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ABSTRACT: A lattice model is developed for the quantitative description of the interfacial behavior of bulk
polymers, consisting of two types of segments, with different affinity for the surface. The model is an extension
of previous work on bulk homopolymers! and is inspired by Scheutjens and Fleer’s? formulation for polymer
solutions. Techniques are introduced for the exploration of microscopic structural characteristics (chain
conformation, bond orientation) and macroscopically observable thermodynamic properties (interfacial tension,
surface tension). The approach is general and can be used for bulk systems of any degree of polymerization,
any proportion and sequence of the two types of segments along the chains, and any relative affinity of these
segment types for the surface. Applications to block and random copolymers and to systems of flexible molecules
with a surface active head are described in an accompanying paper.

Introduction

Understanding the microscopic structure and thermo-
dynamic properties of bulk polymers and copolymers at
interfaces with solid or gaseous phases is a prerequisite for
the optimal design of composite materials, adhesive sys-
tems, and surfaces with controlled wetting properties.
Specific interactions and entropic constraints present at
an interface cause the conformation of chains, hence local
values of mechanical and thermodynamic properties, to
deviate from those of the isotropic polymer bulk. Quan-
titatively describing interfacial structure and properties
as a function of the chemical architecture of constituent
chains is a very desirable goal.

In preceding papers! we examined the mathematical
structure of lattice models, a particularly simple category
of models that, nevertheless, can adequately represent the
salient features of structure and thermodynamic properties
of polymers at interfaces. A site model for bulk homo-
polymers, based on Scheutjens and Fleer’s formulation for
solutions,? was derived and used to explore bond orienta-
tion characteristics and interfacial tension.

Here we extend our site lattice model approach to the
case of bulk polymers consisting of two different types of
segments that can interact differently with the surface.
The model is cast into a generalized form, applicable for
any chain length, any proportion and sequence of the two
types of segments along the chain, and any relative affinity
of these segment types for the surface. A robust algor-
ithmic procedure is developed for its numerical solution.

The objective of this paper is to present the theoretical
analysis, leading to a set of equations that describe the
interfacial characteristics of a bulk system of chains,
composed of two types of segments, arranged in a given
sequence. Techniques introduced in ref 1 for the quan-
titative exploration of bond orientation as a function of
distance from the interface are refined and extended. A
new method is developed for the exploration of chain shape
and size characteristics in the interfacial region. Also, an
expression is derived for the interfacial energy in terms
of molecular characteristics (chain size and composition,
segment—segment and segment—surface interaction ener-
gies). Application of the model to some representative
chain architectures will be the subject of an accompanying
paper.

Formulation of the System of Equations. We con-
sider a monodisperse linear polymer, whose chains consist
of two types of segments, A and B, arranged in a given
sequence. Let r, (ry) be the total number of A (B) seg-

ments per chain. The total chain length will then be equal
to

r=rA+rB (1)

A directionality is defined along a chain, by choosing one
of its ends as the start and numbering segments succes-
sively from 1 to ». The choice of the start segment is
essentially arbitrary but consistent for all chains in a given
bulk system, which are assumed identical. By “chain
structure” or “chain architecture” we mean the sequence
of segment types

{ts)} 1<s=<r 2)

for all segments, taken successively in the forward direc-
tion; t(s) can assume the values of A or B.

Our theoretical development is based on the lattice
model system introduced in ref 1. A bulk copolymer phase
is envisioned, between two identical infinite plane surfaces.
Local structure is assumed to vary from layer to layer along
the z-direction. We focus on a portion of the interfacial
system, having L sites on each layer. If M = 2m is the total
number of layers between the surfaces, average properties
in the system are symmetric with respect to the midplane
between layers m and (m + 1). In this work the number
of layers M is taken sufficiently large, relative to the chain
length, r, so that the polymer in the central region between
the two surfaces is indistinguishable from the uncon-
strained bulk. The model is then representative of a
semiinfinite domain of bulk polymer adjacent to a single
plane surface. Following ref 2 and 1 we define a confor-
mation ¢ by the ordered sequence of layer numbers, in
which successive chain segments find themselves:

{k(s,c)} 1<s<r (3)

There are a number of different chain arrangements in the
lattice corresponding to the same conformation, given by

=1
Lz [T (A g41). = L2, 4)
s=1

where
Msst1)e = Aoy if k(s,c) = k(s+1,¢)
= A, if |k(s,c) — k(s+1l,e)j =1 (5)

All calculations in this paper will refer to a simple cubic
lattice, for which Ay = 2/3, Ay = /.

The total number of chains in the considered model
system, n, is related to the numbers of chains in each
conformation by the balance condition:
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n=2n, (6)

Our lattice model rests on the following assumptions.

(I) Full occupancy of the lattice by chain segments is
assumed. Segment density variations in the direction
perpendicular to the surface, as well as density fluctuations
within the bulk polymer phase, are ignored. This as-
sumption, introduced for simplicity, can be readily relaxed,
as will be discussed in a subsequent publication. Mathe-
matically it is expressed as

L=23rmn, (7)

(II) The Bragg-Williams approximation of random
mixing is employed for estimating configurational entropy
in the multichain polymer system. To obtain the number
of ways in which a given set of conformations {n. can be
arranged on the lattice, a Flory process of filling the lattice
by sequential placement of chains in a segment by segment
fashion is envisioned.! At each step of this filling procedure
all sites within a given layer have the same probability of
accommodating an added segment; this probability is equal
to the fraction of unoccupied sites in the considered layer.

(III) In calculating the potential energy for a given
configuration of the lattice model system, only nearest-
neighbor interactions between segments and between
segments and the surface are considered. There are three
characteristic segment-segment interaction energies (w,,,
wap, Wpp) and two characteristic adsorbed segment-surface
interaction energies (w,g, wpg). Segment-segment inter-
actions are active both between nonbonded and between
bonded segments.

(IV) Whatever their chemical architecture may be,
polymer chains are considered as flexible, freely jointed
sequences of segments.

(V) All interfacial systems we examine in this work are
assumed to be in thermodynamic equilibrium with an
unconstrained bulk polymer phase of infinite extent. The
unconstrained bulk polymer is taken as completely ho-
mogeneous and isotropic. This implies that the interaction
energies wy,, Wap, and wygp are sufficiently close, so that
phenomena of phase separation, development of micellar
structures, or any other kind of molecular organization in
the bulk are not favored (see below).

Choosing the unconstrained bulk polymer as a reference
state, we write the value of the partition function of our
interfacial lattice model system, for a given set {n. of
conformations,! as a product of an entropic (combinatorial)
and an energy (residual) term

QIML,Tin j] = (Q/Q*) e VAT (8)

where § is the number of ways of arranging the considered
set of conformations {n.} on the lattice in the interfacial
system, Q* is the number of ways of arranging n chains on
the lattice in the bulk polymer, and U is the potential
energy of the interfacial system under the set of confor-
mations {n}, relative to a system of n chains in the un-
constrained bulk:

U = Uperslined] = Upai(n) 9)

The combinatorial term in expression 8 is evaluated by
a Flory procedure of laying chains one by one in the lattice.
Since it is only the connectivity, and not the chemical
architecture of chains, that plays a role in this procedure,
the analysis presented in ref 1 for the case of a homo-
polymer is valid here, leading to the expression

In[Q/Q*I=nln [%] - Zc:nc In [n./w] (10)
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Figure 1. Physical meaning of the interchange energy Aw,g and
the adsorption energy ugh.

Let ¢4; (op;) symbolize the volume fraction of type A (type

B) segments in layer i. By assumption I,

Moreover, an overall segment balance demands
Lgm = nr; I=AB (12)
We define the site volume fractions? (¢,;) and (¢g;) by
{ey) = ]}i:llxj_iqi 1<i<MI=AB (13

where
Nei = Ny forli-i <1
=0 for|j-i|>1 (14)
As a result of the above definitions,
(eai) T {em) = 1= N(6;; + dipp) (15)

The potential energy U, under a given set of conformations
{n/, is obtained in a mean-field approximation, by an
enumeration of interacting segment pairs in the interfacial
system, as well as in the unconstrained bulk polymer,
which we use as a reference. A detailed derivation is
presented in Appendix A. The result is

M nrarsg
U= LkTx\ Zealen:) - i3 +
i=1 r

Li(es, + eamdus® + (ep, + eppus®] (16)

where the x factor has been defined as a dimensionless
“interchange energy”®* between segments A and B,

Awsg 2 1 1
X= 3 T ﬁ[wAB - SWaA — 'wBB] (17)

2 2
and the absorption energy ug' is the energy required for
splitting a hypothetical pure fluid of type I segments to
create two interfaces per site on the interfaces created (see
Figure 1):

ugl = le[wls - %wH] I=AB (18)
From (8), (10), and (16) one obtains for the partition

function Q:
In QIM,L,Tin}] =

n ng M
nln [M] -2n.ln [“] —LX(ZW\L'(@B;') -
¢ We i=1

nrarg ugh ugh
-L ﬁ(@m + oan) + ﬁ(s&m + s | (19

Lr

According to assumption V all chains in the interfacial
system must have the same chemical potential, equal to
the chemical potential of the polymer in the unconstrained
bulk. As shown in ref 1, this implies that In @ must remain
invariant under changes in the configuration of the in-
terfacial system that modify the occupancy of some con-
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formational categories. The quantity In @ must be at a
maximum with respect to the distribution of conforma-
tions {n,.), under the full occupancy constraints (7):

Gilindl = Zlra. + rgiJn.-L =0 (20)

The quantities ry; . in eq 20 stand for the numbers of I-type
segments that conformation ¢ has in the i-th layer. They
are related to volume fractions via the balance conditions

2ryn.=Lg; I=AB (21)

Introducing a Lagrange multiplier {; for each constraint
of the type (20) we require that the function
M
= In QIM,L,T,{n.}] - gg.iGi[{nc}] (22)

have a stationary point with respect to the conformation
distribution {n.} at equilibrium. This implies

oF _dlnQ
anc ML, T\ng=n, an’c IM,L,T,ng=n,
M 4G, .
¢ =0 for all conformations ¢ (23)
=1 ONe|ML Tngmn,
oF

-—= =G [‘nc}] = Z[rALc + rBzc]nc L=0 (20)

8¢

From eq 19, taking into account eq 21,

n, 1¥
=-In| — | -1-Lxy72Zracles) +
M,L.Tng=n, w, L=z

TBj.e 1 ug® 1
lgl‘PALZA—z _L[z[rAl,c-"rAM,c]ﬁ+Z[rB1,c+

M
rBMc] rT ] = -In [ ] -1- [igeri,c<‘PBi> +

M uSB
ZrBtc<¢Az>] _[rA1c+rAMc]kT [rBlc+rBMc] ET (24)

dln Q
on,

On the other hand,
aG;

an,

= rAi,c + rBi,c
M,L,T,ng#%n,

Hence (23) becomes
n,
-In (w ) -1+ ZrAlC[XS (511 + 51M) x{eg) - &l +

;rBi,c[XSB(Bil + 0) — x(ea) — §1 =0 (25)

where we have defined the dimensionless quantities xg! as
XS = "USI/kT I = A, B (26)

Introducing the free segment probabilities for segment
types A and B in layer i by the equations
In Py = —§; + x5 + dipp) — x{om:) =

=G+ (¢ + A0 + b)) + x{ea;) — x (278)

In Pp; = ~§; + xsB(6i1 + i) — x (i) (27b)
we can rewrite (25) as

nC

1 MP
—_—= — ” JTAic IBic
L Lewci=1 Al PBl (28)

This conformation distribution identifies the model as a
site model.! By analogy to the pure homopolymer case,!
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we define the unnormalized conformation probability for
conformation ¢ as

M r
P(r), = wCI_IIP A APy B = w, I—I1P £(5),B(5,c) (29)

The “chain probability” P(r) is introduced as a normali-
zation factor,

P(r) = 2P(r), = nLe (30)

The (unnormalized) probability that the sth segment of
a chain in conformation c finds itself in layer i is simply

P(si;r). = P(r),, if k(s,c) =1
=0, otherwise (31)

The probability of finding the sth segment of any chain
on layer i is

P(s,i;r) = 2 P(s,i;r), (32)
The definitions (30), (31), and (32) are identical with those
introduced in ref 1. One obtains from them the normal-
ization condition

M
2 P(s,i;r) = P(r) (33)
i=1

A simple relationship exists between volume fractions
¢y and the segment probabilities P(s,i;r). From division
of eq 21 for I = A by the sum of eq 20 over all { and use
of the distribution (28), together with the definitions
(29)-(33),

Loy
™
>L
i=1
LraiP(r). zzlaik(s,c)fsA,z(s)P (r),
¢ c 5=
M = M . =
ZI[Z(" aie T i) P(r).] %[Z Zl5i,k(s,c)P(f')c]
i=1 ¢ frachielon
E At(s)zalk(s aP(r)e §5A,t(s)P(S,i;") §5A,t(s)P(s,i;r)
M B M r = r M
Z[ZIZP(S 7). ZIZ‘,lP(s,i;r) ZIZP(s,i;r)
i=1 s=1¢ i=lg= s=li=1
or
s = Tpy )Z5A wPEir)  1SisM  (39)

where the Kronecker delta serves as a segment type se-
lector. Similarly, for I = B,

M
¥Bi = rP(r) = 253 :(s)P(S ir)

Our objective now is to relate the probabilities P(s,i;r) to
the free segment probabilities of eq 27, in order to arrive
at a closed system of equations for the interfacial model.
In the homopolymer! case this objective was achieved by
introducing end-segment probabilities, which were found
to conform to convenient recursive relationships. A similar
approach is followed here, with the only difference that
the asymmetric, in general, architecture necessitates the
introduction of two types of end segment probabilities.
We will use the superscript + to denote the positive
direction (start to end, direction of increasing segment
order) along one of our chains; similarly, we will use the
superscript — to denote the negative direction.

1<isM (35
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s =1 5 16 20
r=20
F__>+ - O =A
P (i,s) P (i,s) ® =B

Figure 2. Definition of end-segment probabilities in the forward
(+) and backward (-) direction; r = 20, s = 5.

We define the end segment probability for an s-segment
subchain in the positive direction by the equation

Pis) = X P*(is).= X2

all ¢(s) all c(s)

such that

k(s c)=i

Here P*(i,s) stands for the probability that the end seg-

ment of a subchain of s segments, having a structure

identical with that of the first s-segment portion of our

reference chain (taken from the start forward), will lie in

layer i (compare Figure 2). The summation in eq 36 is

taken over all conformations of the s-segment subchain.

We define the end segment probability for an s-segment
subchain in the negative direction by the equation

[w%r:[lp t)kwa] (36)

P(is)= X P(s).= X
all c(s) all ¢(s)
such that
k(s,c)=i

[ I;IIPl(r—u+1),k(u,c)] (37)

The subchain considered in eq 37 has a structure identical
with that of the last s-segment portion of our reference
chain (taken in the reverse direction, terminal segment
first). The summations are again taken over all confor-
mations of the s-segment subchain.

From definitions (36) and (37) and eq 33 one immedi-
ately obtains

P*(i,r) = P(rir),  P(,r) = P(Lir)

and
M M
Y Pir) = ZP(@r) = P(r) (38)
i=1 i=1

By construction the end segment probabilities obey the
recursive relation

P+(i,s) = ZA]'—iPt(s)iP(.j!s—l) 2<s<r (39)
J
P(i,s) = 2N PipsinyiP (G 5-1) 2<s<r (40)
J
with
P*(i1) = Py P (1) = Py (41)

In eq 39 (40) we visualize the chain growing in the positive
(negative) direction.

To establish a connection between free segment proba-
bilities and the probabilities P(s,i;r) we consider our r-
segment copolymer chain as consisting of two subchains,
of length s and r — s + 1 segments, having segment number
s in common. From the product form of conformation
probabilities (29) and the reciprocity of the quantities A;;
(eq 5) one obtains

P*(i,s)P(1,r-s+1)

P(s,i;r) = (42)
Py
Equations 34 and 35 then become
M 1

op = ,-p(,-) PAisgl6A!t(5)P+(l,s)P—(L,r_5+1) (43)

M1

ﬂoBl‘ = 1 — @A; = T(r) ZaB‘[(S)P-F(i,S)P—(i,r—‘S'}'l) (44)

PBis=1
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Equations 27, 38-41, 43, and 44 constitute a formulation
of the lattice model.

It is convenient to cast the problem in terms of reduced
probabilities, defined with respect to the unconstrained
bulk. Again, we emphasize that the term “probability” is
used here loosely.! In the unconstrained bulk limit free
segment probabilities P,; and Pg;, as well as the Lagrange
multipliers {;, become layer-number independent; we
symbolize them by P*,, P*g, and {*, respectively. We
define the reduced free segment probabilities by

pu=Py/P* I1=AB (45)
and the reduced end segment probabilities by
. P*(i,s) . P(,s)
pris) = p(is) =———— (46
“I____Ilp*t(u) uI;IlP*t(r—u+1)

With these definitions, eq 39-41 are readily converted into
their lower-case counterparts. Equation 27 for the bulk
becomes

Ta

r
1nP*A=—g-*+x—r’3—x In Prg = -0 - x—  (47)

Subtracting (47) from (27) and defining §; by
In¢g=-(5- ) (48)

we obtain

Pai = & exp[ (xs* + Mx) %

,
(5i1+5iM)+X(<¢’Ai>—TA>] 1<isM (49)

pe: = & exp) (xs® + Mx) X

(6i1+5iM)_X(<‘PAi>_rTA)] 1<i{< M (50)

The segment balance equations (43) and (44) can be
written in terms of reduced probabilities as

N M (P*A)TA(P*B)"B _1_ r

oM A B i 8V {i P
Pai r P(r) pAisgaA't(s)p @i,8)p~(,r-s+1)
(51)
epi = 1-ea =
M (P*y)a(P*p)® 1 r TN -
- P0) P_BisEéB‘“s)p (i,9)p (i,r-s+1) (52)

In the unconstrained bulk all reduced probabilities assume
a value of unity and (51) becomes

_ra M (PP
AT T P(r) Ta
or
M (PP 1
r P(r)
Substituting (53) into (51) and (52) one obtains

(53)

17 . . .
CaPai = ;Z5A,t<s)p+(z,s)p‘(z,r—s+1) 1M (54
s=1

12 . . .
(1 - ¢a)ppi = ;Z5B,p(s)p+(l,S)p'(z,r—s+1) 1<i<M
§=1
(55)
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Chart I
T
Pa1 = Pe1 exP| (s + M) + 2x| Aoear + Meaz - " (67)
ra .
Pai = DPB; exp[ 2X(>\1¢Ai-1 + Aoeai + Areaitr - 7) ] 2=sisM-1 (58)
TA
Day = Py exD| (x5 + Apx) + 2x\ Moan-1 + Aoean — - (59)
+ “ar.-
p+(113) )‘th(a)l )‘lpt(u)l 0 0 P (173’1)
p*(2,) AMPiuse APz MPris2 . pt(2,s-1)
0
p*(i9) = MPusii MoPisri MPri prs-1) 2<s=<r (60)
0
p‘:(M—l,s) i MPesym-1 AoDi()M-1 MPiom-1 | § pH(M-1,5-1)
pr(Mys) 0 MPusm NoDeem pt(M,s-1)
3 J _J of tm
With p+(L,1) = Py 1<is=M (61)
- -
P
p(Ls) N NoDtirs+1)1  MPetstnn O 0 -1 p(1,s-1) ]
p(2,s) ADer-st1)2 NoPrir-s+1)2 MPt(r-s+1)2 . p(2,5-1)
0
pG.s) = Ao+l MoPtlrgtlli  MPe(mstDi p(i,s-1) 2<s=<r (62
0
p(M-Lgs) . APerstDM-1  MPrretiM-1 MPirsrim-1] | P7(M-1,5-1)
p (M,s) 0 0 AMDir-ssyMd MoDepsrp {| 7 (M,5-1)
- d o | IS -
with p ) =pyy 1Si=M (63)
1z . . .
NI ;ZléA,z(s)f(L,s)p‘(L,r-s+1) 1sisM (54)
o=
10 .. .
eailai + (1~ oa)pm; = 'r‘le (i8)p(ir—s+l) 1sisM (64)
-
The system of model equations now comprises the 2rM p(s) = Wy, P (s-1) (62)

equations (39)—(41), written in terms of reduced (lower
case) probabilities, the 2M equations (49) and (50), the M
components of (13) for I = A, and the 2M equations (54)
and (55). The quantities ¢a;, (@a;)» Pai Ppi and & (1 < i
< M), as well as the 2rM quantities p*(i,s) and p~(i,s) (1
<i<M,1<s <r), appear as unknowns. We thus have
a set of (2r + 5)M equations in (2r + 5)M variables. As
the quantities £, derived from Lagrange multipliers, are
relatively uninteresting, we chose to eliminate them from
eq 49 and 50. This permits a reduction of the number of
model parameters by one, since xs* and xs® only appear
together in the term xg* - xg5.

We define the dimensionless difference in adsorption
energies between segments A and B as

usA - uSB
AR O G (56)
The quantity x, is a measure of the differential affinity
of A and B for adsorption on the surface. The greater the
value of x,, the greater the tendency for A segments to
adsorb preferentially over B segments.

Using x, and substituting (¢,;) from eq 13, we cast our
system of model equations in the final form shown in
Chart I. In eq 64 we have replaced the B-segment
balance (55) with a total segment balance, by adding eq
54 and 55 together. The recursive equations (60) and (62)
can be written, in abbreviated form, as

pt(s) = Wy tpt(s-1) (60)

In contrast to the homopolymer case, the matrices w,,*
and w,(,” are segment-order-dependent. Each can assume
either of two values (w,* or wgt, w,~ or wy"), depending
on the architecture of the chain.

The (2r + 3)M equations (54) and (57)-(64) comprise
a system in the (2r + 3)M unknowns ¢a;, Pa;, Ppi» P (0,3),
and p(i,5) (1 £i <M, 1<s <r). Equations 57-59 provide
explicit expressions for calculating {p,;} as a function of
{ea;) and {pg;}. Equations 60-63 provide expressions for
caleulating p*(i,s) and p(i,s) as functions of {p,} and {pg;}.
Thus, the set of equations (54) and (64) can be viewed as
a system of 2M equations in the 2M unknowns {¢,;} and
{pgi}. The numerical solution strategy we developed relies
on this approach. Our solution algorithm is based on a
straight forward Newton-Raphson scheme, with analytical
calculation of the Jacobian. Advantage was taken of the
symmetry of the problem, to reduce the number of equa-
tions and the number of unknowns by a factor of 2. The
performance of the algorithm was remarkably good, in all
cases studied. Numerical solution procedures are discussed
in Appendix B.

A simple-cubic lattice was used in all calculations. In-
puts to the model are the chain architecture (chain length,
number, and exact sequence of A and B segments), the
parameter x, characteristic of the interaction between A
and B segments, and the parameter x,, characteristic of
the difference in affinity of A and B segments for the
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surface. Input parameters can be estimated with good
accuracy from available data for particular physical sys-
tems; as output from the model one obtains the segment
volume fraction and reduced free segment probability
profiles, as well as reduced end segment probabilities. How
these quantities can be used to extract valuable informa-
tion on the interfacial tension and the microscopic struc-
ture of our system is examined below.

Interfacial Tension. At equilibrium the distribution
of conformations is given by expression 28. Using defi-
nition 45 and eq 30 and 53 we can recast this expression
into the following form, involving reduced free segment
probabilities:

we M
n, = n—HlpAi’“"PBirB“ (65)

The value of the partition function at equilibrium is ob-
tained by substituting the distribution (65) in eq 19. From
the partition function the Helmholtz energy of the model
system is calculated as

A 1
T~
QUSB M
T (xs + Mx)(ear + ean) + .Zi[QOAi Inpy + (1=

ral's
@At) In pBl + X[ Z‘pAL(l (‘FAi)) - M_r_2 (66)

A derivation of eq 66 is given in Appendix C. Since the
unconstrained bulk was used as a reference state in our
analysis, the Helmholtz energy (66) is purely interfacial,

A 2va

LkT ~ kT

where « is the interfacial tension, a is the area per surface
site, and the factor 2 is due to the two surfaces present.
Combining eq 66 and 67 and taking the symmetry of the
model system into account, we reach the following ex-

pression for v, in which the adsorption energy of a pure
B segment is used as a reference:

(67)

Ya - us
kT kT

¢ai) In pg;] + X[ E@Ai(l = (oai)) — m—?_‘Z—B ] (68)

= (s + Ax)ear + Z[wA, In py + (1~

This expression permits evaluation of the surface or in-

terfacial tension from the profiles {¢s,}, {pa;}, and {pg;} ob-

tained by solution of the model. In the following we will

use the symbol ¢ to denote the dimensionless difference
va up

=T BT (89)

A limiting case to which eq 68 can be applied is that of a
pure homopolymer, consisting exclusively of A-type seg-
ments. In this case, oo; =1 (1 =i <m), rg =0, and

EINE

(Xs + A1)() + Zln Pai + A1)( =

P
kT Xs + Zln pAl
and, by the definition 56,
[ ] + Zln Dai (70)

which is identical with the expression derived in ref 1 for
the interfacial tension of a pure homopolymer.
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segment segment segment
s s+l s S+| s+l s
l layer
o \1/ \=| -l
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Flgure 3. Cases considered for the enumeration of bonds in
various directions, having one of their ends in layer i.

On the other hand for the case of a pure homopolymer,
consisting exclusively of B segments, ¢y, = 0 (1 <i{ < m),
ra = 0, and eq 68 gives

).

which is identical in form with (70).

Bond Orientation. As pointed out in ref 1, the spatial
distribution of bond orientations crucially affects local
mechanical properties and the response of a composite
interface to deformation. A new method for quantitatively
characterizing bond orientation at a bulk homopolymer
interface was introduced in ref 1. Conditional stepping
probabilities for a bond starting in layer i to propagate in
the direction of increasing layer numbers (forward step-
ping), to remain in layer i (side stepping), or to propagate
in the direction of decreasing layer numbers (back step-
ping) in the lattice were determined.

This analysis is readily transpianted to the copolymer
case. We follow the reasoning described in ref 1 and use
eq 42 and the normalization conditions (54) and (55). Let

7 (g;*, £i*) be the conditional stepping probability for a
segment to lie in layer i — 1 (7, i + 1, respectively), provided
that the segment preceding it, in the sense defined by the
positive direction along the chain, lies in layer i. Then

+ Zln Dg; (71)

A
bt = — TPt -ls)  2Si<M
r—p*{i,r)s=1
(72a)
Ao
gt = ———Zp*‘(z $)p~(i,r-s) 1<i<M (72b)
r—p*(,r)s=1
A
f+ = —‘_zpms)p ((+1,r-s) 1<is<M-1
r—pt@,r)s=t
(72¢)

with b,* = f5,7 = 0. Similarly, the conditional probabilities
b, q;, and f; for a segment to lie in layer i — 1, {, and {
+ 1, respectively, provided that the segment following it,
in the sense defined by the positive direction along the
chain, lies in layer i, are

A
by = ———Zp+(1 -1,8)p~(i,r—s) 2<i=<M (73a)
r-p(ir)s=1
g, = —-——Zp+(L S)p (l r"S) 1<isM (73b)
r-p{ir)s=t
AL -1
fr= ——Zp+(1+1,s)p (r-s) 1=isM-1
r—p(i,r)s=t
(73¢)

Normalization of the probabilities defined by (72) and (73)
follows from eq 54, 55, 60, and 62. The order parameters
associated with the above conditional probability defini-
tions are!
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St = W3 + b*) - 1] = %l2 - 3¢,*] (74)
S; = %I8(fr + b)) - 11 = %2 - 3q¢/] (75)

S values of 1, -1/, and 0 correspond to situations of perfect
perpendicularity to the surface, perfect parallelity, and
completely random orientation, respectively.

When the chain structure possesses a center of sym-
metry (i.e., the segment type sequence is the same, whether
taken in the positive or in the negative direction), proba-
bilities b;* and b;7, g;* and ¢;, and f;* and f;” are identical.
The bulk homopolymer is a particular instance of this. In
the general case of an asymmetric chain architecture,
however, probabilities in the positive and negative direc-
tions, and the associated order parameters, are different.

A more complete methodology is introduced here for
probing bond orientation characteristics, which is free of
this problem of asymmetry upon inversion of chain di-
rection. We start by realizing that what is immediately
related to the local mechanical properties of interest is not
the conditional stepping probabilities but rather the ab-
solute numbers of bonds lying in and between layers. Let
n,;T be the number of bonds per surface site that connect
layers i and i + 1; let also ny," be the number of bonds per
surface site lying flat in layer i. Our objective will be to
find expressions for n,,;T and ny;" in terms of the volume
fraction and segment probability profiles given by the
model.

Consider a particular bond, s, connecting segments s and
(s + 1) of one of our copolymer chains (segment orders
defined in the positive direction). The bond divides the
chain into two subchains, s and (r - s) segments long. We
focus on a situation where bond s has one of its terminal
segments in layer { (Figure 3a). The absolute probability
that bond s will lie flat in layer { is proportional to the
quantity

Aop*(i,8)p~(i,r—s) (76)
The absolute probability that bond s will connect layers

i and i + 1 in the direction s — (s + 1) (Figure 3b) is
proportional to the quantity

Apt(@E,s)p(i+1,r-s) (77

The absolute probability that bond s will connect layers
i and i + 1 in the direction (s + 1) — s (Figure 3c¢) is
proportional to the quantity

Mp*(i+1,s)p=(i,r—s) (78)

The total probability, for all possible locations and orien-
tations of bond s in the model system, is proportional to

M M-1
Pu(s) = N2 p*(i,8)p (ir-s) + A 21p+(i,8)p'(i+1,r—s) +
=1 j=
M-1
M 2 p*(i+1,8)p (i,r-s) (79)
i=1

There is a total number of n = ML/r bonds of order s in
the model of M layers. From (76)—(79) the numbers of
s-bonds per surface site lying flat in layer {, and connecting
layers i and ¢ + 1, will be

M_ pt(.s)p=@i,r-s)

L = — <1 <
ny;*(s) o oo®) 1<i<M (80)
r M_ptEs)p (i+1,r-s) + p*(+1,8)p~(i,r-s)
nyT(s) = —X\
r Dp(s)

1<i<M-1 (8])

The total numbers of bonds per surface site, irrespective
of order, lying flat in layer i and connecting layers { and
i+ 1, will be
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r-1p*(i,8)p~(i,r-s)
nbiL = %AOZL_I_J___

1<i<M (82
o=l Dp(s) ' (82)

M. r1p*(is)p (i+1,r-s) + p*(i+1,5)p~(i,r-s)
nbiT ==\
roCe=t Dy(s)
1<:<M-1 (83

Equations 79, 82, and 83 permit obtaining absolute num-
bers of bonds in and between layers from the segment
probability profiles; they are invariant under reversal of
chain direction. Use is made of the symmetry of the model
system in the computation of n,;" and n,;T (compare Ap-
pendix B). Significant simplification of the computations
is afforded by the realization that the normalizing factor
Dy(8), defined in eq 79, is actually bond-order-independent
and equal to M. A proof is given in Appendix D.

The bond numbers n* and ny,;T conform to the obvious
normalization:

M M1 n r-1
g:lnbiL + EnbiT = Z(" - = M—r— (84)

We define the absolute orientation probabilities b2, that
a bond emanating from { will connect layers i - 1 and ¢;
g%, that it will lie flat in layer i; and £, that it will
connect layers i and i + 1, in terms of the absolute numbers
nb,-T and nb,-L:

poobs = it 2<i<M (85a)
l i + T+ 2nyt
abe 2 1<i<M (85b)
, = 21
@ it + Nyt + 2npt
fabe = P 1<si<sM-1 (85c¢)
t i T + T+ 2ny
blabs = fMabs = (85d)

The factor of 2 multiplying n," in these definitions is due
to the fact that a bond lying flat in layer ; is shared by two
segments in that layer, so it must be counted twice for
correct assessment of the orientational environment
around a segment of that layer (Equivalently, a bond
connecting layers i and { + 1 is shared by both layers, so
it should be weighted by a factor of !/, relative to a bond
lying entirely in layer i.)

Probabilities (85) do not, in general, satisfy the reci-
procity conditions:

fiabs = bi+labs 1 S i S M - 1 (86)

The reason is that the total number of bonds emanating
from a layer, ny,T + ny,T + 2nyY, varies from layer to layer,
reflecting chain termination. The reciprocity relation
would be strictly valid for infinite chains (compare dis-
cussion in ref 1).

We define the order parameter S; for layer i, based on
absolute bond numbers, as

S, =SB + o)~ 1] =

1 Npict T + Ay T
o s— = 1) @8
2 nbi—lT + nbiT + 2nbl‘L

For chains of symmetric structure one can prove that
definitions 72, 73, and 85 become equivalent, as do defi-
nitions 74, 75, and 87. In particular,

SFr=8"=8
This equality was confirmed by our numerical computa-

tions. In the unperturbed bulk limit, in a cubic lattice, n,7,
nY, and S; assume the values

symmetric chains (88)
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. M2 r-1 1r-1

1 T ==

lim nyT = == —— = o — (89a)
M2 r-1_2r-1

im nyt = — == 89b

Imny =g T %5 (89b)
lim S; =0 (89c)
—m

This asymptotic behavior was observed in all cases studied.

Chain Shape as a Function of Distance from the
Interface. As a result of the special conditions prevailing
in the interfacial region, the overall spatial extent and the
shape of individual chains will deviate from what they are
in the unconstrained bulk. It is very interesting to explore
these conformational characteristics of chains in the in-
terfacial region as a function of molecular architecture, as
they are intimately related to macroscopic properties. In
this section we develop a methodology for the quantitative
characterization of average chain size and shape as a
function of distance from the surface, based on two
quantities. The first of these quantities is the number of
chains per surface site passing through a given layer i,
which we symbolize by n;. The second is the average
number of segments that a chain passing through layer
has in that layer; we will symbolize it by n;. The quantities
n; and ng; are simply related by the equation

ng =1/n (90)
Consider a chain conformation, ¢/, that has none of its

segments in layer i. By eq 29 the reduced probability of
such a conformation will be equal to

1<s=<r

(91)

The reduced chain probability for a chain not passing
through layer i will be

p'yr) = Z/p/(i)(r)c‘ (92)

By definition, p;(r) will be a sum of products of the form
(91), none of which contains the factor p,; or pg;. Such
a sum can readily be generated by a successive multipli-
cation scheme, similar to that of eq 60. Let

P'ia = col (D1, Pags - Par1s 0, Dair1s -0 Pand) =

s
p/(i)(r)c’ = c“‘c/I_Ilpt(s),k(s,c’)y k(S,C/) 1
s=

pPa ~ PaC
P’ ys = col (pp1, Pe2s -+s PBi-1, O) PRis1s - PEM) =
ps — peiC; (93)

Let also w4 and w*’;p be modifications of the matrices
w+, and w'y (eq 60), in which the entire i-th row is re-
placed by zeros.

W ) =
A 0
oPisn MPrsn O ‘
élpztm AoPri2  MPusz ]
o 07 . ?
: MDesps-1 MoPrsom-1 MPusM-1
0 . . . MNPy MPusu

(94)
Introducing the symbolism
p*p(s) = col [p*»(1,8), ¥ (2,8), ..., p*(,(M,5)]  (95)
with
PY () = P (96)

we express the reduced probability for not passing through
layer i as

PV p(s) = WD iy (s—1)
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M
plp(r) = lew(i)(l',") 97)
=

The total reduced chain probability, p(r), irrespective of
whether a chain passes through layer i or not, is obtained
from (60) as

M
p(r) = le”(i,r) (98)
pm

Note that estimates of p/;(r) and p(r) remain unchanged,
if calculations in eq 94-98 are performed in the negative
direction along the chain.

The reduced probability for a chain passing through
layer i will be equal to the difference

pu(r) = p(r) - P’(i)(r) (99)

Equations 93-99 provide a scheme for calculating the re-
duced probability p(;(r) of a chain passing through layer
i. This scheme is a generalization of that proposed by
Scheutjens and Fleer? for calculating chain adsorption
probabilities. As pointed out in ref 2, a numerically more
accurate modification of eq 99 can be obtained by intro-
ducing the probabilities

p*(s) = p*(s) - p*'(s) (100)
By eq 60, 94, and 96, these satisfy the recursive relationship

2<s=r
(101)

with p* (1) = p,),C,, and allow the calculations of pg(r)
as

P (8) = Wbt p(s~1) + p*(i,9)C;

M
ppin = §p+(i)(i,r) (102)
o

The total number of chains per surface site in the model
system is

n/L=M/r

The desired number of chains per surface site passing
through layer i is then obtained from the probabilities
po(r) and p(r) as

_M pw(r
r p(r)

and the average number of segments per chain in layer i,
ng, is obtained as the inverse of n; (eq 90).

The quantity ng is a sensitive measure of local structure.
A high value of n; reflects a tendency of chains to lie flat
in a layer. A low value of n; indicates a crowded situation,
where chains compete for sites in the considered layer and
are therefore elongated in a direction perpendicular to the
surface. For a given chain length, n,; varies between the
obvious limits

n; (103)

1<n,=<r (104)

st —

According to assumption V, far from a surface n, assumes
an asymptotic value, which is independent of the details
of chain architecture and is a function solely of chain
length. We will denote this value by

lim n,; = n,.(r) (105)

Acknowledgment. Financial support provided in the
course of this work by the Director, Office of Energy Re-
search, Office of Basic Energy Sciences, Materials Science
Division of the U.S. Department of Energy, under Contract
No. DE-AC03-76SF00098, and computing resources offered
by Academic Computing Services at Berkeley are deeply



Macromolecules, Vol. 21, No. 5, 1988

appreciated. Support from the Shell Companies Foun-
dation, in the form of a Faculty Career Initiation Fund,
is gratefully acknowledged.

Appendix A: Derivation of Equation 16 for the
Total Potential Energy of the Interfacial System,
Relative to the Unconstrained Bulk

The desired potential energy U for a given configuration
{n,} of the interfacial system is obtained as a difference
between actual and reference states, according to eq 9.

In the unconstrained bulk, assuming full occupancy of
the lattice by polymer segments, the volume fraction of
I-type segments will be uniform and equal to

e =r/r I=AB (A1)

The numbers of AA, AB, and BB pairs will be equal to
1/ onrag* s, nrae*p, and 1/onrae*p, respectively, where the
factors of !/, have been introduced to avoid double
counting. Thus, by definition of the interaction energies,

Upu(n) =

L 2w Ta + '3 + w Ta + '8
=1 nr — 4+ wurp— nraz — + wgg—
2 A AAT, AB™] B AB™ BB

(A.2)

In the interfacial system segment volume fractions are

layer number-dependent. The total numbers of contacts
are given by

AA contacts
M M M
72l 2 on; 2 Niienj = YorL X eoni{oni)
=1 j=1 i=1
AB contacts

ZLZ‘PA,Z)\J iBj = ZLZW\z(ﬁsz

i=1

BB contacts
M M M
szLZ%@iZ}j-inj = szLilwsi<¢Bi> (A.3)
i= Jj= i=
Note that, by definitions 13 and 14,
M M
§¢Ai<‘PBi> = Z:l‘PBi(ﬁ&Ai) (A4)

Moreover, 2\, Ley; and zA Loy A segments on each wall
contribute an interaction energy w,g; similarly, z\;Lep; and
2\ Lepy B segments on each wall contribute an interaction
energy wgg. The total potential energy in the interfacial
system will then be

M
Usntersl{nl] = 1/22LwAA§¢Ai(<PAi> +

M M

szLwBBg%i(%i) + ZLwABZI<PAi(<PBi) + zMLoawag +
i= i=
2MLoaywas + 2\ Legiwpg + 2\ Leppivpg (AL5)

Taking the difference between eq A.5 and A.2 and using
eq 15 to substitute homopair in terms of heteropair volume
fraction products, we have, by eq 9,

q
rp (1,5) rxopt(m MPysn O
1“(25 APz APz A1)z
0
pri,s) =1- . MPusii MNoPiwi
p*(m-1,5) .
p*(m,s) 0
L J L

Alpt(s)m—l
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= JyeLwyy Zﬁ%[l (epi) — On + SpdNi] -
nr,? M
e Yo2Lwgg _Zl%i[l = {ea) = By + Sap)A(] -
i=
nrarg
+
Lr ]
zhLwpslear + eam] + 20 Lwgg[en; + ¢pul
From the above, by using eq 12,

an2 M
—— | +zLwas }%‘PA;‘(‘PB;‘) -
=

Lr

M
U = 2L{wap ~ Yowpa - 1/2’”BB]§¢A;’(‘PBL’) +

2\ L{was - Yowaalloar + ean] + 20 L{wgg -

/’szBH‘PBI + eyl + /gszAA-z—[ 1 - —-] +

nrg rs nrarg
VzZLwBB I [1 - —r' ] e ZLLUABT

and, by employing eq 1,
1 1 M Nrars
U = Lz{wyp - /owaa — 7oWss] 2‘9&(‘1’81‘) - I +
b
Lz)i[was — Yawaallear + ean] + Lz [wgg -
Yowgsller: + epy] (A.B)

Introducing defintions 17 and 18 in eq A.8, one obtains
expression 16 for the potential energy U.

Appendix B: Numerical Solution of the System of
Model Equations (54) and (57)-(64)

Use is made of the symmetry of the model interfacial
system, to reduce the size of the problem. For identical
surfaces, adjacent to layers 1 and M (as was assumed in
all cases studied) the following conditions hold:

Cai = Pam-ie1 1 STZm (B.1)

Ppi=DPBM-i+1 1S1Sm (B.2)
In view of the model equations, these further imply

Pai=DPam-iv1 1 SisSm (B.3)
ptl,s) = pT(M-i+1,s) 12ism1ss=<r (B.4)
p(i,s) = po(M=i+1,s) 1<i<m,1<s<r (B.5)

By virtue of the above symmetry conditions we confined
ourselves to the half-domain 1 < < m.

Equations 57 and 58 for 2 < | < m - 1 were kept as they
appear in section 1. Equation 58 for i = m was written

ra
Pam = PBm exp[ 2X(>\1¢Am—1 + Ao+ Mean — T) ]

(B.6)
Equation 58 for m + 1 < i £ M, as well as eq 59, was
omitted. Equation 60 was modified as in eq B.7.
Equation 62 was similarly modified. Equations 54 and 64

0 7 [prasn T
. p*(2,5-1)
AMPrie)i . . pt,s-1) 2<s<r (B7
0
AoPrsim-1 MPrigm-1 p*(m-1,s~1)
AiPioym o+ A)Prom) | pT(m,s-1)
JL i
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were taken into account for the m first layers only. The
resulting system is a set of (2r + 3)m equations in the
unknowns ¢y, Pas, Pei PH(ES), p(is), 1 <i<m,1<s <
r; it is completely analogous in structure to the original
system.

The solution strategy is based on considering the vari-
ables p,;, p*(i,s), and p~(i,s) as functions of ¢,; and pg;
given by eq 57-63, and on treating the 2m equations (54)
and (64) as a set in the 2m unknowns ¢,; and pg;.

A Newton-Raphson numerical solution scheme with
analytical calculation of the Jacobian, analogous to the one
discussed in ref 1, was implemented. Equations 57, 58, and
B.6 were differentiated to arrive at analytical expressions
for the derivatives dpy;/d¢a; and dp,;/dpg;. Equation B.7
and its counterparts, obtained from equation 62, were
differentiated to obtain recursive relations that permit the
calculation of derivatives dp™(i,s)/d¢a;, dp*(i,s)/dpg;,
dp~(i, s)/a%, and dp~(i,s)/dpg;. The elements of the Ja-
cobian matrix were evaluated from the above derivatives
of segment probabilities, using analytical expressions de-
rived by differentiation of the residuals defined by eq 54
and 64.

This analytical scheme was somewhat laborious to im-
plement and considerably demanding in computation time,
due to the recursive calculations required for obtaining the
derivatives of end segment probabilities. These limitations
are by far outweighed by its excellent convergence char-
acteristics. In the applications, described in a companion
publication, a uniform volume fraction profile (¢, = rs/r,
1 £ i £ m) and a uniform free B-segment probability
profile (pg; = 1,1 < i < m) were used as an initial guess.
For our surface-active polymer studies a zeroth order
continuation scheme in the parameter x, was implemented;
calculations for a given chain length were started at x, =
0 (pure homopolymer case) and proceeded to progressively
increasing values of x,, using the solution obtained in each
case as an initial guess for the next one. A step size Ax,
= 1 proved adequate for computations up to high x, values.

In all calculations, A was chosen as the less abundant
segment species. By exchanging the roles of A and B in
some test cases (with an accompanying sign inversion in
x) it was confirmed that the model coverges to the same
solution, irrespective of how segment types are defined.
Five iterations were typically required for reducing the
maximum norm of the vector of residuals to less than 1075

Computation time for an iteration was found to scale
approximately linearly with chain length (r) and quad-
ratically with the number of layers employed (m). For
given r and m values the copolymer code is slower than
the homopolymer code, discussed in ref 1, by a factor of
5.8. The fact that the copolymer model involves twice as
many equations and variables gives rise to a fourfold in-
crease in the size of the Jacobian; in addition, calculations
for obtaining a single Jacobian element are inherently more
elaborate than in the homopolymer case. The CPU time
per iteration for a m = 100, r = 100 copolymer system on
a VAXstation II, running ULTRIX 32m (f77 compiler, 64
bit real arithmetic), is 1015 s.

Appendix C: Derivation of Equation 66 for the
Helmholtz Energy

Substituting the equilibrium distribution (65) into ex-
pression 19 for the partition function we obtain

InQ=nlnin/M-%Xn ln[n/M]-

M M
chg[rm‘,c In pa; + ryic In pg] - LX[ §¢Ai(¢5i) -

nrarg L ugh N ug® . o
Ir - kT[‘PAl @AM]‘*’kTUPm esm] | (C.1D)
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Furthermore, from eq 6, 11, 15, and 56,

In Q Z[(Zn T i, c) In Pa t (Zn rBlC) In pBl] -

i=1
nrarg
Lr

] + LxAi(ear + ean) -

ugB
LI’I—‘ + Lx,(oa; + ear) (C.2)
Addition of eq 20 for all layers leads to the full occupancy
condition:

LX[ 2&%(1 - {ea)) -

nr =ML (C.3)
Using eq 21 and C.3 in eq C.2 we obtain
- % In@=
ZUSB M
=T (¢ + M) (ear + ean) + §[¢Ai Inpy +

M rals
(1 - ¢a) In pg] + x §¢Ai(1 = {ea)) - M—r—,;

which is eq 66.

Appendix D: Simplification of Expression 79 for
the Normalization Factor p,(s)

We prove here that the normalization factor p,(s), de-
fined by eq 79 and used in the calculation of absolute
numbers of bonds perpendicular and parallel to the sur-
face, is bond-order independent and equal to the number
of lattice layers M. Physically this means that, in our
simple lattice model, the total probability for a particular
bond of a chain to lie somewhere within the interfacial
system is independent of where this bond is located along
the chain.

Isolating the terms corresponding to: = l and i = M
from the first sum in eq 79, the { = 1 term from the second
sum, and the { = M term from the third sum and rein-
dexing the third sum in that equation, we obtain

Du(8) = Ap(1,8)p (1,r-s) + Ap™(M,s)p~(M,r—s) +
M-1
Ao 2 p*(E,s)p(i,r-s) + Mp*(1,8)p(2,r-s) +
i=2

M-1 M-1
ML ptis)pi+1,r-s) + N X pt(i,s)p(i-1,r-s) +
i=2 i=2

Mot (M, s)p (M~1,r-s) =
pr (L) [Xop (Lr-s) + A\ p(2,r-s)] +

M-1
2 P (,8)[AMp (1-1,r-5) + Ap(i,r—s) + Np(i+1,r-5)] +
i=2
pT(M,$)[Mp (M-1,r-s) + Ap (M,r-s)] (D.1)
By virtue of the recursive relations (62) between end
segment probabilities in the negative direction,
Ao~ (1,r=s) + \p=(2,r-s) = p~(1,r~s+1) /Dyent

AMp (i-1,r-s) + Agp(,r-s) + \p (i+1,r-s) =
p‘(i,r—s+1)/pt(s)i 2<1 =< M -1
p (M,r-s+1)
Ap (M-1,r-s) + Aop"(M,r—s) = —————— (D.2)
Prsm
By combination of (D.1) and (D.2),
M p*(i,s)p (i,r-s+1)
puls) = 22 : =
i=1 Pt
1 M Pt({ s)P(i,r—s+1)

(P* ) a(P*p)Bi=1 Py

(D.3)
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where the definitions (46) have been used to revert from
lower case to upper case probability notation.
By use of 42 and 53 in eq D.3,

— M M '-
py(s) = F(r—)EiP(s,z,r) (D.4)

which, by definition 33 of the normalizing factor P(r),
becomes py,(s) = M, independent of bond order s, QED.

List of Symbols

a area per surface lattice site

A Helmholtz energy

b; bond backstepping probability in layer i

¢ index for conformations

C; the M-long vector col (0, 0, ..., 0, 1, 0, ..., 0) with unit
in ith position

fi forward stepping probability in layer i

F augmented objective function, incorporating La-
grange multipliers, used for constrained opti-
mization

G, constraint arising from full occupancy requirement
in layer i

i index for layers

k Boltzmann constant

k(s,c) layer number in which segment s of conformation
¢ finds itself

L number of sites per layer

m half of the number of layers M

M number of layers of model interfacial system

n number of chains

N number of bonds per surface site in layer i

n, number of chains belonging to conformation ¢

n; number of chains per surface site passing through
layer i

ng average number of segments per surface site that
a chain passing through layer i has in that layer

p probability in the site model, reduced by the cor-

responding value for the unconstrained bulk
p*(s), vectors of reduced end segment probabilities p*(i,s)
p(s) "and p~(i,s), respectively
DPpls) total reduced probability, for all possible locations
and orientations of bond s in model system
P*(i,s) end segment probability for an s-segment long
subchain on layer i, in the positive direction along
the chain
end segment probability for an s-segment long
subchain on layer i, in the negative direction
along the chain
probability that sth segment of a chain r segments
long is in layer ¢
P(s,i;r), probability that sth segment of a chain r segments
long, belonging to conformation c, is in layer i

P(i,s)

P(s,i;r)

P(r) chain probability (normalization factor)

P(r). probability of conformation ¢ in site model

Py free segment probability of species I in layer i

q; side-stepping probability in layer i

canonical partition function

r number of segments per chain

Fie number of segments of a chain belonging to con-
formation ¢ in layer i

r number of I-type segments per chain (I = A, B)

Flic number of I-type segments of a chain belonging to
conformation ¢ in layeri I = A, B

s index for segments and bonds along a chain

S; bond order parameter in layer ;

t(s type of sth segment along the chain (may assume
the values A, B)

T temperature

ug' adsorption energy of a segment of type I, defined
in eq 18

U potential energy of interfacial system relative to

unconstrained bulk
Upux(n) potential energy of a system of n chains in the
unconstrained bulk
Ulntert potential energy of the interfacial system under the
[in] set of conformations {n}
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Wi matrix, characteristic of type-I segment, appearing
in recursive relations 60 and 62

Wy interaction energy between nearest neighbor I- and
J-type segments (I, J = A, B)

Wig interaction energy between adsorbed I-type seg-

ment and the surface
z lattice coordination number
Greek Symbols

¥y surface tension; interfacial tension

Aw,ag interchange energy, defined by eq 17

€ dimensionless interfacial free energy relative to a
pure monomeric fluid of B segments, defined by
eq 69

$i Lagrange multiplier, corresponding to full occu-
pancy constraint in layer i

Ao fraction of nearest-neighbor sites to a given site
lying in same layer as the considered site

A fraction of nearest-neighbor sites to a given site

lying in layer above (i.e., nearer the surface) the
layer of the considered site; also, fraction of
nearest-neighbor sites to a given site lying in
layer below the layer of the considered site

& quantity exp[—({; - *)]

or volume fraction of I-type segments in layer i (I =
A, B)

(oy) site volume fraction of I-type segments on layer i,
defined by eq 13

X Flory interaction parameter expressing the differ-

ence in interaction energy between unlike and
like pairs of segments, defined in eq 17

xg! dimensionless adsorption energy for an I-type
segment, defined by eq 26
Xs surface interaction parameter, expressing the dif-

ference in affinities of the two types of segments
for the surface, defined by eq 56
w, factor proportional to the number of arrangements
of conformation ¢ in the lattice
Q number of ways of arranging a given set of con-
formations {n. in the lattice
Superscripts
abs probability defined in terms of absolute bond
numbers
pertaining to A-type segments
pertaining to B-type segments
longitudinal (in direction parallel to surface)
transverse (in direction perpendicular to surface)
positive direction along the chain (head to tail)
negative direction along the chain (tail to head)
negation
unconstrained bulk polymer
ubscripts
A-type segment
bond
B-type segment
conformation
pertaining to layer i
chain passing through layer i
segment; surface
surface
unconstrained bulk polymer, in the absence of in-
terfaces

g ST @WTEwr T +30We

References and Notes

(1) Theodorou, D. N. Macromolecules, first of four papers in this
issue. Theodorou, D. N. Macromolecules, second of four pa-
pers in this issue.

(2) Scheutjens, J. M. H. M.; Fleer, G. J. J. Phys. Chem. 1979, 83,
1619-1635.; 1980, 84, 178-190; Macromolecules 1985, 18,
1882-1900.

(3) Prausnitz, J. M,; Lichtenthaler, R. N.; Azevedo, E. G. Molec-
ular Thermodynamics of Fluid-Phase Equilibria, 2nd ed.;
Prentice-Hall: Englewood Cliffs, NJ, 1986; p 295. Denbigh,
K. The Principles of Chemical Equtlibrium, 4th ed.; Cam-
bridge University Press: Cambridge, 1981; p 245.

(4) Flory, P. J. Principles of Polymer Chemistry; Cornell Uni-
versity Press: Ithaca, NY, 1953.



