isd=q(0.18x10%). As suggested by the experiments, the results presented

above show that chain order at a surface can be regulated by
EZM(_EU L +InM—1—InQ ) adding an incompatible solvent to the system. The bulk
KT Z,\ 2 AATTZ A chains must be rigid but by themselves need not display
orientational interactions and do not form liquid crystal
(8) phases. The parameters of the system are accessible to ex-
perimental measurement. The persistence length has been
_ _ __ given for many different systen|d6,17), and the isotropic
The extensioD of the surfactant layer is calculated by mini- mean field interactions can be fitted to phase diagrams, al-
mization of F with D for equilibrium of surfactant and sol- though a dependence of the effective fields on density is
vent with their coexisting phases of zero chemical potentialpossim& The wall interaction is more of a problem. In the
To illustrate the results, the wall-surfactant interaction iSexperiments on surfactants, polar heads bind the chains to
modeled by a simple exponenti&l(z)=—v exp(~A2). In  the substrate and the chains are strongly asymmetric in struc-
this case, the layer average is calculategg~—v/AD.  tyre and chemical reactivity. Numerical simulation for the
Forg/La<1, the approximate solution &/d in the limit  sjngle chain or a number of chains in the presence of a wall
of weak interactions@/L o small is found on minimization  could be used to calculate the effective interaction in simple
of (8): systems and to test the form and strength of the anchoring
force. The simple exponential model used here for the chain-

Ne (L Lotin—e g
+Z_B§ BBB+HFZB .

E_ r C(20,20,29 (9) interface interaction has been applied successfully to many
g A Ag vq ' surface problems in simple liquid44,18. More complex
1+ WJ“ InmC(ZOvZO*Z()) models[1,19] could be used but will not change the qualita-
tive results.
whereA¢ is the difference in free energy betwearand B The method can be applied to calculate the surface prop-

molecules, including the entropy of the semiflexible chainserties of semiflexible polymers over the whole range of stiff-
(N andN§ are the number oA or B monomers needed to ness from flexible to rigid and ©q/L<= as described in

fill the entire sample of thicknes$: [12]. The calculation requires numerical diagonalization of
Ao 1 NS  ngzZal1 N3 TABLE I. The thicknessD/q of the ordered liquid layer, the
kT 2 Uaala+In —4’7TZA - n_A Z_B 5 Ugglg+In 4nZg orientational order paramet& and the anisotropy of chain exten-

(10) sione=(w?)/2/3L »q within the ordered layez<D for A chains in
contact with liquidB and in contact with puréd. The effective
Experiments explore differences in the repulsive interactior@hchoring potential iw/A=1. The persistence length of the
in the solven11]. A large repulsion inA relative toB re- ~ chains isq andLA/q=2. In the incompatible liquidB the total
pulses the chains at the interface The chains curl up to reduéé‘ﬁa'“ length isLg=L, and _the de;l_ilty Isng=:nA, r:h?( poten_t;al
D and the anisotropic chain extension. This is counteractefl egeq%i 1503UAA_UBB)q__6' e sample thickness |
by the effect of the repulsive wall interactidRig. 2). Strong =a(. )-
repulsion of intermolecular interaction Biincreases the ex-

tent of the ordered layer ok. The thickness of the ordered AtB AtA
layer depends on the ability of the rigid surfactant to expand D/q 1.7 90

as measured by and DPL . The strength of the chain-wall Sx10 0.25 0.005
interaction can be obtained from the slopelyfL,), as can e 1.08 1.001

be seen in Eq(9). The anisotropy of the single chain con-
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the eigenvalue matrix of EJ5). The larger the number of orientational order parameter. For physical reasons, the pro-
spherical harmonics, the higher the precision. In the bulk, afiles are expected to be continuous. In another approach, a
expansion in eight spherical harmonics yielded a precisiosimple form for the profiles is assumed and the resulting free
<10 3. As the chains become more flexible or longer, theenergy is minimized with respect to profile parameters. The
expansion in eigenfunctions can be approximated by actual interfacial profiles are not easily accessible to experi-
smaller number of terms. In the bulk liquid, the one eigen-ment but the present model can be expected to give the cor-
value expansion is a good approximation in the rahgg  rect trends for derived average properties. In strongly incom-
>1. With this in mind, the expansion was limited here to thepatible A+ B mixtures, the interface is sharp in order to
first three terms that made an analytical solution possible. reduce the contact between monomers of different compo-
Density and order parameter profiles arising from thenents. This may not be true for the contact between the or-
position-dependent distribution of monomers can be calcudered surface layer of pur& and the remaining isotropic
lated in principle[9]. Total spatial separation of the two bulk.
components does not occur in systems with partial compat-

ibility and _mutual interpenetratic_)n could influence the_cha?n ACKNOWLEDGMENT
conformation by chemical bonding or other effects. Minimi-
zation of the free energy functional by analytical or numeri- | would like to thank Dr. P. Miranda for suggesting this

cal means yields profiles for the monomer density and thevork.
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