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Theoretical evidence is presented in this review that architectural aspects
can play an important role, not only in the bulk but also in confined ge-
ometries by using our recursive lattice theory, which is equally applicable to
fixed architectures (regularly branched polymers, stars, dendrimers, brush-
es, linear chains, etc.) and variable architectures, i.e. randomly branched
structures. Linear chains possess an inversion symmetry (IS) of a mag-
netic system (see text), whose presence or absence determines the bulk
phase diagram. Fixed architectures possess the IS and yield a standard
bulk phase diagram in which there exists a theta point at which two criti-
cal lines C and C’ meet and the second virial coefficient A, vanishes.
The critical line C appears only for infinitely large polymers, and an order
parameter is identified for this criticality. The critical line C’ exists for poly-
mers of all sizes and represents phase separation criticality. Variable archi-
tectures, which do not possess the IS, give rise to a topologically different
phase diagram with no theta point in general. In confined regions next to
surfaces, it is not the IS but branching and monodispersity, which becomes
important in the surface regions. We show that branching plays no impor-
tant role for polydisperse systems, but become important for monodisperse
systems. Stars and linear chains behave differently near a surface.

Key words: linear polymers, regularly and randomly branched polymers,
recursive lattice, inversion symmetry, theta point, surface effects
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Statistical mechanics [1-6] provides a first principle calculation of thermodynam-
ic and percolation properties in the bulk and in confined geometries and changes that
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occur when the components are mixed [7-55]. The components may be polymeric in
nature with fized (fixed length linear chain, star, dendritic, comb, brush, etc) or vari-
able (polydisperse chain, random branching, random copolymer, etc) architectures.
Being a first principle calculation, a theory based on statistical mechanics contains
microscopic parameters, which are usually hard to measure directly. Hence, such a
theory allows us to predict many of these microscopic parameters like the chi param-
eter from experimental measurements, provided the theory is based on a realistic
model of the system. Current interest has been to understand whether architecture
plays an important role in determining nonuniversal properties like the effective chi
parameter and behaviour near surfaces, or universal properties like the exponents
[17,20,22,23,26,28-38,42,43]. Statistical mechanics also enables us to separate out
the entropic contribution from the energetic contribution to understand the effect of
architectural differences. For the latter, it is sufficient to investigate only athermal
systems in which energetic contributions are absent. In this case, the differences are
the manifestation of the architectural differences and can be easily investigated.

Our goal in this review is to consider the general thermodynamic consequences
due to architectural differences. In particular, we are concerned with the effects of
branching, which can be random and governed by some equilibrium polymerization
or gelation process, or regular. We are only concerned with our own lattice theory
developed over the past decade or so, in which a recursive lattice approach has been
adopted [28,33-35,37-44,46-57]. We supply relevant background for the approach,
which has been successfully applied to a variety of situations including inhomoge-
neous systems in the presence of surfaces and is thermodynamically consistent over
the entire parameter space.

Polymers can be broadly classified according to two different criteria. From the
point of view of architectural regularity, a polymer species can be monodisperse
(M) or polydisperse (P). Polymers of a monodisperse species are identical in every
respect. This is not true for polydisperse species. However, if polymers in a poly-
disperse species are fized, then we can treat this species as a collection of species;
therefore, we will not use the term polydisperse in such cases. Instead, we reserve the
use of polydisperse species when the polymers of this species are not fixed but are
controlled by a collection of chemical potentials, as is usually the case in equilibrium
polymerization and gelation. Other theories [8-11] consider chains of fized polydis-
persity. Monodisperse species and polydisperse linear chains have fized architecture,
whereas polydisperse branched polymers have variable architecture. From the point
of view of branching, polymers can be linear (L) or nonlinear or branched (B), both
of which can be monodisperse or polydisperse. Thus, there are four possible combi-
nations that can occur: ML, MB, PL, and PB. Our theory is a theory of a general
multicomponent mixture containing all four combinations.

Polydisperse and/or branched systems are very important from a technologi-
cal point of view. Hence, there is a need to investigate how a polydisperse and/or
branched species can be different from fixed and/or linear architectural species.
There is another important aspect of polydisperse systems that plays a crucial role
due to the magnetic analogy discovered by de Gennes [7,14] for linear chains. The
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magnetic system is a ferromagnetic system, which possesses an inversion symmetry
H — —H where H is the magnetic field. The adimensional ferromagnetic coupling
K and H are related to the bond and endpoint activities, respectively. Thus, the
inversion symmetry (IS) plays an important role in the bulk and has been intensively
investigated by us, [15,17,20,22,25,26] not only for linear chains, but also for rings
and branched polymers.

In this review, we are mainly interested in both linear and branching architectures
in a binary incompressible mixture. Both have been studied extensively by us and we
will refer the reader to the original work. Our theory goes beyond the random-mixing
approximation (RMA). We use a recursive lattice (RL) approach in which we replace
the original lattice by a recursive lattice. A recursive lattice is a lattice which can
be built up from its smaller parts in a recursive fashion. We solve the model ezactly
on the recursive lattice using the technique of recursion relations (RR’s). The fixed-
point (FP) solutions of the RR’s then describe the behaviour in the bulk of the RL.
All interactions, including excluded-volume interactions, are treated exactly. Since
the theory is exact, albeit on a recursive lattice, it must satisfy thermodynamics. The
approach has also been used to study polymers next to a surface [37,38,51,53-55]. In
most cases, we have taken the RL for simplicity to be a Bethe lattice [58] of coordina-
tion number ¢, see figure 1a, which has a long history for exact calculation in statis-
tical mechanics, and has proven extremely useful in gaining insight about a system
[4,5,58]. However, we have also used a Husimi cactus, see figure 1b, to study per-
colation [48,52] and to study crystallization [47,49]. Using a hierarchical lattice like
the one used in [23], we can also obtain non-critical exponents near a critical point.
Thus, the RL approach is extremely powerful. Indeed, we have shown elsewhere [56]
that calculations on RL’s are more reliable than conventional mean-field theories.

1.1. Principal idea of the recursive approach

We replace the original lattice by a recursive lattice (RL), which is built up from
its smaller parts in a recursive fashion; see figure 1. For example, the Bethe lattice is
formed of four By branches. Each branch is made up of smaller similar ;branches,
and so on. The two RL’s in figure 1 approximate a square lattice of coordination
number ¢ = 4. Replacing the original lattice with a RL is the only approximation we
make. We then solve the model exactly on the RL using the technique of recursion
relations (RR’s). The fixed-point (FP) solutions of these RR’s describe the behaviour
in the bulk of the RL. The ezact solution, albeit on a recursive lattice, always satisfies
thermodynamics.

To summarize, the following two important features of our approach should be
noted: i) We do not attempt to approximate thermodynamic potentials, as is the case
in almost all other theories. One can never be sure that thermodynamics is never
violated in such approximations. ii) Rather, we approximate the lattice by a RL
and solve the model ezactly on this lattice. All interactions including the excluded-
volume interactions are exactly taken into account. The architectures of polymers
are never compromised [37]. The resulting theory is taken to be an approximate
theory of the original model on the original lattice.
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Figure 1. (a) Bethe lattice. (b) Husimi cactus.

2. Lattice model

2.1. Regular model [42]

A polymer molecule, not necessarily linear, of some species j is a collection of
monomers connected by chemical bonds, and is represented by a connected graph on
a regular lattice of coordination number ¢. Non-polymeric species represent solvent
species. Each monomer, which belongs to a polymer, resides on a site of the lattice
and the chemical bonds between monomers of the same species (we do not consider
copolymers in this work) are represented by the nearest neighbour bonds of the
lattice, which are said to be occupied by polymers. A polymer has at least one
chemical bond. Two monomers located on the nearest-neighbour sites need not be
chemically bonded. The excluded-volume effects are represented by the requirement
that only one monomer or a solvent molecule can occupy a lattice site. All monomers
and solvent molecules are assumed identical in size and so are the bond lengths. A
J-species molecule of fixed architecture has M; monomers and b; bonds; this is not
true of polymers of varying architecture. The interactions are restricted to be only
between the nearest-neighbour pairs of different species, because of the geometrical
constraints imposed by the lattice [46]. It is our practice to call the j = 0 species the
reference species for reasons to be explained below. The remaining species is 7 = 1.

We consider a finite but very large lattice of N sites and Ny bonds. On a regular
and homogeneous lattice of coordination number ¢, we have Ny = ¢N/2, neglecting
surface effects. Thus, we can imagine that there are ¢/2 bonds, or g half-bonds at
each site. The idea of half-bonds plays an important role in our analysis. Let N;;
(¢ < j) be the number of the nearest neighbour unbonded contact pairs between
i-and j-species monomers or solvents and P; the number of j-species molecules in
some configuration I' on the lattice. Other quantities that are needed to specify the
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system are listed below. We use X to represent the set of all independent quantities
to specify a configuration I'. The partition function is

Zy = ZQ(X)HWj(X). (2.1)

The summation is over distinct sets X on the finite lattice, the product is over all
species, and Q(X) is the number of distinct configurations with the same set X. We
do not explicitly show NV in X. The quantities W; are determined by the set X, and
are defined below.

Polydisperse polymers (PL, PB). Consider some polydisperse species j.
Let B; denote the total number of chemical bonds and Vj; the total number of
k-functional branches in all of the j-species molecules in I'; with ¢ > k£ > 0. For
example, V;; denotes the number of end points. For polymer (solvent) species, Vo =
0(= P;). Let Ny,; denote the number of j-species monomers or solvents and L;
the number of closed loops in them. In general, Ny,;, L; and B; are defined by the
topological relations:

S 2 Vi =20 L) 28, = S WV N = Y Vi N = Y Ny (22
k>0 k=0 k>0 =0

The relations for a given j also apply to polymers of fixed architecture as well. They

also apply to solvents for which L; and B; are zero. We have

quj = QBJ + 2ij + Z Nz] (23)
i#]
In view of (2.2), (2.3), not all the quantities are independent. We eliminate P; and
Vj2 in favour of L; and Bj, respectively. We also eliminate Ny, ; in favour of N and
B;.
Monodisperse polymers (ML, MB). The P; different polymers have fixed
architecture and may contain cycles and branches. Since the size can be characterized
by either M; or b; for monodisperse species, we use b; to characterize its size. Thus,
B; = b; P; and N,,; = M; P;. For monodisperse polymers (solvents), we take B,;(Ny;)
as independent.
Reference species. The amount of the reference species Ny (= Nyo; note that
we suppress the additional subscript m for simplicity) satisfies the sum

No=N =) Nuj, (2.4)
5>0
and cannot be controlled independently since N is kept fixed.

We eliminate N;; and Nj; in favour of N;;, so that we consider only the unbonded
pairs IV;; between dissimilar species and their energy of interactions €;; to specify
I'. It is merely a consequence of the geometrical relations on the lattice. The €;; is
related to the van der Waals energies e;; by €;; = e;; — (e;;+¢€;;)/2. The total internal
energy is

&= ZeijNij- (25)
(i)
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The sum over (ij) is over distinct pairs of species. Let pi;, timj, i85, pr; and g, k #
2 denote the chemical potentials for adding a molecule, a monomer, a bond, a loop
and a k-functional branch (including end-points, & = 1), respectively for the j-th
species. Let 8 = 1/T, the inverse temperature in the units of the Boltzmann constant
kg. The activities are

nj = exp(Bpy),  Kj=exp(Bup;),  Kinj = exp(Bpmg), 1y = exp(Bpy),
wij = exp(—ﬁezj), Hj = exp(ﬁujl), w,(j) = exp(ﬁ,ujk), (1{7 > 3) (26)

Even though w;; are Boltzmann weights and not activities, we collectively call all
these quantities activities. Note that not all activities are independent. We must set
the activities for a given quantity to zero, if that quantity does not exist for that
species. For example, for linear chains, all branching activities with &£ > 3 must
be set to zero. For tree-like polymers, which have no loops, we must set the loop
activity n;to zero, and so on.

The statistical weight W; from a j-th species in a I' is determined by the in-
dependent quantities needed to characterize it. For polydisperse species, it is given

by '
WD) = Kn B ([T wiy AT (w?)+ 3 (2.7)

i<j E>2

For monodisperse polymeric or solvent species, it is given by

wW;(T) = Kfj(ngij), (polymeric);

i<j
w;(I) = njvmj(ng”), (monomeric). (2.8)
i<j

The independent quantities for the reference species are reduced by one due to
(2.4). To accomplish this, we set K; =1 (n; = 1) for a polymeric (solvent) reference
species.

The thermodynamic limit N — oo is implied in the following and requires
keeping various densities (defined below) fixed. The “free energy” wy given by
wy = (1/N)In Zy is expected to possess the limit w, as N — oo, and so are the
various densities

ow Oow Oow
oin = Kj (6—1(]\][) . QjLN =N (a—njj) , OmjN = 1) (8—77]:) :

_ Own _ o (9wN G G [ Own
(biij = Wy (Wz]) ) (bjl,N - Hj (6[{]) s E,N wy, aw—lg:]) s k > 3.

The thermodynamic limits are denoted below without the subscript N. We in-
troduce

Go=No/N =1 ouwjs bju=0bmj/2— ) du=0/2—0, 6= ¢,

J>0 j20
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Here ¢, is the density of chemically unbonded lattice bonds connected to the j-
th species monomers/solvents, ¢, the density of lattice bonds left uncovered by
polymers, and ¢ the density of all chemical bonds. It is obvious that

Gjj = qbmi/2— 0j— D> ¢i/2, (= 0). (2.9)
<ij>,i#]

Inversion symmetry (IS). If odd functionalities have activities that depend
on H such that they change sign under the IS transformation H — —H, then it is
easily seen that W;(I') remains invariant under the transformation. In that case, we
say that the j-th species possesses the IS. A solution of this species will also have
IS as a symmetry.

Surface interactions. In the presence of surfaces, we need to multiply W; by
W ; to account for surface interactions of various species. It is given by

W, =, M, (2.10)

where W; = exp(—fg;), €; denoting the interaction energy of the j-th species
monomer or solvent molecule (j > 0) with the surface and N ; their number on the
surface. We will use gb to denote N,,;/N, N — co. No interactions are needed for
the reference species, smce its amount is fixed by the sum rule (2.4).

2.2. Thermodynamics

The physics of the model including (2.10) is easy to deduce qualitatively. We
make a few comments [34,42]. The entropy S(X) = (1/N)InQ, N — oo, depends
on all independent densities {p;} and w is related to S by the Legendre transform

wi{ki}) =S+ pilnki+ Y G Inm;, (2.11)
( J

where the first sum is over all independent densities and the second sum is over all
species that interact with the surface, and «; is the activity corresponding to p;. The
transform ensures that w is a function of ¢ and the activities, and represents the
adimensional osmotic pressure across a membrane permeable to the reference species
[43]. (For voids as the reference species, w represents the adimensional pressure
and becomes [ Pvg, where P is the pressure and vy is the lattice cell volume). In
equilibrium, we must have

(Ow/dp),; =0, (85/0p); = —Ink, (2.12)

where p is one of the densities, p the remaining densities, and x stands for the
activity corresponding to p. Using (2.12), we can write down the fundamental ther-
modynamic relations as follows:

ds = Z(@S/@pz dp; = — Zln/{d,o,,
dw = Z(@w/am Jemdr; = ZpldlnmZ (2.13)
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The sum is over all independent densities or activities. The reduced (Helmholtz) free
energy & = —fF is & = S — Y ) dijei; = S — BE = —fF.

The above transform from S to @ implies that the contact density ¢,; must be
treated as a function of § and the remaining densities. This contact density in the
FH theory of an incompressible binary mixture is fized and independent of 3, which
is due to the crude RMA. This will not be true of a real system [42]. Indeed, we
have shown that the RMA is justified in the following limit called the RMA limit:

q — 00, w;; — 1, such that (—¢lnw;;) = x;; = fixed. (2.14)

Despite this unphysical limit, the description provided by a RMA theory is very
useful and, in many cases, qualitatively correct. However, there are also powerful
exceptions [56] that should not be overlooked. Thus, our theory provides a useful
alternative.

At a coexistence of various phases, the free energy must be identical in all phases.
Hence, the change Aw in the free energy w between two coexisting phases must be
identically zero. Using the fact that activities must be identical in both phases, we
obtain

Aw =Y Apdlnk =0, (2.15)

where the sum is over all independent pairs (p, k) and where Ap denotes the dis-
continuity in p between the two coexisting phases. Consider keeping all activities
fixed except the two, which we denote by x; and ko as we cross the coexistence
(hyper-) surface. Then we have Ap;dInk; + ApodInky = 0. Thus, the coexistence
curve slope is given by

(K1/K2)(OKka/OK1) = —Ap1/Aps. (2.16)

3. Recursive lattice approach

3.1. Recursive lattices

The previous model proposed can be solved exactly on a RL. The simplest RL
is a Bethe lattice. It is divided into generations indexed by m, m = 0 denoting the
central or origin bond (figure 2a) and increasing sequentially as we move outwards.
The topology of the Bethe lattice does not allow closed loops, no matter what n
is. This is not true on lattices such as the Husimi cactus in figure 1b. On such a
lattice, tree polymers are obtained as n — 0. However, different monomers of a
tree polymer will interact due to the loop connectivity of the lattice. Such intra-
molecular interactions are impossible on a Bethe lattice. For homopolymers, this is
not a serious limitation, as we need to only consider interactions between different
species, as discussed above. (For copolymers, this will be a serious limitation and
we need to consider a lattice like a Husimi cactus to account for intra-polymer
interactions). To include cycles as part of polymers, we must consider a RL, which
contains cycles.
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Figure 2. (a) Bulk tree 7. (b) Final tree Ty.

3.2. Recursive approximation

The RL is merely an intermediate step towards a wiable theory of the mod-
el. Because of the artificial nature of a recursive lattice, the theory derived would
have certain limitations, due to (i) finite number of unique paths between any two
sites, and (ii) the crowding effect on a large lattice, as we move away from the
center. The first limitation amounts to having only a limited correlation between
monomers/solvents on two sites on the regular lattice, the latter allowing for in-
finitely many paths connecting any two sites. Thus, our theory is not suitable for
predicting critical exponents near a critical point where correlations become impor-
tant. However, the qualitative predictions must be reasonable and reliable, whereas
conventional mean-field calculations can be qualitatively wrong in many cases [56].
Crowding is not serious since we study the immediate vicinity of the origin for bulk
investigations, where the recursion relations (RR’s) approach their fixed-point (FP)
solutions, and where no crowding occurs. For surface investigations, we deal with
finite lattices, and the crowding is again not serious.

The choice of the RL is dictated by the model being investigated. For flexible
homopolymers, a Bethe lattice has been used. In percolation, where loop formation
is important, a Husimi cactus has been used [48,52]. The same is true of semi-
flexible chains, for which a square Husimi cactus has been used, which has the same
coordination number ¢ = 4, as a tetrahedral lattice [47,49]. In all cases, the choice
of the RL is such that it appears locally similar to the original lattice.

It should be remarked that a RL has no topology defined on it; hence, there is no
notion of a distance on it. Recently, we have introduced such a concept, according to
which a generation difference of b on a Bethe lattice represents on a regular lattice
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the end-to-end distance \/Z; in the units of the lattice bond of a linear polymer of
length b [51].

3.3. Tree modification near surfaces [37]

The bulk approach is modified to incorporate surface effects. Consider a finite
lattice with two infinite surfaces, one on each side and a central lattice bond, see
figure 2a, halfway between the two surfaces. Its connection with the surface is re-
placed by the possible connections of the central bond m=0 on a Cayley tree (a
finite Bethe lattice) 7 of the same coordination number. The end bonds of this
tree, to be called the main tree, are connectors represented by thick bonds, some of
which are also shown in figure 2a, and have the generation index m = I. To account
for correlations among surface sites, we also introduce an infinite Bethe lattice of
coordination number ' = ¢ — 2 to represent the infinite surface, each site of which
is connected to r’ surface bonds. We then modify this Bethe lattice by appending a
connector bond at each site; this raises its coordination number to r = ¢ — 1. We
denote this surface lattice by 7. We now consider an infinite number of replicas
of T and T and connect them together using connector bonds to obtain the final
modified structure shown in figure 2b, which we denote by 7y. A connector always
connects a replica of 7~ with a replica of 7 and vice versa, so that no closed loops
are ever formed. There are finite (infinite) connectors in each 7 (7).

The tree Ty in figure 2b is infinitely large. Hence, any 7 can be taken to be
at its center due to homogeneity among various 7’s, even though there may be
inhomogeneity within each 7~ due to surface effects. The surface trees 7 's are merely
a mathematical device to account for correlations due to surfaces and are used as
“initial conditions” for the RR’s. Again, because of the homogeneity among various
T’s connected with the central 7, we focus on any one 7, and select a T; the two
are connected by a connector bond. Each T can be divided into two parts C,, (not
containing the central bond) and C;, (containing the central bond) by cutting the
m-th lattice bond. Evidently, Cy = ;).

3.4. Limitations

Our RL calculation is exact, is applicable to any model and is non-perturbative.
The only limitation of our approach is the use of a RL to solve the regular model.
A careful distinction must be made between the model and its approximate theory.
The latter requires certain approximations whose nature would determine the form
of the theory. Our theory is given by the solution on a RL, which, as said above,
allows for only weak correlation and, therefore, is not suitable for calculating critical
exponents, for example. However, our theory has enabled us to confirm many of the
interesting properties of polymer systems including phase separation, critical points,
loop formation in tree polymer gel, theta states, compressibility effects, immiscibility
loop, Kauzmann paradox, ideal glass transition, etc [42-44,46,49,50]. In addition, the
thermodynamics based on the use of the recursive lattice is superior to that obtained
from the use of the conventional mean-field theories like the Flory-Huggins theory.
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We have shown [56] in many varied contexts, including spin glasses, linear and
branched polymers, gauge theories, etc. that the predictions from RL calculations
are more reliable than the conventional mean-field calculations. Furthermore, in
some cases, we get an additional benefit. On a RL, we are able to elucidate the
nature of loops in the post-gel regime [44,48 52] or the nature of the crystal in the
Flory model of melting [47,49].

4. Recursion relations (polydisperse) [33,37,42]

4.1. General RR’s for solution

The solvent is the reference species (j = 0) with the polymeric species as j = 1.
However, we suppress the index j below. The method for solving the problem on
a Bethe lattice is standard. We convert the Bethe lattice into its dual cactus by
connecting the midpoints of each of the ¢ bonds at each site of the lattice to yield
a g-sided polygon, which encloses the above-mentioned site of the Bethe lattice. For
the ¢ = 4 Bethe lattice in figure la, the dual cactus is the square Husimi cactus
in figure 1b. Two ¢-sided polygons meet at each vertex of the cactus. The cactus
itself is divided into generations labelled by m, m = 0 denoting its origin. The index
m increases as we move outwards; see figure 1b. A polygon between the m- and
(m + 1)-th layers of the cactus is called an m-th polygon. A bond (of the Bethe
lattice) passing through the m-th layer of the cactus is called an m-bond. Each
polygon surrounds a site of the original Bethe lattice and the number of polygons
in the dual cactus is the number N of sites on the original Bethe lattice. The m-th
polygon may contain a solvent molecule, or a k-functional site. Let the state of an
m-bond be denoted by 0 if it is occupied by a polymer and 1 if it is unoccupied on
the original Bethe lattice. Consider the branch C,,, which we call the m-branch. Let
Zm = Zm(0) and Z,,(1) = X,,, + Y., denote the partial partition functions (PPF’s)
for the branch C,,, which are the contributions to the partition function (PF) from
this branch, given that the m-bond is occupied and unoccupied by a polymer bond,
respectively. Here X, denotes the contribution of the m-branch such that the m-th
polygon contains a solvent molecule. In this case, all the ¢ lattice bonds coming
out of the site, at which a solvent molecule is located on the Bethe lattice, must be
unoccupied. The remainder Y,, is the contribution when there is a monomer inside
the m-th polygon, but the m-bond is absent. We introduce the combinations

Unt1 = wWXinp1 + Yir1, Vipn = Xt + w1 (4.1)

Consider a solvent molecule in the m-th polygon. The neighbouring (m + 1)-th
polygon can contain either a solvent molecule or a monomer so that its contribution,
including their interaction with the solvent molecule inside the m-th polygon, is
Vinse1. Similarly, when a monomer is present inside the m-th polygon and is not
connected with a neighbouring (m + 1)-th polygon, then the contribution of this
(m+1)-th polygon is U, ;1. The recursion relations (RR’s) among various quantities
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at the m- and (m + 1)-th layers are:
!/
X =V, Y= Z Tkkak/2U17”;LjrklZer+l7
T = rpwn KPR ZE L (m £ T) (4.2)

with wy, denoting w,(:), wo = wy = 1, and the prime over the summation denotes k >

1; otherwise, the sum is over k > 0. Also, ry, is the shorthand notation for (). The
proof is trivial and can be found in [37]. We also use k primes on r to denote r — k.

For investigating bulk properties, these RR’s are sufficient We study their be-
haviour at the origin. For investigating systems in confined geometries, we need the
PPF’s for the branch C/, containing the origin, which we denote by a prime. Their
RR’s are given by

X =vr'v .. = i ZhUn T [ KMPU 4w KSR 7
Z'f’ka U Twp KED2U 4 wMK(WV?Z,;H] . m< I (4.3)

We have introduced new quantities U;, = wX], +Y,, V) = X/ +wY, . The total
partition function can be calculated in terms of the PPF’s at any level:

2= T =T +UnY! + Xy V.. (4.4)

Each site on the surface tree T is connected to r’ surface bonds and a connector
bond. We choose some surface bond as the central bond and calculate the PPF’s

(denoted by an overbar) at successive generation on its dual tree (K = WK, W, =
wy, /wF=2/2);

X = VZ'L'HVI’, Y Z Tk m+1 :r;:f [wkfkﬂU} + @kﬂ?(kﬂwzﬂ )
Zp =Y rkZET,F [wk (KED2OL 4y, KED2 70 (4.5)

To obtain the RR for m = I, we need to include contributions from 7~ and the
surface interaction € of the A species. This is easily done by multiplying surface
PPF’s (corresponding to m + 1) in (4.2) by w, replacing r by 7/, and using barred
activities K = WK and ;. We have

=/ / —_— —_—./ e —_ —_ J—
X =Vy, Yi=) nwKPU 2y Zi=)  rww K RO

(4.6)
where the subscript on the summation sign indicates the sum runs over 0 < k < r;
the prime in addition indicates as before that the sum starts from k£ = 1, and

/ r’
e =(x)-
Densities. Calculating various local densities at each level is straightforward. We
write down the PPF of a particular event in the m-th polygon, such as the occurrence

of a k-functional branch. The k-functional density is obtained by dividing by Z:
. r—k
(bk,m —= U}kKk/2 [T’kilz;an;:’_llUm+1 + TkZST-FlUTITL] (Uéz_)’_1> /Z 5 (47)

valid for any k& > 1 [38b].
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4.2. Fixed-point (FP) solution

We focus on an infinite cactus to study the bulk behaviour. The PPF’s grow
exponentially fast with iteration, but their ratios remain finite under iteration and
approach a fixed-point (FP) solution as we approach the origin. An [-cycle solution
is the one which repeats itself after every [ levels. In most cases, the FP solution
of interest is a 1-cycle solution, which repeats itself at each successive level. The
1-cycle FP solutions are obtained by introducing two ratios, ¢ and x:

X = Bnzro, Y =Bn(1—2x0), Z,=DBnz. (4.8)
Introducing u = wxg + 1 — xg, v = 29 + W(1 — x0), Yo = v/u, y = £/ K /u, we find

To=y,/Qr, y=KQo/uQi, yo=(y;+wQ)/(wy;+Q}), (4.9)

where we have introduced useful polynomials

!/
By = Bi@Qu", Qo = Z (7];) wp1y*, Q1= Yo + Z rewgy”, Q) = Q1 — yp-
(4.10)
It is easily seen that

(w =)@y = yolwyo — 1), Q1 = yo(1+wo)(1 —w)/(yo — w),

KQo/(1 —w?) = yyg/(yo — w). (4.11)

Since yo and @)} are non-negative (note 0 < xy < 1), we conclude immediately that
yo must lie in the following domain: yo € {min(w, 1/w), max(w, 1/w)}.
Partition Function. The partition function 7 is

7 = B3Q, Qo = p+ 27, w=vz+u(l —xg). (4.12)

4.3. Bulk thermodynamics

Our evaluation of S is unique and is based on integrating [33,34,42] the complete
set of “entropy equations of state” in (2.12), one for each density. To perform such
integration, we express each activity in terms of densities; see below.

Densities. We use (4.7) at the FP to calculate the densities. Consider the two
polygons at the origin (m = 0). If each polygon contains a solvent or a monomer,
we obtain a solvent-solvent (s) or a monomer-monomer (p) pair at the origin. If the
polygons contain a solvent molecule and a monomer, we obtain a solvent-monomer

(c) pair. At the FP, thus

25/Q2 = 2¢5/q, (1 —20)%/Q2 =2¢p/q, 2wxo(l—10)/Qs = 2¢./q,

w = ¢6/2 ¢p¢87 xO/(l - xO) =/ ¢S/¢p>
va/QQ = 2¢0u/q7 u(l - xO)/QZ = 2¢mu/£]7 U‘TO/U(]- - xO) = ¢Ou/¢mu~ (413)
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The determination of other densities is also straightforward [42] and we quote the
results:

Pk = (%) uwpy®/Q1Qa, (k= 1), ¢ = uyl/Q1Qa, ¢ = q1*/20Qs. (4.14)

Equations of state. We now express various activities in terms of independent
densities. Trivial algebra eventually gives us K, w; = H, ws, wy, ... :

ImK = —lnr+Ings —Ing+ (r'/2)Ing,
— "I G — (q/2) In s + r1n g, , (4.15)
Inw, = —InGy+Ingyg

— (1/2)[kIn gy — (k — 2){rIngo + (¢/2) In(4¢,0s/adp), }], (4.16)

where the constants G are given by

Gy = (%) /(g)m (4.17)

The equation (4.16) is valid for k& # 0. The set of equations (4.15)—(4.16), along with
the w-equation in (4.13) comprises the complete set of equations of state.

We can partition various chemical potentials p g, w1, pr, £ = 3 into an athermal
part and an interaction part, the latter depending on ¢, ¢, and ¢.. The athermal
part is obtained by replacing ¢, ¢, and ¢, respectively by their values ¢, 2, and

0, when w=1:

The remainder yields the interaction part. We have

BuB, e = [T’ln(cbp/cbg)—qln(¢s/¢2)]/2,
Bk = (k= 2)q[In(ds/87) — In(¢p/})]/4. (4.19)

Entropy. We now integrate the equations of state to obtain the entropy .S, which
can also be broken into athermal and interaction parts. The constant of integration
Sp is determined by the condition that S = 0 in the absence of any polymer. The
two parts of S per site in the thermodynamic limit are given by

San = OIré+ > O In(Gr/dk) + duIn(20u/q), (4.20)
St = GpI(60/By) + 65 (02/0:) + b In(62/c), (4.21)

where Sy is the entropy of the system in the athermal state and S, < 0 is the
reduction in the entropy due to interaction [33].

Adimensional free energy. The two parts of the adimensional free energy w
are

Wath = — o + (¢/2) In(20u/q),  wine = (4/2) In(63/5)- (4.22)

Notice that w,, depends only on quantities related to the reference species and on

Pu-
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4.4, Special architectures

Linear chains. The number density is ¢,, = ¢1/2 and all other branching densi-
ties are zero. Obviously, Siy; does not depend explicitly on branching densities. We
have

Sath = OnIn2¢+ o Inr+dInd+ ¢, In(2¢,/q) — doIn oo — 1 In o1 — P2 In o . (4.23)

The degree of polymerization (DP) M = ¢,,/é, = 2 + ¢2/p,. In contrast, the
athermal entropy of a monodisperse solution of DP M| see (5.10), is very different:

St = 6 n(q/2) + da Inv + 6, n(26,/q) — do I do — Gy In b, (4.24)

In the limit ¢,, — 0, i.e., H — 0, M — o0, and there is basically a single chain
in the system. Therefore, ¢ = ¢ and the two entropies become identical. In the
limit H — oo, when we only have dimers, ¢,, = ¢ and ¢, = 0, and they become
identical again. For other cases, the polydisperse entropy in (4.23) always exceeds the
monodisperse entropy in (4.24), as it must be on the ground that the polydisperse
system is more random. Indeed, the entropy for any multi-component system of
chains must lie between the two limits, provided various densities are identical. For
a single polymer chain (H — 0), the entropy is

Sath = ¢Inr + ¢, In(2¢4/q) — ¢o In o, (4.25)
where we used ¢1 =0, ¢ = ¢ = ¢,,. For ¢ — 0,
Sath = ¢ lnr — 1’ (¢2/2+(q+2)¢3/6q+...) /q. (4.26)

The second virial coefficient A, is the coefficient of ¢? in w for a single chain. A
simple algebra yields

Ay = 1" (Wy — W) /2q, W= (1—w?) /w?, Wy =1/, (4.27)

which vanishes at the theta point w = wyg = +/7’/r, where M — oo, and ¢ — 0.
Thus, the chain is a fractal object at the theta point where the chi parameter
becomes xy = —qlnwy = (¢/2) In(r’/r") and is different from the F-H x4 = 1/2,
and A, is not proportional to xy — x except in the RMA limit. For w > wy, the
theta point turns into a line C' of critical points, along which the radius of gyration
exponent v = 1/2. For finite DP, which corresponds to non-zero H, the theta point
turns into a line C” of critical points of phase separation between a polymer-rich and
a solvent-rich phase. The phase diagram for the system is shown in figure 3a [42a].
Hamilton walk. In the Hamilton walk limit, a single chain covers the entire
lattice (¢1 — 0 ¢ — 1). In this limit, Sy = Inr — ('/2) In(q/7’). Near ¢ — oo,

Satn = In(q/e) +1/6¢* + ... . (4.28)

Dimers. For dimers, ¢ = ¢, = ¢1/2. Thus, Sun = ¢In(q/2) + ¢, In(2¢,) —
¢oIngg. For ¢1 — 1, i.e. ¢ = 1/2 (complete coverage),

Suin = (1/2) In (ﬂ / q”’> . (4.29)

151



P.D.Gujrati

>

+—>=x
>
w
> w

Phase Separation C
Surface

(a) (b)

Figure 3. (a) Schematic phase diagram for PL and ML in the w — K — 1/v/ M
space. (b) Schematic phase diagram for PL, ML and MB polymer solution with
IS (upper graph) and PB without IS (lower graph) in the H — K space for w = 1.

Regular branched polymers. We begin with a polydisperse solution of regular
branched (¢2 = 0) polymers of a given functionality £ (no loops), such that all other
functionalities (except end-points) are absent. From (2.2),

20n = o1 — (k= 2) dr, 20 = k¢ + ¢1.

Now,

Sath = ¢11n \/% + ¢ InGpr*? + ¢Ind + ¢, In(2¢,/q)
—¢olngo — ¢11Ingy — P lngy. (4.30)

For a single polymer, covering a finite fraction of the lattice, we must set ¢, — 0,
because (2.2) is no longer valid for a macroscopic polymer in the interior of a Bethe
lattice [28]. Then, terms containing ¢, in (4.30) disappear. For ¢g — 0, ¢ = 1,
¢ = k/2. Thus,

Satn = In Gr®? + (k/2) In(k/2) + ¢u In (264/q) (4.31)

with ¢, = (¢ — k)/2. For k = q, San = 0 as it should be.
T-arm stars. For a polydisperse solution of stars with 7 arms, we have ¢, = ¢ /7
so that,

pp=0—¢1, Qo=1-p1—2—¢r=1-0¢—0-.

Now,

Satn = 0In(r/@) + ¢y In(2¢,/q) + ¢1 In(G1/¢1) + ¢~ In(G/p7)
— ¢olngo — p2Ings. (4.32)
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The regular branched polymers and the stars above are of variable architectures.
The determination of the free energy w is trivial using (4.12). There is an alter-
nate way to calculate it by using the results of [56]:

w=(1/2)In (Q¥u* /Q,'F). (4.33)

The extension to the case when the solvent species is a polymeric species is
easily carried out. If the species is polydisperse, then we need to replace X,, by two
PPF’s analogous to Y,, and Z,, above with similar RR’s. We also need to replace
Xpmi1 in Uy, and V,, in (4.1) by the new Y,,.1 of the new species. If the species is
monodisperse, we need a similar modification using the RR’s of the monodisperse
species (section 5).

5. Recursion relations (monodisperse) [33,37,42]

We consider polymers in a solution with fixed architectures. Here, we will consider
a general dendrimer which contains a core C where 7 = t + 1 identical branches
meet, and at any point, except the core and the endpoints, there are ¢ = s + 1
branches that meet.

5.1. General dendrimer [33,42]

We solve our model on a Bethe lattice of coordination number ¢, which must
be at least as big as the larger of 7 and o. The dual cactus consists of g-sided
polygons. The solvent is the reference species. We take the core to be just like any
other monomer. The method is easily generalized to treat the core C as a different
species. Each dendrimer has D different generations. The core is labelled as the
zeroth generation and the generation label increases as we move out to the surface
of the dendrimer, labelled by the generation number D. An example of a dendrimer
(t =3,s =2, D = 3) is shown in figure 4. Each monomer at the surface of the
dendrimer is called a free-end and is denoted by f (figure 4).

The general dendrimer described above contains various architectures: (a) For
o = t, we obtain reqular dendrimers of a given functionality o. (b) For o = 2, we
obtain a T-arm star, each arm of which contains D bonds and b = 7D. (c) For 7 = 2,
our stars reduce to linear chains, containing b = 2D bonds. However, the method
of our calculation is easily extended to any complicated but fized architecture. The
number of monomers in the solution is

Np =V, +Vy+ Vi = P (1 +7bp), (5.1)

where P is the dendrimer number and we have introduced by, = (sk — 1) / (s—1) as
the number of bonds in a branch of a dendrimer of £k = 1, 2, ..., D generations.
Here, V., V, and V; denote the number of 7-functional cores, o-functional interior
sites and free- ends in all dendrimers. The total number of bonds in a dendrimer
of D generations is b = 7bp. The number density is ¢, = ¢/b, and the monomer
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Figure 4. A generalized dendrimer with t =3, s =2, D = 3.
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density (M =b+ 1) is ¢, = Mo, and ¢,, ¢, and ¢; denote the densities of cores,
o-functional branches and free ends (or endpoints).

The required PPF’s are defined as follows. If the core C of a dendrimer passing
through the polygon lies k generations above the m-th layer, we denote the corre-
sponding PPF by Z,, 1. If K = 1, then C is inside the m-th polygon. If £ = D,
then the free-end f lies in the (m — 1)-th polygon just below. If the free-end f lies
k generations above the m-th level, we denote the PPF by Z,, i r. Because of the
geometry of the tree, all free-ends of the particular dendrimer must be at the same
generation number. For k = 1, the free-end is in the m-th polygon; for £k = D, the
core is just below in the (m — 1)-th polygon. The PPF for the branch C,, when
a solvent is present inside the polygon is X,,. The PPF for C,, when a monomer
is present inside, but the m-th bond is not occupied, is Y,,. Using U,,, V,, of the
previous section, we can write down the RR’s as follows:

Xm = 777;—1—17
Zm717f = KU7T7;L+17
r — 2
Lmgf = (5) AL k—1.f 77;1+81KJ/ , k> 2,
T t —t 2
Zm,l,c — (t) Zm-‘rl,D,fU?:’L—f—lKT/ 9
7 _ r ZO’—2 VA r—s KO’/2 E>9
mke = S (5) m+1,D—k+1,f“m+1,k=1,cYm41 ) = 4,

Yoo = rUniiZmirneVK +0(5) US> 2030 ki Zmirn—k oK
k

+ (1) Upii Zia o s K2 (5.2)
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The range of k in the summation in (5.2) is 1< £ < D — 1 [42b]. Each half-bond in
the m-th polygon contributes v .

5.2. FP solution

In order to describe the uniform bulk state, we consider the fixed-point (FP)
solutions of the RR’s, by setting Z,, x, = B2k, v = f or C at the FP solution,
with B,, identified with Z,, = X,,+Y,,, as in (4.8). We introduce xg, o, u and v as in
section 4.2, architectural constants o = &/u, f = B/ut, a = (?;)1/5, 8= (%ﬂ), and the
variables y, = avV' Ky, (v = for C) for k=1,2, ..., D. For k=1, we introduce
the short-form notation y = y1¢ = a\/Efo. We find that yrr = yyp_,; = Yy,
so that yp; = ybP. Similarly, y1. = By(yps/a)’ and ypc = Bs*ly® /a’, where
by = b — sbp_i denotes the number of bonds that lie above (and including) the
m-th bond when the core is at a distance k above the m-th level. This ensures that

bp = 7bp = b, the total number of bonds in the dendrimer. Using @, and the last
relation in (4.10), we find that

Q4 = B\ Jua” = BAy/&", A= q/T +r'bp = (q +1'D)/T. (5.3)

The power of y in yj, 5 is nothing but the number of bonds in the dendrimer that lie
above the m-th level (including the m-bond). In particular, each bond contributes
a factor of y so that yp ; counts the number bp of bonds in one of the 7 branches
meeting at the core. Similarly, yp ¢ contains a factor y® from all the b bonds in the
dendrimer. The same is true for Q). The quantity A\7 = ¢M — 2b denotes the number
of unbonded bonds attached to each polymer.

The partition function Z at the origin is given by

D
Z = X§ +2XoYow + Yy + 2 Z Zokt Z0.0—k11.c = BiQa, (5.4)
k=1

where ()5 is introduced in (4.12) in terms of

D
{L‘2 = 2 Z ZO,k,fZO,D—k—I—l,c/Bg = 26bDyb+1/KOzT+1. (55)
k=1

There is obviously a similarity between the monodisperse case and the polydisperse
case.

5.3. Thermodynamics

Because of the formal similarity with the polydisperse case considered above, the
densities are given by (4.14) except that we must use Qo, @}, @1 and Qs for the
present case. The equation of state is also easily derived from which the entropy can
be calculated. We have

In K =~ In(q/2) + (1/0) G + qnin (v/@y/dma ) + amin (60u//65) = mn o,
(5.6)
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where o (g)(T—b)/s / (7q_> (5.7)

is a constant, characteristic of the architecture, m and n are defined by m = 1+1/b
and n = m — 2/q, and ¢,, = m¢ and ¢, = (¢/2)n¢ are the monomer density
and the density of unbonded bonds attached to a monomer, respectively. A simple
integration then yields S = Sy + Sing, where Siy is the same as in (4.21) and

Sun = 6-1n (1) + 6510 (5) = 0ungn — g9y + 6, In 20u/a),  (5.8)

where ¢, is the core density and ¢, the o-functional density. Obviously, ¢, = @5,
the number density and ¢, = (b — 7) ¢,/s. The free energy is given in (4.22).

5.4. General fixed architecture

The first two terms in (5.8) represent the entropy associated with the confor-
mation of a single polymer on a tree of coordination number ¢q. The combinatorics
represent the number of choices at the core and at a o-functional site. The number
of possible conformations of a dendrimer is f = (2)[(%)]"” = 1/G, where V is the
number of o-functional sites in the dendrimer and ¢, = ¢,V,. The total number
of conformations for all polymers then yields the first two terms. It is evident that
the nature of the architecture appears only in these two terms. Thus, (5.8) remains
valid for any prescribed architecture, provided the first two terms are replaced by
OnIn f:

Sath = ¢nIn f — @pIn @y, — GoIn g + @y, ln(Q(bu/Q)a (59)

where f is the number of possible conformations per site of a single polymer of any
fixed architecture on an otherwise empty Bethe lattice. One can easily write down
the value of f for such objects. We call f the embedding constant of the polymer.

5.5. Special architectures [42b]

Linear polymers. This is the simplest architecture to study. We set 7 = o = 2.
For the moment, let us consider b > 2. Later on, we study b = 0 and 1. For linear
polymers, ¢, = ¢ — ¢, since the core density must be subtracted from ¢, to yield

¢,. Thus,

Sath = Gnq/2r + ¢Inr — ¢ In b, — oI + ¢ In (20,/q), f=qr" /2, (5.10)

where we have introduced ¢ = ¢ + ¢,,. Although (5.10) is derived for a linear chain
of even number of bonds since b = 2bp, the result is valid even for chains with odd
bonds, see section 5.4. It is also valid for dimers (f = ¢/2) and monomers (f = 1,
and ¢u = Q/ 2)

Stars. To describe 7-arm stars, each arm of length b/7, we must set o = 2. We

find

Sun = 6aln | (f) /7] +- 07+ 6,1n(26,/0) = GuIn 6 — o Ingy,  (5.11)
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where we have used ¢, = ¢2 — @, = ¢ — 2¢,,.
Regular dendrimers. We set 7 = ¢ and sp = s”~!. Evidently,

¢o =7(sp = 1)pn/(s =1) = (b= T5D)¢n,

true even for 7 # o. Thus,

Son = 6, In (2) /7750 £ dInr + ¢ In(260/q) — ulndn — doInde.  (5.12)

We note that the argument of the first In term in Sy, decreases rapidly as the
architecture becomes more and more compact. Thus, the entropy decreases, as it
must. It is easily seen that the second virial coefficient is the same as in (4.27).

6. Architectural influence on phase diagram [42]

Different architectures have been investigated earlier by us. First consider the
athermal limit. If loops are allowed with an activity n, but no branching, then
following de Gennes [7,14] we can map the polydisperse loop problem on a magnetic
model. This shows that the corresponding polymerization transition at C', see upper
figure 3b, belongs to the O(n) model [14]. For non-zero magnetic field H, this critical
transition disappears. For n = 0, we only have [inear chains, which belong to the
O(0) universality class, as first shown by de Gennes [7]. As H — oo, chains become
dimers [14]. No (first-order) transition occurs for any H # 0. As soon as branches
are allowed, then the generic phase diagram looks like that in the lower figure 3b, in
which there is a line AC of first order transitions, surrounded by a line of percolation
transitions in the H — K plane [17,22,25]. The situation changes when interactions
are present and we need to consider phase separation transitions that are separate
from transitions along AC. For small enough w, we expect phase separation to occur.
Indeed, at w = 0, phase separation occurs as soon as we have any polymer in the
system: we either have a pure solvent phase or a pure polymer phase, except at a
coexistence, regardless of whether we have fixed or variable architectures. We now
consider w < 1. We consider polydisperse and monodisperse solutions separately in
the following.

6.1. Polydisperse solutions

We consider a polydisperse system in the K — H — w phase space with other
activities, if present, held fixed. There is a line of first-order transitions in the w = 0
plane, stating at H = 0 at Ky(0) and continuing to H — oo. (The latter limit
corresponds to having dimers in the system for all finite values of wy, k > 3.) This
first-order line turns into a surface of first-order transitions as w increases. On the
other hand, no phase separation is possible for w > 1, where polymers and the
solvent are miscible. Thus, the phase separation surface terminates in a line C'’ of
critical points; see figure 3a.

For w = 1, the model has been studied extensively, as said above; see figure 3b.
There is a line of first-order transitions in the K — H plane starting at H = 0 which
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terminates at a critical point C' at a non-zero H. We expect this line to turn into
a surface of first-order transitions bounded by another line of critical points. Since
there is only one line of phase transitions in the w = 0 plane as argued above, the
two surfaces must necessarily join together at or before w = 0. The way they join
depends on the choice of various other parameters. Here we consider two simple
cases: linear chains and “even-functional” branched polymers (see below) for which
the phase diagram is shown in figure 3a. The critical lines C' and C’ meet at the
f-point, which, therefore, is a tricritical point, as first pointed out by de Gennes [7].
As shown in (4.27), A, vanishes at the #-point.

The above is a generic phase diagram for a system exhibiting a tricritical be-
haviour. A classic example of such a system is the He3-He* mixture [59] in which C
denotes the line of A-(superfluid) transitions and F'C' represents phase separations.
In the context of this system, w denotes a temperature-like variable, K denotes
the activity controlling the amount of He* and H denotes a field conjugate to the
superfluid order parameter.

6.1.1. Linear chains

H = 0. The critical value of K, along C'is given by rK¢ = w™"". At the theta
point, w = wy, K.g = (1/r)(r/r")"/%. There are no polymers in the system for
K < K¢. For K > K¢, ¢ > 0, even though ¢; = 0 since H = 0, see (4.14).
Therefore, the average DP M = ¢,,,/®,, is infinite making the chain along C' a critical
or a fractal object. The radius of gyration is related to M in the limit M — oo by
the radius of gyration exponent v. For w > wy, the chain is in a good solvent and v
has the same value everywhere along C' in a given dimension d. In d = 3, v = 0.6.
The criticality along C' belongs to the O(0) universality class [7] for which the upper
critical dimension d,, = 4. (The theta point belongs to a different universality class,
[42] as discussed below.) We have identified [17,42a] © = Zy(0)/ By, see (4.8) as the
order parameter for the critical line C', along which the critical exponents take their
customary classical mean-field or Landau exponents [1]:

a=0, =1/2, yv=1, v=1/2, n=0. (6.1)

For H > 0, ¢, is non-zero; hence, M is finite and we find that w = ¢, + O(¢?)
near ¢ = 0. Since w ~ |AK|2 in the critical region near C, we observe that

M ~1/|AK]|. (6.2)

In other words, |AK| is similar to the inverse molecular weight [7,17]. This has an
important consequence. The correlation length, which is the radius of gyration R in
the present case, scales as |AK|™". Hence, R ~ M", identifying v with the radius of
gyration exponent v. All these results are valid along C'.

Theta point. We can now appreciate the significance of the theta point. It is
the point where the continuous transition curve C' turns into a line of first-order
transitions, and is traditionally called a tricritical point in the field of phase tran-
sitions and was identified as such by de Gennes [7,42] when discussing a f-state
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of the solution of linear chains. We extend this result below to branched polymers,
albeit of special functionalities. This is an important extension, as it points out that
branching need not change the universality class.

At the 6-point, the y parameter defined by x = fqe = —fqInw is given by

Xo = (¢/2)In(r/r') (6.3)

and differs from xs = 1/2 in the F-H theory [3]. For ¢ = 3, 4, 5, 6, ..., xo =
1.04, 0.811, 0.719, 0.669, ... and approaches 1/2 as ¢ — oo. The most striking
consequence of our theory is that x = yy determines the location of vanishing second
virial coefficient for all ¢; see (4.27). This is in conformity with the suggestion of de
Gennes [7]. The theta state is different from the critical state along C' [42a]. It should
be emphasized that our 6-point occurs only in the limit M — oco. The vanishing of
Ay is not sufficient. The upper critical dimension d, = 3 coincides with the real
space dimension d = 3, and the exponents are

Oszl/Q, BT:1/4, ’)/Tzl, I/T:1/2, 7’]T:0, (64)

valid at a tricritical point [1]. They are different from the exponents in (6.1) along C.
Our mean-field tricritical theory is valid (barring any weak logarithmic corrections)
for describing the theta state in d = 3. However, it must be emphasized that the
O-state is not identical to the random chain state [42]. For example, the exponent
a = 0 for the latter, whereas a = 1/2 near the f-state. Even though vy = 1/2 in
d = 3, this should not imply that a chain in the #-state is identical to random walks
in every respect. Using the magnetic analogy [7], the number of configurations Ny,
of a polymer chain of M monomers in which the endpoint has come back next to
the starting point scales as Ny ~ M~~~ Thus,

' = Nirg/Narg ~ M2 (6.5)

and diverges as M — oo where N Mo and N, wm,r denote the values of Ny in the
f-state (ar = 1/2) and the random-walk state (o = 0), respectively. Therefore,
the conformations of a chain in the 6-state are very different from those in the
random-walk state which is contrary to the conventional wisdom [42]. Furthermore,
¢ ~ VAK near the theta state, whereas ¢ ~ AK for a random chain. The exponent
v = vy = 1/2 in the theta state only in d = 3, and not in d = 2. Therefore, chains
in the theta point are not random walks.

H > 0. No analytical analysis is possible but the qualitative phase diagram can
be easily inferred. We first note that the curve C in figure 3a disappears as soon
as H > 0 and the line F of first-order transitions below the theta point turns
into a surface F'C" as H increases, which is bounded by a line of critical points C’
originating at the #-point and terminating at a critical point for dimers (H — 00).
We have shown in figure 6 in [42a] the dramatic effect of polydispersity on phase
separation. The phase separation across F'C’ is similar to the first-order phase tran-
sition in an Ising model. Hence, the critical line C'" belongs to the universality class
of the Ising model for which the upper critical dimension d,, ¢ = 4. This universal-
ity class is different from the universality class along C', the former corresponding
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to the n = 1 O(n) universality class, the latter corresponding to the n = 0 O(n)
universality class. In d = 3, the correlation length exponent v = 0.63 for the Ising
universality class. This correlation length describes the monomer-solvent correlation
length and is not related to the radius of gyration correlation length relevant across
C'. The Ising correlation length diverges along C’, even though polymers are finite
in size (M < 00).

6.1.2. Branched polymers

There is a class of branched polymer systems which we have termed even-
functional branched polymers [17] in which an odd k-functionality has an activity
H* and all even functionalities have unit activity, such that no odd functionalities
survive as H — 0. In the generalized version introduced in [42a], the even-functional
branched polymers include all cases in which all odd-functional branching activities
change sign under H — —H and

wopy1 — 0, as H — 0. (6.6)

Only even-functional activities remain non-zero. For such polymers, there is an inver-
sion symmetry H — —H about H = 0. This is identical to the inversion symmetry
of the n = 0 limit of the magnetic model, which describes linear chains [7,14,17].
Because of this deep connection with linear chains, their complete phase diagrams
are identical. We have the same value wy as before. Their radius of gyration has the
same linear chain radius of gyration exponent v. Similarly, the exponent vy in the
f-state is also identical to that for linear chains. Hence, the special branching does
not change the universality class. This is a remarkable result whose validity goes
beyond our mean-field theory.

The situation with PB polymers with no inversion symmetry (6.6) is very dif-
ferent [42a]. Because of the lack of symmetry, the polymerization transition is no
longer located at H = 0. For w = 1, the phase diagram is shown in the lower fig-
ure 3b [28,33]. There is a percolation transition curve BB’ near the critical point
C. As a function of w, BB’ may or may not surround C'. In figures 5a,b, we show
the coexistence curve (¢ = 6) for PL chains (H = 0.01, M = 60, we = 0.875) and
PB polymers (H = 0.01, w3 = wy = 1, we = 1.01) and no higher functionalities, re-
spectively. We note a dramatic difference in the coexistence due to branching. Since
there is a first-order transition in the athermal state (w = 1), it should be expected
that we = 1.01 here is larger than one.

6.2. Monodisperse solutions

Investigating the phase diagram for a monodisperse system (fixed architecture) is
considerably simple. We observe that any fixed architecture polymer can be treated
as a certain higher order correlation function in the O(n) magnetic model as n — 0;
the latter is needed to account for excluded volume. The order of the correlation
function is the number of endpoints in the polymer. Therefore, the criticality in this
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Figure 5. Coexistence curves for (a) PL chains and (b) PB polymers.

polymer belongs to the O(n) universality class as n — 0. Hence, the phase diagram
is identical to that in figure 3a [42Db].

It is found that y can produce a singularity only as b — oo, just the way it
happened for polydisperse chains. At the criticality, we have

aKe =w'™", yoo = 1w, yo =1, for w > wy=/1"/r. (6.7)

Here, K¢, yoc, and yo represent the critical values of K, yo and y, respectively
along C', figure 3a. The first-order transitions describing phase separation come
from multiple solutions of (5.3). These transitions exist for w < w.(b) for any b,
where

~—

we = VA (V/r(U+ M) = 1) /(14 Mr). (6.8

The line C' given by w.(b) meets C at the #-point at which &Ky = 1/wg"
(r/r")"/2. At this point, the second virial coefficient A, vanishes. Near C, w
¢/b + O(¢?) for small ¢. Since w must also scale as (AK)? in the critical region,
we have b ~ 1/AK near C. The symmetry breaking field H of the polydisperse
case enabled us to identify z as the order parameter, which was also consistent
with = being the order parameter as shown in [17] for linear chains in the athermal
state. In the present case, the singularity along C' disappears as soon as b becomes
finite. Since a symmetry breaking field gives rise to a gap exponent A = 3/2 in
a mean-field calculation, the correct identification for the symmetry-breaking field
must be with 1/b\/Z;, i.e., 1/M~/M. This is then consistent with treating = as the
order parameter for criticality along C since # ~ (AK)'2. Notice that z is defined
by (5.5) and is related to the square root of the last term in Z, see (5.4). With
this identification, we obtain the mean-field exponents [42b] in (6.1) and the upper
critical dimension d, ¢ = 4 near C as expected. The correlation length near C'is the
radius of gyration R of the polymer. Since R ~ |[AK|™", we have R ~ MY, with v
= 1/2, thus, identifying the radius of gyration exponent with v. This is true for any
fixed architecture.

Below the #-point, the critical singularity of C'is preempted by a line of first-order
transitions Ko(w) < K.(w), and we = wy — 1/rvV/M —r" [r/rr' M + ... . At w = 0,

e 1l
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Ko = Ko(0) is given by Ko/K g = (¢/r)"'* > 1, which is same as for PL polymers.
Also the exponents for ¢’ and C' are the same as above for the polydisperse case.

7. Branching in confined geometries

We finally study the interplay between branching and confinement in a semi-
infinite bulk. We take ¢ = 6 and the lattice spacing to be unity. The accuracy level
A = 1075, so that the successive differences in PPF ratios must become less than A
to approach the bulk FP effectively. The required number of generations determines
the range or the surface thickness R, also known as the surface correlation length
&, over which the surface effects are felt, and increases as A decreases.
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0 5 10 15 0 5 10 15
Distance from Surface, z Distance from Surface, z
0.07 N 0.03
C = d
2 o © 2 ooz (o)
2 0.
a 2 o002
S 2 0015
B 0.04 c
= % 0.01
‘T 0.03 S
= w 0.005
= -
0.02 0 : : :
0 5 10 15 0 5 10 15
Distance from Surface, z Distance from Surface, z

Figure 6. Various density profiles for branched polymers for ¢,,;, = 0.8 and var-
ious surface interactions (¢ = —1.0,M; gz = —0.5,4; 2 = 0, A, fg = 0.5,0).
(a) monomer density; (b) endpoint density; (c) trifunctional density; (d) tetra-
functional density [38].

7.1. Variable architectures [38]

Since we do not wish to mask the effects of architectural differences by energetics,
we start with random branching in an athermal solution investigated in [38], where
we have also studied PL chains. We reproduce the results in figure 6 for PB polymers;
PL chains show similar behaviour. We consider two attractive surfaces, and a neutral
and a repulsive surface [fg = (—1.0,M), (—0.5,4), (0,A) and (0.5,0)]. The bulk
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monomer density ¢, is 0.8. (We use an additional subscript b to refer to the bulk
value.) Consider the neutral surface (0, A). The monomer density (figure 6a) is
suppressed at the surface, since the smaller species (solvent molecule) prefers to
be at the surface, but the endpoint density (figure 6b) is enhanced. However, higher
(k = 3,4) functionalities (figures 6¢,d) are suppressed at the surface.

Indeed, for random branching, the higher the functionality, the lower its surface
value compared to its bulk value, even though the endpoint density is above its
bulk value, as the following heuristic argument shows [38]. An athermal system
mazximizes its entropy regardless of whether it is in a confined geometry or not.
Since the branching is random, the system maximizes its entropy by adjusting the
locations of branches in an almost random fashion. As a consequence, their locations
become as uncorrelated as possible under the given constraints. This is evident from
the structure of the entropy, which contains ¢y In ¢, for each functional branch; see
(4.20)—(4.21). This is not the case for the entropy in (5.8) for fixed architectures.
Thus, to a good approximation, we can treat the branches as almost uncorrelated
(quasi-random) in the following heuristic argument for the variable architecture case.
The argument would not work for the fixed architecture case.

The loss of entropy when a k-branch (k # ¢) is at the surface compared to its
bulk entropy contribution is ASy = In(1 — k/q) for k < ¢ [38]. If we now go be-
yond the above approximation, we realize that between k- and (¢ — k)-functional
branches, the higher functional branch looses more entropy at the surface due to
extra connectivity than the lower functional branch. Thus, low functionalities are
dominant at the surface. Repulsion ([J) between the surface and the polymer en-
hances the suppression, as is evident from figure 6. Attraction (H, 4), on the other
hand, can offset the suppression to the point that there may be enhancement for
low functionalities as for tri-functional branches in figure 6c.

The enhancement of endgroups at the surface depends strongly on the bulk
density and can be changed by decreasing the bulk density [38]. There exists a
threshold bulk density ¢, such that for ¢n;, < ¢u, the endgroup density at the
surface is below its bulk value. The situation is reversed for ¢, > ¢, This is true of
both linear and branched polymers. In figure 7, we show the monomer density profiles
for linear (figure 7a) and branched (figure 7b) polymers at low bulk densities. There
does not seem to be any noticeable difference in the two density profiles. Thus, at
least for the variable architecture case, the branching and, therefore, the architecture
does not seem to have much effect on the density profile in a confined geometry.

The irreqular oscillations in figure 6 are a consequence of non-randomness in our
theory and reflect packing constraints, and have a range &', which is of the order of
a few lattice spacings in the solution (this is why we show the profiles as a function
of generation distance z and not the end-to-end distance in figures 6 and 7). They
are present only at higher bulk densities. In general, the packing correlation length
¢' is an increasing function of ¢.,,. The oscillations are almost unnoticeable past
this correlation length. They are absent at low bulk densities [38], because of the
lack of packing constraints. If there are voids present to represent free volume, then
the amplitudes of these oscillations are enhanced, but the range of the oscillations
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Figure 7. Segment density profiles (a) for linear chains (M = 100) for different
surface interactions for ¢, = 0.15 and 0.35 (inset), (b) for branched polymers;
¢mpb = 0.35 and various surface interactions; see legend in figure 6 [38].

is decreased [53]. The oscillations are also seen in Monte Carlo simulations [60], but
are lost in mean-field theories [61]. The surface correlation length & increases as the
bulk density decreases, as is clear from figure 7 [38].

For a blend of PL chains [51], the packing correlation length & becomes much
larger, exceeding the end-to-end distance of the smaller species by almost a factor
of 20. Thus, the size of the reference species plays an important role in determining
the effects of packing constraints. The smaller species is enriched near the surface
for neutral surfaces.

7.2. Fixed vs variable architectures

The heuristic argument does not work for reqular branching. Indeed, the conclu-
sions are very different; see figure 10 below. We first consider athermal solutions of
linear chains [54] (figure 8) and of stars (figure 9) near a neutral surface [55]; in both
solutions, each polymer has 55 monomers. Each star has a core and three arms, each
containing 18 monomers. The complete analyses in [54] and [55] include interactions
in the bulk and at the surface. We show endpoint and monomer density profiles for
three different bulk densities [¢, = (0.1, ), (0.35, V), and (0.8, H)] as a function of
the end-to-end distance (in the units of the lattice spacing) R = R; = v/54 in the
case of the linear chains and R = R(Sa) = /18 for each arm in the case of the star
solution (R, = \/§R(Sa)).

We notice a profound difference between PB and PL polymer solutions and the
present MB (star) and ML chain solutions. The fized (F) architecture induces a
new set of oscillations of range £r away from the surface in the form of sinusoidal
wave packets in density profiles, and &r is equal to Ry and Rga) for the chains and
stars, respectively. These oscillations are absent in the polydisperse case; see fig-
ures 6 and 7. The sinusoidal regularity is destroyed near the surface, even though
the size is still the same. Indeed, it is exactly R and Rgl), respectively, in the first
few packets, where we also observe irregular oscillations due to packing constraints,
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Figure 8. The density profiles for an athermal monodisperse chain solution (M =
55) next to a neutral surface for bulk density = 0.1 (e), 0.35 (V) and 0.8 (H) [54].

082 0.05

0.80

0.04
078

0.76 0.03

040

0.02

Monomer Density
4‘
Endpoint Density

020 001 T

0.00 L T T T T 0.0 r

Figure 9. The density profiles for an athermal monodisperse star solution (M
55) next to a neutral surface for bulk density = 0.1 (e), 0.35 (A) and 0.8 (H)
[55].

which persist for the first few layers within each packet; see blowups in insets. After
about a distance of 2Ry, or 5Rgl), the irregular oscillations are almost unnoticeable,
but sinusoidal oscillations emerge, which persist over a distance or range R = 8RRy,
or 12RE@“) determined by the accuracy level A. The range for stars or chains is larger
than that for PB polymers or PL chains in figures 6 and 7. Thus, fixed architec-
tures present a different behaviour next to a surface than variable architecture. The
freedom to adjust the architecture allows the system to heal faster when next to a
surface. This results in the absence of oscillation packets of the size {p. This is a
very important difference between fixed and variable architectures.

We also note from figures 8b and 9b that the endpoint density for chains and
stars are not enhanced at the surface for the densities we have considered; compare
with figure 6b for branched polymers and also for chains considered in [38]. Thus, the
fixed architectural constraint also affects the endpoint profile. At higher densities,
we have seen endpoint enhancement at the surface.
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7.3. Architectural differences for monodisperse polymers

We compare density profiles of linear and star solutions to see how important the
differences in the fixed architecture are. Even though the two polymers have identical
number of monomers, the oscillation packets have different sizes {g = Ry, or R(Sa).
The other difference is the behaviour of the profile itself in the first packet. Consider
the endpoint density. For linear chains, it is almost monotonic increasing (apart
from the first few layers over the range £’ where packing constraints are relevant),
whereas it is almost monotonic decreasing or almost constant for stars. In addition,
the star endpoint density jumps almost discontinuously past its first packet and then
continues to increase in the next packet over a distance Rgl). This is true of the larger
two densities. At the bulk density of 0.1, both show the increasing tendency, even
though there is a sharp break in the slope of the star density profile at R(Sa), which
is absent from the linear chain case. In addition, the number of packets is larger for
stars than for linear chains. The range R is about 25¢p for stars and about 4&p for
linear chains for all three densities reported here.

We now consider the monomer density profile which also exhibits similar features
and is suppressed at the surface as expected. In addition, we observe an interesting
phenomenon in that there are internal oscillations in the linear chain profile within
each packet near the surface that are similar to the star profile over two of its packets.
This suggests that Ry is not the only length scale for linear chains, which one would
expect from scaling. Thus, softer particles like chains develop internal structures
within the envelope of their monomer density profiles. We also note that the relative
amplitudes of oscillations for monomer density are much smaller than for endpoints
and become smaller as the bulk density increases.

In figure 10a, we show the density profile for the star core, which shows that
it is suppressed at the surface compared to the bulk value at lower bulk densities,
but rises immediately as we move into the bulk and remains higher than its bulk
value over the first &g = R(Sa) distance. It then drops rapidly for the higher two
densities (M, V) and rises gradually over the next R(Sa). It then follows a gradual
drop and regular oscillations begin to develop at a distance of about 5R(Sa), as said
above. At the lowest density (), the core density near the surface increases gradually
with no irregular oscillations due to packing constraint and the regular oscillations
emerge immediately after ZRga). In figure 10b, we show the core (central monomer)
density of linear chain (star with two equal arms, each containing 27 monomers) in
an athermal chain solution near a neutral surface. Note that there is an offset in the
density for clarity.

7.4. Star-chain blend

To further understand the effect of architectural difference, we consider an ather-
mal blend of identical size (equal number of monomers M) stars and linear chains
at 50-50 composition next to a neutral surface. In the absence of any architectural
difference, we expect the density profiles to be identical, and there would be no seg-
regation of one species over the other near the surface. Any discrepancy has to be

166



Inversion symmetry, architecture and dispersity, and their effects. ..

0.025
2 2 0.020
= =
S $ 0.015
(@] ()]
o o 0.010 — Qror
o o Qe 0.0150 5 —— Quo +0.007
O — +0.0200 O 0 .005 A Qor 0.008
0.000
0 1 2 3
RL

(b)

Figure 10. (a) The core density profile for the stars in the blend. (b) The core
density profile for linear chains in the blend [55].

attributed to the architectural difference. We consider two different cases with the
number of arms 7 = 3 and 4. We show the density profiles for linear chains and stars
[M =55, 7 =3 (RY = V/18) in figure 11a and for M = 49, 7 = 4 (R = /12)
in figure 11b]. The endpoint density for chains is enhanced at the surface and the
enhancement increases as 7 increases, but the reverse is true for stars. The surface
endpoint density of stars is almost the same as its bulk value for 3-arm stars but
is appreciably depleted for 4-arm stars, thus showing the effect of higher branching.
The density remains lower than the bulk value over the first Réa), and then jumps

to higher values over the next Réa) distance. This difference in the density profiles
is caused by the architectural difference, as said above. Both densities show regu-
lar (fixed architecture) and irreqular (packing) oscillations as we move away from
the surface. For stars, the irregular oscillation packets do not extend beyond 3RE@“).
After a few such oscillation packets, there appear regular oscillation packets, whose
maximum amplitude decays as we move away from the surface. The range £ of
the regular packets is close to 4.6Rga) and is different from the range for irregular
packets. The oscillations persist for almost R = 120R(Sa), which is determined by
our accuracy level A = 107% and represents the thickness of the surface region. The
surface region now has increased to about R = QOORE@a), and the size of the regular
oscillation packet is about {p = 6.3RE§“).

8. Conclusions

We have considered the relationship of the inversion symmetry, first introduced
by us [20,42], and the architecture variety in polymer solutions and blends, and their
impact on universal and non-universal properties in the bulk and in restricted ge-
ometries. We consider a wide variety of architectures. We have restricted our review
to binary incompressible mixtures on a lattice of finite coordination number q. The
inversion symmetry occurs when the polymers are infinitely large, and the behaviour
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Figure 11. Endpoint density profiles for linear chains and stars in the 50-50 blend
in (a) 7 = 3 and (b) 7 = 4. The upper (lower) curve is for stars (linear chain).
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Monomer density profiles for stars as a function of R¢” are in the inset; the chain
density is the complement [55].
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of infinite polymer dictates the entire bulk phase diagram. Therefore, it is the inver-
sion symmetry and not branching or architectural differences that determines the
universal properties and the topology of the phase diagram. In particular, the exis-
tence of a theta state is due to the inversion symmetry. In its absence, the theta state
does not occur in the system. Whether the system is monodisperse or polydisperse
also does not affect the phase diagram topology. The theta state is different from
the random walk state in some subtle aspects as described in this review, which is
not usually appreciated by workers in the field. The theta state is a tricritical point,
provided we allow the inversion symmetry to enlarge the phase space to include neg-
ative H, which plays the role of the endpoint activity for polymers but represents
the magnetic field of a fictitious ferromagnetic system as proposed by de Gennes
[7] and later extended by us to other systems [14,15,17,20,22]. We have presented a
review of our recursive lattice approach to study polymer problems without the use
of the unphysical magnetic system, which is usually restricted in its application to
an athermal polymer system. The results presented here are based on the use of a
Bethe lattice to describe polymers. We review the limitations and strengths of our
approach, which is equally applicable to homogeneous (bulk) and inhomogeneous
(confined geometries) systems. We also describe the extension of the tree lattice to
incorporate the presence of surfaces.

For finite polymers, there is no inversion symmetry. Thus, when we study poly-
mers in confined regions, i.e. in the presence of a surface, their behaviour is mostly
oblivious to the inversion symmetry and is governed by whether we have polydis-
perse or monodisperse polymers, and also whether we have linear chains or branched
polymers including stars and dendrimers. We have only presented results for (i) PL
and PB polymers solutions, (ii) ML and MB (star) polymers solutions and (iii) star-
linear 50-50 blend to investigate these effects near a surface. In particular, we find
that smaller species segregate to the neutral surface, as expected. In the blend, we
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find the enrichment of the neutral surface by chains, which has been suggested ear-
lier for small structural differences [30,31,36]. However, our results are inconsistent
with the known results [31b,36] on the behaviour of endgroups and surface enrich-
ment in the above blend. The major difference is the presence of fixed architectural
oscillations in our results. We observe the endpoint density to be enhanced for linear
chains; star endpoint density is suppressed and the suppression is higher for stars
with higher number of arms. The observed chain enhancement next to the surface
region over a short distance [31b] is different from our observation. It should be
noted that our results are for incompressible blends, but the system in [31b] has
10% free volume. We are currently investigating the effects of free volume [53].

I would like to thank Andrea Corsi for his help with figures, and Richard Batman
and Matthew Yi for results in figures 8-11.
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CumeTpis iHBepCii, apxiTekTtypa i AUCNEepPCHICTb, Ta IX
edeKT Ha TepMoauHaMiKy B 00’eMi i B 0OMeXXeHux
oGnacTax: Big nonimepis i3 BUNaaKOBUM rany>XeHHAM
A0 NiHIMHUX NaHWoriB, 3ipoK i AeHaApuMepiB

MN.A.ryoxparti
YHiBepcuTeT M. AKpoH, AkpoH, OH 44325 CLLUA

Otpumaro 30 cepnHa 2001 p., B OCTAaTOYHOMY BUTMISAI —
7 BepecHs 2001 p.

B1KOpUCTOBYIOYM HaLLy TEOPil0 PEKYPCUBHOI rpaTku, ka 04HaKOBO 3a-
CTOCOBHa K y BUNaaky GikCoBaHMX apxXiTekTyp (noniMepwu i3 nepioamy-
HUM rany>XeHHAM, 3ipku, AeHOpUMepPK, NiHIAHI NaHuiorm i T.n.), Tak i ons
3MiHHUX apXiTeKTYp, TOOTO CTPYKTYP i3 BUNAOKOBUM rasly>kKEHHSAM, Y Aa-
HOMY Ornsaai NpeacTaB/ieEHO TEOPETUYHI A0KA3W TOro, WO apXiTeKTYpPHi
acnekT MOXYTb BifirpaBaTi BaXMBY POJib He nmiie B 06’eMi, a i B 00-
MeXeHUX KoHoIrypauiax. JIiHiinHi naHwiorv BONOAII0OTb CUMETPIEID iIHBEP-
cii (Cl) MarHiTHUX CUCTEM (AMB. TEKCT), HASIBHICTb YU BiACYTHICTb SIKOi BU-
3Havyae 06’eMHi dazosi giarpamu. DikcoBaHi apxiTekTypu BonoAitoTb Cl i
npPOAayKylTb CTaHOaPTHY pas30By Aiarpamy i3 TeTa-TOYKOI0, B AKil 3yCTpi-
YyaloTbCsa ABI KPUTUYHI NiHiT C' 14 C’ i apyruin BipianbHMiA KoedilieHT As
piBHUI HYNO. KpuTtnyHa nidia C' 3’9BNgeTbCA nvile y BUnaaky nosiMepis
6e3MeXHOI JOBXWHW, i ANS L€l KPUTUYHOCTI 03HAYEHO NapamMeTp nopsia-
Ky. KputnuHa nidia ¢’ icHye ans nosimepis 6yab-aKoi OOBXMHM | npea-
CTaBNSIE KPUTUYHY NOBEAiIHKY PO3aineHHs ¢as. 3MiHHI apXiTekTypu, WO
He BonogjtoTb Cl, NnpoaykytoTb TONOMOrYHO iHWIi ¢pa30Bi Aiarpamu, B3a-
rani 6e3 TeTa-To4ok. B o6mexeHnx obnactsax 61m3bko no nosepxHi Cl He
36epiraeTbCcs, HATOMICTb CMOCTEPIralTbCA ranyXXeHHs i MOHOOMCNepc-
HIiCTb, LLLO CTalOTb BAX/IMBUMW B NPUMNOBEPXHEBI obnacTti. Mn nokaxe-
MO, LLLO raNy>XeHHS He Biairpae BaxxAnMBOi poni'y BUNaaKy nosiancrnepCcHnX
CUCTEM, OZHaK AJ11 MOHOOVUCNEPCHMX CUCTEM BOHO € BaXK/IMBUM. 3ipKWU i
NiHINHI NaHUOrM NoBOAATLCS MNO-Pi3HOMY BN NOBEPXHI.

KniouoBi cnoBa: siiHiviHi nosiMepu, nosaimepu 3 nepioagndyHumM i
BUNaAKOBUM raayXeHHsIM, PEKYPCUBHA rpatka, CUMeTPIst IHBepCil,
TeTa-To4Kka, rNPUNoBepPxHeBI ebekTn

PACS: 82.35.Lr, 82.35.Gh, 83.80.Rs, 68.35.Md, 68.47.Mn
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