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HOC6H4OCH206H4CH2003H40H)(BT(CH2)7BI') (SRU), 117734-
47-1; (4,4',4”-HOC;H,OCH,C;H,CH,0CH,OH)(Br(CH,)sBr)
(copolymer), 117734-42-6; (4,4’,4”-HOC¢H,OCH,C¢H,CH,0-
C¢H,OH)(Br(CH,)sBr (SRU), 117734-48-2; (4,4',4"-
HOCH,0CH,C¢H,CH,0CeH,OH)(Br(CH,)gBr) (copolymer),
117734-43-7; (4,4’,4”-HOCGH4OCHZCGH4CH2005H4OH)(Bl‘-
(CH,)¢Br) (SRU), 117734-49-3; (4,4%,4"-
HOCsH4OCH206H4CH2006H40H)(Br(CHg)]_oBr) (copolymet),
117734-44-8; (4,4/,4”'H0C6H4OCH206H4CH2006H40H)(Bl"
(CH,)¢Br) (SRU), 117734-50-86; (4,47,4"'-
HOC6H4OCHQCGH4CHQOCGH4OH)(BT(CHQ)HBI) (copolymer),
117734-45-9; (4,4’,4"-HOC¢H,0CH,C,H,CH,0C,H,OH)(Br-
(CH,)Br) (SRU), 117734-51-7; (4,47,4"-
HOC¢H,0CH,C¢H,CH,0CcH,OH)(Br(CH,),,Br) (copolymer),
117734'46'0; (4,4/,4”-HOCsH4OCHzceH4CHgoCSH4OH)(Bl"
(CH,)oBr) (SRU), 117734-52-8; «,o’-diphenoxy-p-xylene,
10403-79-9; a,o’-dibromo-p-xylene, 623-24-5; phenol, 108-95-2;
bis(4-hydroxyphenoxy)-p-xylene, 108196-53-8; 1,10-bis(4-
hydroxyphenoxy)decane, 70856-53-0; hydroquinone, 123-31-9;
sodium hydroxide, 1310-73-2; tetrabutylammonium bromide,
1643-19-2.
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ABSTRACT: A binary mixture of polymers A and B in contact with a wall C is considered at coexistence.
The system is isotropic in two directions and inhomogeneous in the direction d perpendicular to the surface.
We study the polymer profiles within a selected range of two parameters, namely, the local chemical potential
at the surface u; and a parameter ¢ which controls the strength of the attractivity of the surface. In order
to study the system we carry out a mean-field self-consistent calculation of the polymer distribution functions,
based on the biased diffusion equation, to account for the polymer—polymer and polymer-wall interaction
energies, as well as the changes in the conformational and configurational entropies due to the presence of
the surface. For the range of parameters considered, we find strong first-order wetting transitions. The
limitations of the long-wavelength approximation to surface problems, developed earlier, are pointed out.

1. Introduction

A polymer mixture in contact with a wall at coexistence
of both the A-rich and the B-rich phases shows wetting
transitions depending on the interaction of polymers A and
B with the wall. This means that a macroscopically thick
layer at the wall can be found experimentally depending
on the temperature, the chain length, the kind of polymers,
and the nature of the surface. Theoretically the interaction
of the polymers with the surface has been described by the
Iocal chemical potential x; and a second parameter g
controlling the attractivity of the surface.! One of us has
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earlier analyzed this problem in the long-wavelength limit
of the Flory-Huggins approximation and found first-order
wetting, critical wetting, and tricritical wetting.? This
approach breaks down if one looks at the problem at low
bulk concentration (here “bulk” means far away from the
wall) of one of the components.? In this paper we make
use of a more general mean-field approach starting from
the functional integral representation for a polymer mix-
ture, which does not suffer from the above limitation.*?
Comparing the results of the more general theory, we find
that under certain conditions, in which we get strong
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first-order wetting transitions, the long-wavelength ap-
proximation may be used to get a rough estimate of pa-
rameters describing the interactions of the polymers with
the surface. This consequence shuld be useful for an
analysis of experiments currently in progress.® As in the
previous work,? we assume, for simplicity, that the system
is isotropic parallel to the surface of the wall.

In section 2 we review the long-wavelength approxima-
tion and describe in detail the biased diffusion equation
for the polymer distribution functions, as well as the as-
sociated free energy, of the functional integral approach
for polymer mixtures perturbed by the presence of an
interacting surface. In addition we rationalize our choice
of the interaction energy of polymers A and B with the
wall. In section 3 we present the results of the calculation,
and in the last section we give a short summary.

2. Theory

2a. Description of Wetting Transitions in the
Long-Wavelength Approximation (k — 0). We de-
scribe the polymer mixture by the usual Flory-Huggins
approach.'®” In addition to the usual terms for a binary
mixture we have additional terms for the interaction of
polymers A and B with the wall. We write for the free
energy of mixing"?

(Vo) + f In¢ +

b2
- 3 e
AF/kgT fdr T 7

(1-¢)
z

In (1-¢) + x6(1 - ¢) + (1,6 + %g0?(x)
(2-1)

where x is the direction perpendicular to the surface, ¢ is
the volume fraction of polymer A, and 1 - ¢ is the volume
fraction of polymer B for the two-component system. The
degrees of polymerization of the polymers are Z,, Zy (we
assume Z,, Zg = Z above) and the Kuhn length is b for
both A and B. xsg = x is the Flory—Huggins interaction
parameter, u, the local chemical potential at the surface,
and g a second parameter describing the interaction of the
polymers with the surface.

As one can see the bare free energy at the surface (the
term proportional to d(x)) derives from a Taylor series
expansion. This ansatz is described more explicitly in ref
2 and is the standard approach to surface problems in
statistical mechanics.! Depending on the signs, u, and g
describe reflecting, adsorbing, or repulsive surfaces.
Minimizing AF in the bulk and at the surface and requiring
continuity of the concentration profiles give the relations
from which the phase portrait diagram can be derived, as
shown in Figure 1 (intersection of two curves described by
eq 2-2 and 2-3)

b? 1)
800 ) 2], = M1 Bk (2D)
bt e b[ Glex) - Glgax) 03
18¢(1 - d)) ax x=0 - 3 ¢(1 - ¢) o -
with

1
Glox) = -Z-l¢ Ing+ (1-¢)In(l-¢)+ xZo(l - ¢)}
(2-4)
The intersection points in Figure 1 are possible surface
concentrations ¢,; in this calculation the bulk concentra-

tion ¢., is fixed. Note that only ¢V, ¢,*¥ correspond to
possible local minima of the free energy. ¢, always
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Figure 1. Phase portrait diagram of wetting transitions, where
¢«, 1 ~ ¢, are the volume fractions of polymers A and B in the
bulk, respectively. The phase transition is found if the two
hatched areas are equal. By increasing u, (g = constant), one can
reach the wet state from a partial wet state with small u;. The
left crossing point ¢, is the surface concentration in the partial
wet case; the right crossing point for the wet case is ¢,¥. (a) g
= 0; (b) g < 0; in the latter case there exists a second-order phase
transition if lgl is large enough, corresponding to no discontinuity
between ¢,V and ¢,¥). (c) For g > 0 there is a strong first-order
transition, corresponding to the large discontinuity between ¢,
and ¢,®. The value of 4, at the spinodal point is u,%

corresponds to a local maximum. We can now distinguish
a number of different cases.

In Figure la the slope of the straight line is zero. ¢,\V,
¢, are the possible stable solutions depending on g,. If
the two hatched areas are equal, the phase transition be-
tween the partial wet (¢, < 1 - ¢.) and the wet state (¢,
> 1 - ¢.) takes place at u; = u;°. There is a discontinuity
in the surface concentration (¢,® - ¢,V) corresponding
to a first-order transition. If u; < u,°, ¢, is the stable
surface concentration corresponding to the partial wet
state, and ¢, > 1 - ., is the surface concentration of the
metastable wet solution. If u; > u,°, ¢,¥ is the stable
surface concentration for the wet state and ¢, is the
metastable surface concentration for the partial wet state
(for u, less than the value of the local chemical potential
at the spinodal point u; = u.®).
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In Figure 1b the parameter g is <0; |g| is the slope of the
straight line. In this case we have the same features as
described above. In addition here we can distinguish be-
tween first- and second-order transitions and a tricritical
point in between. The tricritical point is defined by |g| =
lg°] and ¢, = ¢,® = 1 — ¢., where |g| is the slope of the
curve at a concentration 1 — ¢.. In this case the surface
concentration is also equal to 1 - ¢... For |g| > |g%| there
exists orly one solution, there is no discontinuity in the
surface concentrations if we vary p; and we find only
second-order transitions. For |g| < |9 there are first-order
transitions as for g = 0. _

In Figure lc the parameter g is >0. Here we find the
same feature as shown in Figure la, and we have a large
discontinuity ¢,®® — ¢,V at the phase transition, corre-
sponding to a strong first-order phase transition. The
dashed lines indicate the surface spinodals.

2b. Description of a Polymer Mixture by the
Functional-Integral Approach. In this part we describe
the polymer mixture in the self-consistent mean-field ap-
proximation, which reduces to the previous approach in
the long-wavelength limit. For completeness we repeat
some of the basic results; a detailed description can be
found elsewhere.? ‘

_ The number of polymer chains of type p is denoted by
N, = N,/Z,, where N, is the number of monomer units
and Z, is the degree of polymerization. The partition
function then reads

C (Zu )
z = {1 %

N
1 =57 ( LDty O1PLe, 0] exp-sV )

(2-5)

where Zy;, is the partition function due to the kinetic
energy and GV is the interaction energy of polymer A,
polymer B, and the wall multiplied by 8 = (kgT)™\. The
index j runs over all the molecules of type p. The integral
is over all space curves r(-), which represents possible
configurations of the macromolecules and is denoted by
J Dir,;(-)}. The probability density functional for a given
space curve is given by P[r,;(:)] and assumed to be of
standard Wiener form, i.e.

ZP
P[rpj(')] «< exp[_ %L dt rpj(‘)] (2'6)

b being the Kuhn statistical length of a single segment of
the polymer, assumed to be the same for polymers A and
B in this case. v

Using the integral representation of the é function and
writing out the intermolecular potential explicitly in terms
of all the space curves, we can recast eq 2-5 as follows:

Z = W (LD, Desy(0] exp(-FllopOhlop D) 2-7)
with the microscopic density operator defined by

Ny .z,
po(F) =,§1 J‘o de 8[r ~ r,(t)] (2-8)

and N a normalization constant. F is the free energy
functional, given by

FllopOhlapOll = Wila,Ol - Z f dr wpe)op(o) +

_ opl0) N, 1
%fdr Z In A 1} (2-9)

Note that the combinatorial term in front of the partition
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Figure 2. Typical profiles for polymer A (¢,), polymer B (¢3),
and ¢ representing the wall, as a function of the distance d from
the wall. d = d,; (in terms of the Kuhn length b) corresponds
to the bulk.

function gives rise to the last term in eq 2-9, through the
use of Stirling’s approximation, and represents the con-
figurational entropy of the polymer molecules. The second
term in eq 2-9 arises from the integral representation of
the & function and accounts for conformational entropy
changes of the polymers, once the mean-field potential is
defined by the minimization of the free energy. W is the
total interaction energy divided by kg7 and the quantity
Q, is given by

Q= [ or0Ple,0) expl- fdt w,lr@)]] =
fd?’r fdsro Qp(r,.Z,|rp) = fdar gp(r,t) (2-10)

The function Q,(r,t|r) is the primary quantity of interest,
representing the unnormalized distribution function for
a chain with ¢t segments, starting at r; and ending at r, and
can be shown to satisfy the modified diffusion equation

é b?
=@ = EVZQP — wplp

ot
The quantity w, is the mean-field function which leads to
a distortion of tfxe random walk conformation of a polymer
chain of type p according to the local environment of the
polymer chain. In order to obtain an expression for w, we
must minimize the functional F subject to the following
constraints: (i) the incompressibility of the mixture, or no
volume change locally upon mixing

%[pp(r)/pOp] = §¢p(r) =1

(2-11)

(2-12)

where pg, is the density of pure polymer in monomer
segments per unit volume, and (ii) a constant number of
particles

{&r o0 =N,

In order to carry out the free energy minimization by the
saddle-function method with the above constraints, we
introduce two Lagrangian multipliers »(r) and A, and
obtain the variational equations

_ow a0

(2-13)

== A (2-14)
“r app Pop ?
(r) + Ny 29, 0 (2-15)
r —_— = -
PP T Q, dwy(r)
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Figure 3. Width of the wet profile is plotted against size of the
system (in terms of the Kuhn length b). This graph also shows
the range of system sizes for which the calculations in the paper
were carried out. The width shows a linear dependence on the
system size, as expected for finite dimensions.

Equation 2-14 gives the expression for the mean-field w),
and the density p,(r) is found from eq 2-15

NP Z,
pp(r)=z—pé—p J; dt g, (r,t)g,(r,Z,~t)  (2-16)

The quantity Q, can be chosen so that Q, = N,/pq,, thus
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converting eq 2-16 into a relation for the volume fraction
¢p(r), with a prefactor of 1/Z, in front of the integral.

ote that this expression does not reduce to the often
quoted form p,(r) = g,? except in the limit of infinite
molecular weight, when the distribution function becomes
independent of the curvilinear parameter ¢t. Equation 2-14
expresses the constancy of the chemical potential, and as
shown in ref 5, the quantity A, can be eliminated from this
expression, making use of the fact that the mean field is
a constant in the bulk homogeneous phase. This point is
illustrated in section 2d, where explicit expressions for the
mean fields of polymers A and B are given. The above
equations must be solved self-consistently, and this pro-
cedure is described in the Appendix. However the con-
tributions due to the interaction of the polymers with the
surface have to be included in the total interaction energy
W. In the following we discuss the form of this surface
interaction and reduce our problem to one dimension,
retaining only the direction d perpendicular to the surface.
The system is assumed to be isotropic in the other two
directions.

2¢. Explicit Description of the Interaction with a
Wall and Comparison with the kK — 0 Approximation.
We describe the wall by a fixed profile ¢.(d), where d is
the direction perpendicular to the wall, which is equal to
unity at the wall (d = 0) and falls rapidly to zero within
a few Kuhn lengths as shown in Figure 2. The profile
¢.(d) is fixed throughout the entire calculation and not
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Partial Wet Profil a 7 b
Polymer B (ran’etI:sta!:le) rofile Polymer B
08 08 Partial Wet Protile
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Figure 4. Calculated concentration profiles of polymers A, B with u; = xac — xac — & (a) metastable partial wet profile, with g =
0, 4y < u;% (b) metastable partial wet profile, g = 0, u; > 1,5 (c) stable wet profile (near the phase transition), g = 0, u; 2 1% (d) stable
wet profile, g = 0, u; > u;°. The polymer density profile calculations were carried out with constant xpc and varying x,c, constant
degree of polymerization Z, d,; = 200 (the system size in terms of the Kuhn length b), and ¢,(«) = 0.05.
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directly involved in the minimization process mentioned
earlier. It is given by

.(d) = 1 - tanh? (ad /b) (2-17)

where a is a numerical constant and b is the Kuhn length.
In the calculations we choose a = 1.75 for convenience.
The results of the calculations are not sensitive to the
specific value of a, provided the wall profile falls sharply
to zero within a few Kuhn lengths of the “bulk” surface.
¢. then depends only on d, the direction perpendicular to
the wall. There are also nonadditive microscopic inter-
actions (including the effects of “missing” neighboring
molecules) between the wall and polymers A and B, giving
rise to terms in the free energy density (quantified by the
parameter g) in addition to those describing polymer-wall
contact interactions through Flory-Huggins interaction
parameters (Xpolymer—wall)

o3t . = Xachadc + XBcdBOC — aEdc(da + ¢p?)

where ¢,, ¢p are the volume fractions (concentrations) of
polymers A and B. The incompressibility conditions has
been used to reduce the different nonadditive interaction
parameters (gaa, S8B, £ap) into the one independent
quantity denoted by g. The superscript “bare” refers to
enthalpic interactions with the wall alone. The more
complicated entropic contributions to the free energy will
be discussed in section 2d. Equation 2-18 can be rewritten,
again using the condition of incompressibility near the
surface, 1 = ¢, + ¢p + ¢¢ (for all d)

foetce = (xac = XBc + 8)dcda —
8dcda? + constant terms (2-19)

(2-18)

In order to compare with the quantities used in the
long-wavelength limit (¢ — 0), one has to integrate the free
energy density /228 .

Filitee = . dx f2¥he

= j; dx [[xacoa + XBcoBl9C —
Vogdc(da® + ¢p2)]

[
= J; dx [(xac = xBc + 8)dcda —
gdcda?] + constant terms

=~ (xac — XBC +8)ba1 —gd1a2 +
1Aconstant terms (2-20)

The surface concentration is defined by

= (™4 "4 SENCH (2-21)
b= J Tdxocea~ f dx s~ dalle
where ¢, is the distance from the surface where ¢, (d = {)
has fallen to a value smaller than 1073, Note that we have
not taken the maximum of ¢,(d) (see Figure 2) in order
to define the surface concentration ¢,4 but have chosen
instead ¢,({,). The reason for this is that in the two cases
the interaction with the surface is described differently.
In one case, in the & — 0 limit we have a é-function in-
teraction and in the other case we have a “wall profile” ¢,
# 0 with a length scale {,. The condition of incompres-
sibility ¢, + ¢ = 1 for the two polymers alone holds only
for d > {,. There is a certain arbitrariness in the definition
of ¢4 in this description; however, we have discussed this
point only for the purpose of making contact with the
long-wavelength approximation. The free energy curves
shown in section 3 were all obtained by precise numerical
integration of the full free energy density expression (in-
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cluding the interaction terms given by eq 2-18) discussed
in section 2d. ‘

In the long-wavelength limit f5% ., can also be written
as a series expansion in the surface concentration, since
near the tricritical point [where ¢4 =~ 1 — ¢(®)] (1 — ¢14)
is a small quantity (because we assume ¢,(«) is small),
giving
foiface(B—0) = uy(R—0)(1 = b14) — Yog(R—=0)(1 = 14)* +

constant terms =

~[11(k—0) - g(k—0)]¢,14 ~ /28(k—0)¢14® + constant
terms = —p 4 — %8(k—0)¢;2% + constant terms (2-22)

Here u,(k—0) is the appropriate interaction parameter if
we expand foug. . in (1 — ¢14), and u, is the corresponding
parameter if we write foif.ce as a series in ¢, with u; =
mi(k—>0) - g(k—0).

Comparing (2-20) and (2-22) we conclude that for
polymeric interactions with the wall the connection be-
tween the two descriptions can be established by assuming

M1 = XBC — Xac — & (2-23)
g(k—0) = 2¢ (2-24)

Note that although there are two Flory-Huggins-type
surface parameters, x,c and xug, in the theory, the result
depends only on their difference (xac — Xap)-

2d. Expressions for the Mean Fields and the Total
Free Energy. Simplifying the expression for the total free
energy, using eq 2-9 and 2-14, we can now write

F= };,upr + Fytaced (2-25)
where u, is the chemical potential in the bulk, Fy e is
the total surface free energy per unit area, and A is the
area of the surface. The explicit expression for F, ., is,
following the derivation given in an earlier paper®

> (x) = n(=)][1 - ¢.(x)
Fsurface=p0‘j; dx _[nx u pO[ x]_

1 1
Z_A[d’A(x) = pa(=)] - Z_B[¢B(x) - ¢p(=)] -

xaBl0a(X)9p(x) = da(=)dp(*)] - fodrface(x)( (2-26)

where f2%¢ (x) is given by eq 2-18. The term [1 - ¢.(x)]
provides the convergence required in the free energy
density at x = 0, since An/p, diverges to infinity as x
approaches the wall. The Lagrangian multiplier A, in eq
2-14 has been eliminated by referring the mean fields to
their constant values in the bulk phase. The corresponding
explicit expressions for the mean fields are

walx) = - i In $a(®) + xanldp(x) - da(=)] -

A
£60(x)dax) + xacho(x) + p—: (2-27)

wplx) = - El,; In ¢p(«) + xap[da(x) — Pa(>)] -

A
26c(0)d8(x) + xpodo(x) + —p;" (2-28)

where An = 7(x) — n(«) and we have used the relations
wpl() = —=(1/Z,) In ¢pa(=) and wp(=) = ~(1/Zp) In ¢p(=)
for the bulk phase. The quantity An/py is an unknown
function which must be determined entirely from the
self-consistency condition for the solution of the two
coupled differential equations for the probability distri-
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Figure 5. Stable partial wet (a) and metastable wet (b) profiles corresponding to the starred points on the free energy diagram in
Figure 6a with u; = -0.01. (c, d) The stable partial wet and metastable wet profiles, respectively, corresponding to the solid dots in

Figure 6a, with x, = -0.05.

bution functions of polymers A and B. This important
problem is discussed in the Appendix.

Note that the entire surface free energy includes con-
figurational and conformational entropy terms which are
related to changes in the polymer density profiles in a
highly nonlinear way, as well as the polymer interactions
with the wall (F3ar...) and modifications of the extent of
polymer—polymer interactions themselves near the wall.
Note also that, although the polymer-wall interaction
energy depends only on the difference xgc — xac, the same
is not true for the mean-field potentials individually.

Finally, since we are always on the coexistence curve,
the interaction parameter x,p is given by

_In [¢a(=) /¢p(=)]
XAB T Zlga(=) - ¢5(=)]
where Z, = Zg = Z.
3. Results

The calculations of the polymer profiles shown in this
paper were all carried out on a system of size d,,, = 200b,
where b is the Kuhn length. Profiles representing the wet
state show a plateau at a high concentration 1 — ¢, of one
component, if ¢., is the low bulk concentration of the same
component. The thickness of the wet layer (where the
flip-over from ¢, to 1 — ¢., occurs and which corresponds
to the A-rich phase if the bulk is a B-rich phase as in our
case) is always around 32% of d,,,. The thickness of the

(2-29)

surface layer in the wet case scales with the finite system
size as shown in Figure 3. For an infinite system the layer
itself would be infinite as the interface between the pre-
ferred phase near the wall and the bulk phase gets
“depinned” from the wall and a macroscopic “wetting
layer” forms.

We have carried out all calculations with a bulk con-
centration ¢,(=) in the range 0.01-0.2. In the following
figures calculations are shown for ¢(=) = 0,05, 0.1, with
chain lengths up to 200b. Although we have included both
parameters xac and x,g in the theory, the results depend
only on the difference xpc - xac, as expected. For all
parameters investigated we found first-order wetting
transitions for large enough u;. In Figure 4 typical profiles
are shown for a degree of polymerization Z = 50, a bulk
concentration ¢,(=) = 0.05, with different local chemical
potentials u; and constant g = 0. One clearly sees in Figure
4a,b profiles for the partial wet state. The concentration
@14 at the surface is a little higher than the bulk concen-
tration. With increasing u; the surface concentration in-
creases, but the state shown in Figure 4b is metastable,
because its free energy is higher than that of the wet state
with the same surface parameters. In Figure 4c,d the
profiles for the wet state are shown. The plateau described
above is also clearly seen. The profiles in Figure 4 cor-
respond to a first-order phase transition depending on ;.
The order parameter for this transition is the inverse
thickness of the wetting layer 1/!, which is zero in an
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Figure 6. Surface free energy calculations showing first-order phase transitions. (a, b) Surface free energy plotted versus the local
chemical potential ;. In the metastable region two branches exist. The branch with the lower free energy corresponds to the stable
state, and the crossing points correspond to the phase transition. (c, d) The surface-concentrations corresponding to Figures 6a,b are
plotted versus the local chemical potential. The straight lines indicate the phase transition, given by the crossing points in Figure

6a,b.

infinite system in the wet state. Here we clearly see a
discontinuity of 1/! at the transition point.

For g > 0 we find similar features. Here examples are
shown for ¢5(«) = 0.1 and u, constant. In Figure 5 both
stable partial wet profiles and metastable wet profiles are
shown. The two kinds of numerically stable solutions are
obtained from the numerical algorithm outlined in the
Appendix. The metastable solutions found here are typical
for first-order phase transitions. As shown in Figure 6a,b
for the surface free energy F,(u,), for a given value of g two
branches of the free energy are found, belonging to the wet
and the partial wet states. With increasing values of g we
get stronger first-order phase transitions as the angle be-
tween the two branches at the crossing point increases in
Figure 6a, also shown more clearly in Figure 6b. The
analogous result for the surface concentration is shown in
Figure 6¢,d, where the discontinuities of the surface con-
centrations are shown. With decreasing positive values of
g (Figure 6¢) and more negative g (Figure 6d), the dis-
continuities become smaller. In all these cases there exists
a broad region of the wet metastable state. The two as-
terixs in Figure 6a correspond to the profiles shown in
Figure 5a,b and also indicate the points where the calcu-
lations were chosen to be discontinued. Similarly the two
solid dots in Figure 6a correspond to the profiles in Figure
5¢,d. It is difficult to define numerically the limits of
metastability for both branches, because we cannot dis-
tinguish whether the numerical method eventually breaks
down or the region of metastability does not exist. In
Figure 6¢,d it is also seen that ¢,[partial wet] = ¢,V varies

rapidly with u;, but ¢,[wet] = ¢,® is almost constant with
p1. The same kind of behavior is found in the long-
wavelength approximation.?

As shown in Figure 7, the phase-transition point is
shifted to smaller values of y,; as the chain length increases.
This behavior is also in qualitative agreement with the
long-wavelength theory (compare with eq 2-2 and 2-3). In
Figure 8 the full calculation and the results from the
long-wavelength limit are compared directly. The param-
eters are transformed as shown in section 2. We see that
the transition points found within the long-wavelength
approximation lie at lower u;; however, both calculations
agree qualitatively for this region of parameter space, in
the range of first-order phase transitions. We find a much
smaller region of metastable wet profiles in the long-
wavelength approximation, and a simple scaling of the
parameters cannot explain this difference. In our current
work we did not specifically study tricritical wetting and
second-order phase transitions. However, the long-wave-
length theory predicts second-order phase transitions for
large negative g. In this work we find a trend to weaker
first-order transitions if g decreases, in agreement with the
results in the £ — 0 limit.

4. Conclusions

We have shown that within the mean-field self-con-
sistent approach, first-order wetting transitions exist and
there is qualitative agreement with the long-wavelength
approximation over the limited range of surface interaction
parameters (u;,g) studied. Therefore it may be possible
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Figure 8. Comparison of the first-order wetting transitions found
in the self-consistent calculations studied in this paper and the
long-wavelength approximation studied in earlier work, making
use of the relationship between the interaction parameters dis-
cussed in section 2c.

to use the long wavelength approximation if the bulk
concentration ¢ () is not too small (clearly this approx-
imation breaks down in the limit ¢4(«) — 0). Moreover
this is the first instance where it has been demonstrated
that the mean-field self-consistent approach can be ef-
fectively implemented to study a multi-length-scale phe-
nomenon such as wetting, where the Kuhn length b, the
degree of polymerization of the polymer molecules Z, the

Macromolecules, Vol. 22, No. 4, 1989

system size d,,,, and the length {, (describing the wall)
are all included. The wet state is seen very clearly in our
work. Our efforts in this direction should be useful for a
more extended study of the details of the overall polymer
phase diagram, including wetting phenomena. By ex-
pending more effort on improving the numerical accuracy,
this class of problems can be studied with even lower bulk
polymer concentrations and larger absolute values of g. In
this case one could carry out a detailed study of the tri-
critical point. Also it should be possible to carry out
calculations in the one-phase region and not only on the
coexistence curve, as we have restricted ourselves. These
extended calculations may be more realistic for the various
experiments or surfaces in contact with polymer blends
which are currently in progress. One such promising ex-
perimental approach uses the technique of forward recoil
spectroscopy.® Rapid advances in numerical analysis for
nonlinear theoretical problems, and significant increases
in computing power, coupled with novel experimental
techniques and instrumentation, should enable a detailed
microscopic understanding of polymer-surface interactions
for both scientific and technological purposes.
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Appendix

Here we discuss the procedure for solving the diffusion
equation

q: = Gzx — «q (A-1)

for the polymer distribution functions g,, gg, with the
appropriate mean-field potentials wy, wp given by eq 2-27
and 2-28. Since these potentials are coupled in a highly
nonlinear fashion and moreover involve the determination
of an unknown function An(x)/pg, the self-consistent so-
lution of diffusion equations is the most difficult and ill-
posed part of our study of wetting transitions near a wall.

For the numerical solution of eq A-1, we use a nonlinear
grid of sampled data points [x(i)] near the wall

)-1
NP L JSLo ket PR (A-2)
exp(y) - 1

where t; = (i — 1)/200,i =1, ..., 200, 3 < v < 5, and d,,
is the system size (in terms of the Kuhn length). This
choice of the grid heavily weights the density of data points
near the wall, where most of the variation of the polymer
density profiles takes place.

The general idea behind the numerical procedure is as
follows: since we do not know the function w,(x), we make
the first guess wa(x) = wy(). Then we solve the partial
differential equation (A-1) for g,(x,t) with the initial
conditions and boundary conditions

qa(x,0) =1  qu(0) =0, t>0 (A-3)
using the Crank-Nicolson method® with the nonlinear grid

given by eq A-2. The volume fraction ¢,(x) is then de-
termined from the convolution integral

1
oalx) = j; galx,s)qa(x,t—s) ds (A-4)

where the upper limit of the integral has been scaled so
that s runs from 0 to 1, with ds = As = 0.005.
Now the incompressibility condition gives

¢p(x) =1~ ¢olx) — palx) (A-5)
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where ¢¢(x) is the preassigned wall profile, defined by eq
2-17. We also have, from the definitions of w,(x) and wg(x)

wp(x) = ws(x) = goc(x)[dn(x) — Pa(x)] -
[wal(=) = wp(=)] = (xac — xBC)PC(®) -
XaB[08(x) = ¢a(x) + ¢u() — ¢g(=)] (A-6)
Next we solve eq A-1 for polymer B using eq A-5 and A-6

to get the estimates g'g(x,t), ¢’g(x). At this point it is
convenient to define

An(x)

= Yowax) = wa(®) + wp(x) ~ wp(®) + (xap -

xac ~ Xgo)oc(x) + goc(x)[oalx) + ¢ 5(x)]} (A-T)
and
¢a(x) =1 - ¢c(x) - ¢'B(%) (A-8)

Then we use the quantities An(x)/pg, da(x), ¢’5(x) in eq
2-27 to obtain ', (x). It follows, after some algebra, that

W'A(x) = wplx) = (XAB + igg)(dﬁa -¢p) (A-9)

s0 if w’j(x) — wa(x), this implies that ¢ 5(x) — ¢g(x) and

¢'a(x) = ¢alx). We want «’s(x) — ws(x) to vanish for all
x, but it is sufficient to use x = x({). This difference,
computed at x = x(i), is a functional vector depending on
the independent vector w,(x). Note that ’4(x), a vector
derived from w,(x), is not the next guess for w,(x). The
next estimate of w,(x) (to get w's(x) to converge to wy(x))
requires a procedure to solve a nonlinear system of (vector)
equations in an unknown vector [w4(x)]. For our problem
we use the generalized secant method.®
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ABSTRACT: The synthesis of the first poly(alkylsilynes), (RSi),, a new class of silicon-silicon bonded network
materials, has been accomplished by using high-intensity ultrasound to mediate a “virtually homogeneous”
reduction of alkylsilicon trichlorides with liquid NaK alloy emulsions. This procedure provides good control
over reaction kinetics and stoichiometry by promoting instantaneous initiation and quantitative reaction of
the reductant under mild conditions and prevents the premature separation of incompletely reduced polymer.
The new polymers (RSi), (with R = alkyl > two carbons and n < 1000) remain soluble in nonpolar organic
solvents, from which they can readily be cast into transparent yellow amorphous films. All chemical and
spectroscopic data indicate that polysilynes are constructed primarily of sp®-hybridized alkylsilicon units
assembled into irregular networks that exhibit extensive Si-Si o-delocalization.

Introduction

Polysilanes, linear polymers possessing an all silicon-
silicon bonded backbone, have recently been shown to
exhibit a variety of interesting properties and applications
that have stimulated extensive research efforts.’™” The first
example of these materials, poly(dimethylsilane), was de-
scribed by Burkhard in 1949 as an intractable white pow-
der® but received little attention until 1975, when Yajima
reported that it could be converted to fibers of 8-SiC.# The
development that accelerated the pace of polysilane re-
search to its current state was the report by West and
co-workers of a soluble polysilane, a 1:1 copolymer of di-
methylsilane and phenylmethylsilane.®* While formally
analogous to saturated polyolefins, polysilanes typically
exhibit an intense near-UV absorption, the position of
which shifts with changes in molecular weight and in re-
sponse to factors affecting the conformation of the polymer
backbone.® Both the electronic spectra and photochem-
istry of polysilanes are now generally interpreted by in-
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voking the delocalization of both Si-Si bonding and
close-lying antibonding states along the polymer back-
bone.'* Upon irradiation, efficient photofragmentation
occurs with extrusion of both silylenes (R,Si:) and cyclic
oligomers, a property which has led to their evaluation as
positive photoresists for microelectronics.” The intrinsi-
cally high silicon content of these polymers is an additional
advantage in this application since the unexposed polymer
may be converted into SiO, by oxygen ion etching.

Although linear polysilanes bearing an impressive div-
ersity of alkyl, aryl, and even trimethylsilyl substituents®
have now been prepared and investigated, there has been
little progress toward the preparation and characterization
of monoalkyl silicon polymers, (RSi),.> By direct analogy
to carbon-based polymers, materials with a 1:1 alkyl to
silicon ratio could adopt either discrete aromatic structures
or take the form of linear conjugated polymers analogous
to polyacetylenes. Alternatively, and more consistent with
the decreased tendency of silicon toward w=-bonding, a
network structure with no carbon analogue may be
adopted. In either case, such materials, viewed as the
halfway point between polysilanes and silicon, should ex-
hibit an intriguing array of physical properties. .
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