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ABSTRACT: On the basis of a mean-field treatment of semiflexible polymer chains, we analyze the structure of
long wormlike polymers sterically confined between two parallel, structureless walls separated by a distance
With the Onsager excluded-volume interaction between polymer segments, the system displays three phases,
uniaxial, biaxial, and condensed, depending on the polymer densitWawée have also determined the induced
attractive force acting on the walls, mediated by the Onsager excluded-volume interaction between polymer
segments.

I. Introduction where two structureless slabs of material, separated by a distance

Khokrlow and Semendextended the Onsager nebiar a1 12 S ofsinerion el e e
the isotropie-nematic phase transition of lyotropic rigid rods poly 9 )

- L - - As will be shown in section I, the physical properties depend
to solutions of semiflexible polymer chains. In such a lyotropic . .
) . on two reduced variable®y/a andfu, whereu is the segmental
system, where the excluded-volume interaction between polymer

segments dominates, the isotopic-nematic phase transition iSchemlcal potential, which can be related to the bulk segmental

completely driven by the segmental concentration of polyrhers. densitypy in the solution byfiu = (/2)py in the bulk isotropic

According to the Khokhlov Semenov theory, for long polymers ?hheatS:rﬁH:rrft;uTe t’ﬁ;evgtifnfhgfﬂ%?ﬁngnc?ﬁ:mt '?]?g de of
(having a total backbone contour lendthmuch greater than P y - Dep g g

the persistence length), the system undergoes a first-order these variables, the system can display three different types of
hase transition when t’he reduced segmental defisigoes orientational phases (uniaxial, biaxial, or condensed) separated
Eeyon d an estimated valige= 13.05 He?eﬁb _ aZprp%vhere by first-order phase boundaries in most of the parameter regime,
Pb is the number of polymer segments (each having an effective aﬁ shown in thg p_rllas_e d|aglrzr;]1mh|n Flhgure 2.‘ This phasmla dlagrgm
Kuhn lengtha = 2I,) per unit volume and represents the shares many similarities with the phase diagram for lyotropic
excluded-volume diametét: ¢ Other theoretical approaches to rigid rods in a slit, where should be understood as the rod

o . . S . length, which has recently been derived by van Roij, Dijkstra,
the problem have qualitatively given rise to a similar physical and Evan®-32 based on an extension of the Zwanzia madel
picture’~10 Indeed, experimentally, the isotropinematic 9 :

transition has been observed in various physical systems toln contrast V.V'th the present work, they have .found that the
. . 11019 uniaxial-biaxial transition is second-order and independent of
which these wormlike-polymer models can be appliéd:.1° As . . - :
. . - . Wi/a, possibly a consequence of the discrete-orientation nature
well, computer simulations have also confirmed the existence

of this phase transition in a few models of the same nafuré. of the Zwanzig model. .
. . From calculation of the free energy of the wormlike polymer
Near asingle flat surface, Landatde Gennes theories of

T o L solution, in section Il C, we demonstrate that the two slabs in
thermotropic liquid crystals consisting of rigid molecules have

been shown to produce several surface structures displaying':igure 1 experience a mutual attraction in all three phases,
) . ) ; - induced by the Onsager-type repulsion between polymer seg-
different orientational and wetting properti#&s?2’ Extending y gerype rep POy g

the Khokholov-Semenov theory of long wormlike polyméfs ments. Across the first-order phase boundaries, there is an abrupt

S ! hange of the force acting on the slabs, which can be
to spatially inhomogeneous systems, (_:_hen anq Cu'. d?mons.trateixperimentaIIy used as a signal in probing the phase boundaries.
that surface phases and phase transitions, with similar orienta-
tional structures to tho;e of thermotropic systems, also gxist iN||. Mean-Field Treatment
lyotropic liquid-crystalline polymer solutions near a single ) ] . .
surface?® The surface structures of lyotropic systems (described [N this section, we present the theoretical approach used in
below) turn out to be common for liquid-crystal solutions, finding the physical results described in the next section. Readers
or rigid rodlike moleculed®-32 proceed to the next section.

In the current work, we focus on the physical properties of A Onsager Approximation for the Mean Field. To include
wormlike polymers confined betwegno flat surfaces separated excluded-volume interactions, a wormlike chain can be treated
by a distanc@V. An idealized example setup is an experiment 25 & cylindrical filament, characterized by a cross-sectional

diameterD. We define p(x,u) as the segmental distribution
function averaged over the entire chain, i.e., the probability of

T Guelph-Waterloo Physics Institute and Department of Physics and finding a segment of the polymer to be locatec aind with a
Astronomy, University of Waterloo.

# Guelph-Waterloo Physics Institute and Department of Physics, tangentvector in direction. In a typical self-consistent mean-
University of Guelph. field approach for polymers, we introduce a mean-field potential
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HARD WALL SLIT HARD WALL long polymers, whereL > a > D, a condition that can be
easily satisfied by most polymer systems, in particular, DNA
molecules.

Minimizing the free energy2 with respect too(x,u) yields
an expression for the mean field

w(x,u) = V(xu) — u )

with

Figure 1. Idealized experimental setup that can be used to measure — 942 ! ' !
some of the physical properties predicted by the current work. A slit pV(xu) = 22D f du’p(xu)lu < u'f + ﬁVW(X,u) ©)

formed by two parallel plates is immersed in a solution of wormlike . . S )

polymers, where the interior part of the solution between the plates is Where the first term on the right-hand side is the mean-field

in equilibrium with the bulk phase. potential energy acting on a polymer segment due to other
segments.

We are interested in the conditional probabilly(x,u;t), that

25-0_IIIIIJIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIlIIIIII|IIIIIIlIJ_ a p0|ymer portion of |engthhas an end |Ocated &HndWhose
- Condensed phase - tangent vector points in the directian under such a potential
B : energy. In the long polymer limit, > a, one can show that
20.0— grpo 00— W(xu;t) satisfies the differential equatigh
= Biaxial phase
& L o o) _ o2 3
7 —puWy(xu) =V, — auxg( = BV(XU)|Wy(xu)  (4)
15. =
L Uniaxial phase i whereuy is the projection ofu onto thex axis and
T AT N AT TR A e TN W(x,u;t) ~ W,(x,u) exp(=put) (t>1 5
so.Quuuuhuinnbi il (xuit) = Wo(eu) expeput) (1) (5)

Wr/a

Figure 2. Phase diagram for wormlike chains confined between walls
separated by distand®, in terms of the reduced chemical potential
pu per effective Kuhn segment. Open symbols represent the numerical _
solutions to the mean-field theory of this work, based on which solid p(xu) = Wo(x,u)Wo(x,—u) (6)
curves (first-order phase boundaries) are projected. Filled symbols

represent critical points. The solution of the above partial differential equation ¥g-

(x,u) contains an undetermined coefficient, which can be pinned
down by this connection, whetrg / dx / du p(x,u) is the total
number of polymer segments in the system. In the cage-of
0, whenV(x,u) is the wall confinement potenti&,(x,u) only,
the free energy of a wormlike chain has been calculated as a

S e function of the confinement widthw,3> approaching scaling
behaviors in the larg#¥/a®®-3”and smallvW/a38-3%limits, which
d can be both treated exactly.
AU / A .
W

The functionWp(x,u) is connected to the segmental dengity
(x,u) by

z

l[em ss3j2injanis
l|em ss8jainanis

With the introduction of the reduced coordinate

. %= x/a @)

Figure 3. Schematic diagram of wormlike chains between two parallel 5 the reduced density
walls and the coordinate system used.

p(%,u) = a’Dp(x,u) (8)

w(x,u) acting on a unit segment of the polymer chain. In the ;& can rewrite eq 3 as

limit of L > a, we can approximate the grand free enetypf

the entire system, as a functional of the undetermined density o e ,

function, p(x,u), by!28 BV(Xu) =2 f du’ p(X,u’)|u x u' + BV, (x,u) 9
w and eq 6 as

BRIA =B [ dxdu[Vy, (xu) — w(xu) — u]p(xu) +

W A%, U) = Wo(%u) P(%—u) (10)

a®D [ dx [ dudu’ p(x,u)p(xu’)u x u'| (1)

where Wy(%u) = a«/ﬁ‘l‘o(x,u). Substituting the last two

whereu is the chemical potential aridlis the area of the surface  equations into eq 4, we obtain a nonlinear integro-differential
of the walls in Figure 3. In this expression, we have explicitly equation that determines the functidf(X,u) for givenfu and
introduced an external wall potentidl,(x,u), that has a value = W/a. We solved the structure of interacting wormlike polymers
of 0 for the region within the slit ancb outside the slit. The  through these equations by iteration. We assumed an initial guess
last term in this expression is based on the Onsager secondfor Wy(%,u), solved the nonlinear integro-partial differential
virial approximation for the excluded-volume interaction be- equation in eq 4 and then used the solution as the next guess
tween two rod3 pointing in directions specified by the unit  for Wo(%u). The procedure was repeated until the solution
vectorsu andu’. This approximation is considered accurate for converged.
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With the usage ofMa andSu as independent parameters, on the step function boundary condition in our earlier
the surface tension between the two wallsgan be defined as  publicationg®3>
the free energy of maintaining the density profile within the
slit, relative to that of a bulk phase having the same value of

) |
Bu. In the reduced version BV (xu) = ; Z|U|,m(X)Y|,m(9: ¢) (17)
o(Wla,fu) = aDfo

Wa

=/ wfwww&%wﬁ—

With these definitions, we can rewrite eq 4 as

1) [0+ D)=, R+ D™ D mymmm,

pEU)p(XU)]u x U’ I3,y
~ ~ m 2‘7-[
wherepy(u) is the segemental orientational distribution function ®P & + DA = > Capm-m —
of the bulk phase. In most parameter regimes discussed below, . 3 im
the bulk system is still in its isotropic phase, and we R&fe dd, ., (%) 8

_ 4 \latmtmy
B i I 1y my ) —m) e + Z 2+ 1( 1) d P
= (12) o . .
(X) (I)|3]ms (X) q)|4’m4 (X) ||’7I.I,]‘|1’|,nl,|2'n,12 lll-*”'llv|3,ﬂ’13,|4,m4 =0 (18)

) = =55

The formalism in this section follows those given in earlier \ynere the last summation is over eight indicegAl3, ,my,my,
work 2829The published versions of these earlier work contained me,my). The numerical challenge becomes solving the coupled
an extra factor_ of 2 in front of_ the Onsager term,_ a mistake differential equations of the above form fdn (%) wherel =
introduced during the preparation of the manuscripts. Ontheg 1 2 3 gandn= = =1 + 1. .. | — 1. 1. Using these
other hand, the computational code was based on the correckpherical-harmonic expansions, we can rewrite the surface
version of the free energy; hence, the numerical results in theseiansion defined in eq 11 as
work are still valid.

B. Numerical Method. The variables in the integro-dif- 2 —1)"q e %
ferential equation based on eqs 4 and Saadu. In the actual 5= V_V(ﬁi) — 4 "M g% (1) Y22 -nl)
numerical approach, we treated thdependence of all functions a x 0 = 44 +1
involved using spherical-harmonic series andRldependence (29)

by means of direct discretization. o _
The reduced density functiof(%u), for example, is repre- ~ When the refererjce bulk system is in its isotropic phase.
sented by In our calculations, we have truncated the infinite sums over

| by finite sums over the range= 0, 1, 2, ...,Imnax We have
© | also introduced\y divisions to divide the space [®/a] for X
p(R.u) = Z’ z Prm(X)Y m(6.9) (13) into N + 1 nodes on which the functiod (X) is represented.
=0m=—1 The derivative term, @, (X)/d%, was then represented by a
central difference, except for the two boundary point& at0
andW/a, where a forward difference and backward difference,
respectively, were incorporated into our numerical scheme. The
integrations in eqs 9 and 11 were then approximated by
Simpson’s method. In totaM = (Imax + 1) x (2lmax + 1) x
(Nx + 1) variables need to be specified for the entire system of
w | equations. We have found that Newton’s method for solving
li!o()?,u) = Z z ‘I’|,m()~()Y|,m(9:¢) (14) nonlinear coupled equations converges fast in finding the roots
=0n=1 of the resultingM coupled equations. The results in the next
section are based on lettingax = 14 andNy = 160.

where the functiong; n(X) are dimensionless, to be determined
numerically. The direction specified by the unit vectoris
represented by the polar angleneasured with respect to the
z-axis and the azimuthal angfewith respect to the-axis (see
Figure 3). Similarly, we write

where the functiongb; (X) and p;(X) are connected by
[ll. Results and Discussion

&\ — _ |1+I'T'I v v
) = 2 zllv—m"rmlv'z,mz( 1) q)'mh(x)(blzv”b(x) In a preliminary report of this work, we have shown the
1,my I2,mp . . ..
(15) calculated phase diagram, Figure 2, where three phases, uniaxial,
biaxial, and condensed, are stable in various parameter re-
and where the definition of the coefficientsis given in gimes?® These phases differ from each other by both the density
Appendix A. The spherical-harmonic expansion for the kernel variations across the slit and the orientational properties of the
|u x u'| can be obtained by using the addition theotem polymer segments in the slit, which will be analyzed in detail

in the next two subsections.
For the density variation, below we consider

o LI v (8¢
luxu'|= ;Wzlm—ﬂdmmw,«p) m(0'¢")  (16)

p®) = [ du p(%u) (20)
where the coefficients) (I = 0, 1, ...) can also be found in
Appendix A, andd’ and ¢' are the spherical angles used to For the orientational properties, we define three separate
specify the unit vectou'. Finally, the external potential func- ~ Measures along the principal axes with unit vecfors andz,
tion Vi(x,u) depends on both orientation and position, even d ~ o
for a square well potential, and must be treated careféy3° %) = u Py(up)p(Xu)

21
A spherical-harmonic expansion can be obtained based p(X) (21)



1190 Chen et al. Macromolecules, Vol. 40, No. 4, 2007
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Figure 4. Density and order parameter profiles of the biaxial and uniaxial statéa/feor= 3 (circles), 0.5 (squares), 0.25 (diamonds), and 0.125
(triangles) at the uniaxial-biaxial transition, correspondingto= 17.92, 17.10, 16.06, and 15.50, respectively. Only the portion near the left wall
has been displayed for th&/a = 3 case.

where¢ =X, y, z, anduy, = u-X , uy = u-y andu, = u-z. Note the slit W/ia and the reduced chemical potential per segment
that only two of these three functions are independent, since Su. In the example experimental setup in Figurgdis directly
related to the densitgy of the bulk polymer solution [see eq
S(¥) +§%) + S =0 (22) 12]. In most parameter regimes considered below, the bulk
solution is in the isotropic phase.

The uniaxial phase is stable in the Ig region of the phase
N diagram in Figure 2. This region corresponds to a system where
S/(X) SK) SX/2 (23) the excluded-volume interaction is relatively weak (I®4e)
or the overall segmental density is relatively low. Examples of
the reduced density variatigi(X) are displayed in Figure 4A
S(%) = S(X) (24) for various values oW/a andfu. Close to the wall, ther_e exists
a depletion layer of polymer segments. For laky&, in the
Technically, the condensed phase is also biaxial, however, central region of the slit, the reduced density approaches the
having a higher average density between the walls (see below).constant, [see eq 12] and is independent\tfa.
Here we have followed the terminology used in related  One of the major physical features of the uniaxial phase is

The uniaxial (U) phase, for example, is characterized by

and the biaxial phase, by

studieg®3tand refer to the low-density biaxial phase dsiaxial that the uniaxial symmetry of the orientational order parameters,
(B) phase and the high-density biaxial phase a®mrdensed reflected by eq 23, is maintained. Across the slit, the orienta-
(C) phase. tional structure can be characterized by a single order parameter,

A. Uniaxial—Biaxial Transition. The physical properties  for exampleS(X). The variation of the order parameters across
of the current model are completely specified by the two basic the slit is shown in Figure 4, parts C and E, for several values
parameters of the model described above, the reduced width ofof W/a and Su, whereS,(0) ~ —%,, which is an indication of
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with the fact that the segmental density approaghgthe central
region of the uniaxial phase has properties similar to those of
the bulk isotropic phase with which it is in equilibrium.

For any value ofMa, Figure 2 shows that g is increased
to approach the solid curve associated with the circles in that
figure, the system undergoes a phase transition to a biaxial phase
having different orientational properties. Polymer segments far
from the wall are still oriented nearly randomly and have a
density similar to that in the uniaxial phase. For laNyg,
however, polymer segments near the walls form thin layers of (C) Wra=0.25
enhanced segmental density with nematic characteristics [Figure
4B]; a preferred direction parallel to the wall surface is
spontaneously selected by the system as the local nematic
director (defined agin Figure 3). Orientational order parame-
ters display typical biaxialityS,(X) > |S«(X)|/2. For theW/a =
3 case, the biaxiality is more profound within a surface layer
of thickness approximately of order [see Figure 4, parts D 5 (T B A B B A RN B BN B A
and F]. 95” [156

The U-B phase boundary in Figure 2 was numerically g
determined from calculation of the uniaxial and biaxial branches L B B B e LB B e e m m
of the surface tension. Figure 5 shows four examples of the
calculateds (eq 19) as a function gfu for the uniaxial (open
symbols) and biaxial (filled symbols) phases. The calculations
were extended into the metastable regimes of both phases, and
the crossing of the two branches defines the phase transition
point. ForW/a = 3 and 0.5, Figure 5 clearly shows that the
two branches cross with different slopes, which is an indication
of a first-order phase transition. Fd#/a = 0.25 and 0.125, the
two branches are distinguished by small differences in slope at
the transition point, characteristic of a weak first-order phase 085
transition. Eventually, a&/a— 0, the U-B transition becomes Bu
equivalent to the isotropienematic transition in two dimensions,  Figure 6. Reduced segmental density in the slit (see definition in eq
where the phase transition in this model is second-c¥deor 25) as a function ofu for Wia = 3, 0.5, 0.25 and 0.125. The uniaxial
W/a— o0, the U-B transition becomes equivalent to that found and biaxial branches of this function are shown by using open and
in a semi-infinite system with a single waA. filled symbols, respectively.

Figure 6 shows the total reduced segmental density between

the walls(plWia as a function ofgu for several values oiV/a, Generally, for anyV/a, increasingsu is equivalent to increasing
where the average density (ALl As Wa increases, the magnitude of the discontinuity in

the overall density(p[(W/a, increases and approaches the excess
number of segments per unit area of the biaxial phase over that
of the uniaxial phase in a single-wall problem.

The first-order nature of the transition can also be seen in
The uniaxial and biaxial branches @ are represented by open  Figure 7, where the total biaxiality
and filled symbols, respectively. In both phases, the relationship
betweenpand is monotonic up to the uniaxial-biaxial Wia - ~
transitionmpoint,ﬁ\p/tvhere the curves undergo abrupt jumps. [AST= 0 dx [S%) — Sy(x)] (26)

35-0_ T T T T T T T T 1 T T
35.0F (A) W/a=3 7
K = 2]
=34.0F -
w C OOO 4
v O
8 o ]
33.01- . o -
BT E
4_0‘5 1 1 ] 32_[%‘09 I T N B B 1|8 T B B
Pu Pu
Figure 5. Reduced surface tension of the uniaxial (open symbols)
and biaxial (filled symbols) phases faMa = 3, 0.5, 0.25 and (518 o A A L TT T
0.125, represented by circles, squares, diamonds, and triangles, o
respectively. C
N o s f
a planar orientational distribution at the wall boundary. For large =500
Wi/a, S(X) approaches 0 in the central region of the slit; coupled ;i‘é_ r

(B) W/a=0.5

_||||J||l||||||J|l||
498 17

sl b

Bu

P81 I N O B B e B

<p>W/a

(D) W/a=0.125

\

Y

<p>Wi/a
(=]

3

TTTTTT T TTTTTTITITT

AN T T T TN T T Y

7

pr= v% [ du p(x,u) (25)
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Figure 7. Average biaxiality as a function gfu for Wa = 3, 0.5, B T i F L ]
0.25 and 0.125. 19.5 20 20.5 5 20 205
15 15 Pu Bu
T N Figure 9. Reduced surface tension of the biaxial (triangles) and
] condensed (circles) phases as a function of the reduced chemical
4 ] potential forW/a = 6, 4, 3 and 2.
14§ | i — 14
- : J}{Imn"ﬁ“ﬁ EI(I(I(I(.({E((((«((( 06 . . :
s EACZ \mY, . DA Bp=20.0]
1 1 0.5 << Pp=20.1
13 113 GY) 7 Bu=20.21
i 0.4} D0 Bu=20.3]
A) Biaxial (B) Condensed 1 T
}(:):{:1 ———————— %03' ]
0 (C) Biaxial § (D) Condensed | o 0.2l Condensed |
= . Biaxial
=041 0.1 1
w
0.2 23 ' 4.5
<p>
x -0.2 1
o ]
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OOW/a=6 | ]
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Figure 8. Density and order parameter profiles in the half space of ﬁwaig 5| 1
the condensed and biaxial states Wita = 6 (circles), 4 (squares), 3 era:z' |
(diamonds), and 2 (triangles) at the biaxial-condensed transition, & ]
corresponding t@u = 20.4, 20.3, 20.1, and 19.8 respectively. - 1'4' ——745

is plotted as a function ofu. At the transition point[AS] Figure 10. Phase diagrams showing the biaxial-condensed transition,

undergoes an a}brupt ir}crease from 0 in the uniaxial phase to Blotted in terms of (AW and prand (B)Au and (0] wherepiis
nonzero value in the biaxial phase. the average density within the slit, eq 25. In plot A, the lines associated

Studies of lyotropic rigid rods by van Roij et 8%-32 using with squares and diamonds are the phase boundaries, inside which both
the Zwanzig model, have found the—B transition to be biaxial and condensed phases coexist. In plot B, the phase boundaries
second-order. Both first-order and second-ordeiUiransitions e {\‘fv%rebsgxfﬁegy otfhshgafir:ﬁ:(tji 0%?5@%”?&”3%& ‘2’2 E‘;‘?’n‘z shown
were predicted by Landatde Gennes theories of thermotropic  triangles in plot A, and the functiofiu([FLMWI/a) for givenWia using
liguid crystals against a single waf#2 At least within the various symbols in plot B. The crosses in part A&W = 0 represent
current model, the YUB transition is first-order in most the isotropic and nematic transition densities of the bulk system.
parameter regimes.

B. Biaxial-Condensed Transition.Returning to the phase As u approaches the biaxial-condensed phase boundary, one
diagram in Figure 2, one notes that there is another phaseof the distinctive features of the biaxial density profile is that
transition at a highefu for a fixedW/a (2 1.7). Asfu is raised the thickness of the density-enhanced surface layer expands
above the uniaxial-biaxial transition boundary, the average beyonda and develops into a thick partial wetting layer (see
reduced densitypalso increases. The density-enhanced layer Figure 8). For very largéV/a, this expansion of the biaxial layers
near the wall broadens and develops stronger nematic characeontinues untilfu reachespu, where the thickness of the
teristics; values of the local density near a wall may even exceedwetting layer diverges, which results in complete wetting by
on = 14.04, the value in the nematic phase at the bulk isotropic  the nematic phase at a single w&lFor smalleM/a, however,
nematic (IN) transition. The biaxial phase remains stable as longthe dense wetting layers extending from both walls tend to
as the reduced density far from the walls is still below the value merge, resulting in a newcépillary) condensedor capillary
of the isotropic phase of the bulk IN transitiop, = 13.05 nematized) phase, which becomes stable #tereaches the
(corresponding t@un = 20.50)%6 solid-phase boundary associated with the squares in Figure 2.
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Figure 11. Squared density differendé\p(2 at the biaxial-condensed phase transition as a function oM{&) and (B) Su. The open circles
represent the estimated critical point.

the adequate development of the condensed state, which
typically requires a partial wetting layer of the widéh The
transition between the biaxial and condensed phases is now
continuous without any signature of a phase transition [Figure
2]. The first-order phase boundary between the biaxial and
condensed phases terminates at a critical pdigta and

Buc.

Although we have described the biaxial-condensed transition
usingW/a andfu as independent variables, the same transition
can be viewed in other representatiéhd! Figure 10A shows
the phase diagram in aalW—[plgraph, where we have also
plotted the functiona/\W([(BL)3u) for the biaxial and conden-
sed branches for givefiu. The plots, based on our numer-

10 T ical solution, have been extended into the coexistence region.
The circle in the figure represents the critical point, where
10’ the coexistence region vanishes. An additional perspective
can be gained from the phase diagram plotted in termguof
10° and [pOshown in Figure 10B. The two branches of the func-
e tion pu(CFCMWIa) for several values of/a have also been plot-
107 \ ted in this diagram. Agu is lowered, the difference between
” the coexisting densities decreases, terminating at the critical
10 point.
3 L In order to more precisely determine the critical point (the
1010-1 10’ location of the filled square in Figure 2) specified by and

W, we have considered the differenapllof the coexisting
Figure 12. Magnitude of the induced attraction between the two walls densities, represented by the magnitude of the dashed lines in
as a function ofMa in five cases:fu = 14 [circles in A], 17 [circles Figure 10A and the dotted lines in Figure 10B. Since we are
in B], 18 [squares in A], 20 [squares in B], and 21.5 [diamonds in A]. dealing with a mean-field theory, we expect

_ N . . (AR (W — W) (27)
At this phase transition, the average density in the slit jumps to

a value comparable tpy. Orientational order parameters still ., Figure 10A, and
display typical biaxiality, i.e.S(X) > |S«(X)|/2, but the order
parameterS, near the center of the slit grows and approxi-
mately reaches the asymptotic valie= 0.4618 of the nematic
phase at the bulk isotropimematic transitio:® For W/a —
o, this biaxial-condensed transition becomes the butiN I
transition.

To study the characteristics of the biaxial-condensed transi-
tion, in Figure 9 we examine the two branches of the surface
tension as a function of the reduced chemical potefiaior

AP (u — )™ (28)

for Figure 10B.

Hence, plots ofA p[@ as a function ofMa from Figure 10A
and offA p[@ as a function offiu from Figure 10B should follow
straight lines near the critical point; the intercepts from such
plots, shown in Figure 11, give us

a few values ofMa. In this figure, the biaxial branch (triangles) WJ/a=1.7+0.1 (29)
crosses the condensed branch (circles) with a different slope,
indicating that the transition is first-order. Note that the slopes Pu.=19.2+0.3 (30)

of the crossing lines at the transition approach each other as

Wia is lowered; this is a reflection of the fact that the first- for the present model.

order nature of the biaxial-condensed transition becomes weaker C. Suggested ExperimentReturning to the experimental

asW/a decreases. setup in Figure 1, we see that the chemical potential of the entire
The biaxial-condensed phase transition, however, does notsystem, hence: inside the slit, can be controlled by the

exist for a sufficiently narrow slit with\/a 2 1.7. Because of  segmental density of wormlike chains in the bulk. In general,

the limited space between the walls, the system does not supportn all three confined phases at a constapta narrower slit
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produces stronger nematic characteristics. The excess free energgroperties can be explored by using the current formalism and
as a function oW/a at constanffu, eq 11, decreases d#¢a the results for the mean field, after the incorporation oftthe
decreases. This reduction induces atraction between the dependence in the differential equatitreq 4. This is beyond
illustrated plates in Figure 1, mediated by the repulsive Onsagerthe scope of the current work.
excluded volume interaction between wormlike chains in the
slit. Appendix

Using a finite difference method, we have computed this A, List of Constants. For the coefficients used in eq 16
(disjoining) forceF according to the definitio¥

~ 7ld =0
o ao(W/a, '
E = a?DpF = — 20WaS) (31) 0, 1=1,3,5, ...,
o(Wia) d=( a2 +1(0-2)
for a few typical values ofu and plotted the results in Figure 22|+1( l_l)!(l)!(l_)!(l n 1)! |=2,4,6, ...
12. In Figure 12AF is a continuous function oW/a for all 2 2/'\2)°\2

three casegju = 14 (circles), 18 (squares) or 21.5 (diamonds), (32)

where the system is in the uniaxial, biaxial or condensed phases, For the coefficients in egs 15 and 18

respectively. The attraction between the plates is short-ranged

and is significant only when the slit widi¥ is comparable to —

the Kuhn lengtre. hymydmytm, = J QU Yy (0.0)Y), 1, (0.0)Y, 1 (0.6)
In Figure 12BF is a discontinuous function &f/a for both

Bu = 17 (circles) and 20 (squares), where the system undergoes Acknowledgment. We wish to acknowledge NSERC for

a first-order phase transition &#a changes, uniaxialbiaxial financial support and SHARCNET for computation time.
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