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PACS.82.70.Dd - Colloids

Abstract. — A microscopic theory of the mixtures of polymer chains and colloidal particles
immersed in a common solvent is developed on the basis of the RISM integral equation tech-
nique. The obtained general equations enable the calculation of the correlation functions and
thermodynamic characteristics of the system at an arbitrary ratio of the components. The the-
ory is used for a comprehensive study of interaction of small spherical particles with flexible
polymer chains in the regimes of weak and strong adsorption of the macromolecules on the
surface of the particles. The temperature and concentration regions characterized by different
effect of the polymer on stability of the colloidal dispersion are determined. The corresponding
temperature—concentration diagrams of state are constructed.

1. Introduction

One of the important recent trends in chemical technology is a wide use of synthetic and
natural polymers as stabilizers for colloid systems (sols. dispersions, microemulsions, micellar
solutions, etc.) [1-3]. The traditional fields of application of polymer additives are precon-
centration and dehydration of suspensions in mineral processing, purification of drinking and
waste water, improvement of the filtration characteristics and structure of soil, stabilization of
lacquers, dyes, and nutritional and pharmaceutical emulsions, etc. Even very small polymer
additives can have a crucial effect on the aggregation and kinetic stability of colloids and change
their rheological characteristics. Moreover, interaction of macromolecules with colloidal parti-
cles can result in formation of thermodynamically stable structures of different types. These
structures are of considerable interest on their own. Three different structural types can be
defined, namely, colloidal liquids, colloidal aggregates, and colloidal crystals. Normally, the
colloidal liquids consist of the positively charged small counterions immersed in water and the
negatively charged colloidal particles. with the size ranging from 2—5 nm (typical micelles) to
~ 10? nm (e.g., polystyrene balls). The colloidal aggregates and their growth processes are at
present being actively investigated in connection with fractal structures. As for the colloidal
crystals, both natural and synthetic colloidal crvstals exist, and these systems sometimes bear
a similarity to the clagsical Wigner crystal.

(*) Author for correspondence (e-mail: khokhlov@polly.phys.msu.su)
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Numerous practical applications stimulate development of theoretical approaches for quan-
titative description of various processes occurring in polymer—containing colloid systems. Con-
sequently, colloid systems containing polymers have been extensively studied by several au-
thors [1-35]. Most of the theories known in the literature are based either on a classical mean—
field approximation [5-14,21,22,26,28-30] widely used in the physics of polymer solutions [36]
or on a phenomenological scaling concept [4] (see, e.g., Refs. [15-18.,20,24,25,27.31,35]). Us-
ing both approaches one can consider the behavior of the system only qualitatively. In other
words, such theories do not take into account directly the chemical structure of macromolecules
and the interaction potentials of polymer segments and colloidal particles. There are several
other theories for the interaction of colloidal particles in polymer solutions with and without
adsorbed polymer. If we assume that a pair of colloidal particles can be represented by two
parallel plates immersed in a solvent, then the simplest model of a problem of this type is a
dilute polymer solution that is confined into a thin film between two flat impenetrable surfaces.
The statistical behavior of polymer chains confined between solid surfaces has been investi-
gated by many authors [6,13,18,37-49], mostly for diluted solutions. It has been found that
at very low polymer densities the effective interaction between the plates is of the order of the
size of the polymer coil (~ R,). At moderate and high polymer densities, however, the interac-
tion between neutral plates induced by polymer chains differs from the interaction in a dilute
solution in the sense that the relevant length scale for the polymer—-mediated interaction is not
the global size of the polymer coil Rg, but rather the diameter of monomeric unit. o, [50.51].
This result was obtained first by Yethiraj and Hall [50]. In their study, they used the RISM
(reference interaction site model) theory of Curro and Schweizer [52-54] in conjunction with
the “growing adsorbent” model of Henderson et al. [55] and its extension to slitlike pores by
Zhou and Stell [56], to develop an integral equation theory for hard chains placed in slitlike
pores. The theory [50] is in good agreement with full inany—-molecular Monte Carlo simulation
data for the density profiles of short hard chains (4-mers and 8-mers) at a smooth hard wall.
Using the RISM-wall theory, Schweizer et al. [57] have calculated these profiles for a system
of long chains. It was concluded [50,51] that at high chain concentrations a correct calcula-
tion of the effective potential acting between hard walls in polymer medium must be based
on a more realistic model than has been widely used [5-35,37-42], s.e., on a model of poly-
mer chains that includes both the global length scales ~ R, and the short, monomeric length
scales op. In particular, it has been found that the force on surfaces immersed in a polymer
solution is an oscillatory function of plate separation at high polymer concentrations, with a
period of about one monomeric diameter o,. Thus, to understand many of the equilibrium
properties of polymers near the surface of hard particles, it is crucial that the structure of
polymers be realistically modeled at the molecular level. A second microscopic theory which
permits the calculation of the density profiles near a hard wall is the density functional (DF)
methodology [58-61]. In the last years, there have been several investigations of the behavior
of polyatomic fluids near impenetrable walls using the DF theory [60,62-68]. The weighted
DF theory of Woodward [60,67,68] is able to accurately predict the segment density profiles
in hard chain/hard sphere mixtures.

The effective interaction between smail hard spheres in solutions containing dissolved flexible
polymer chains has been investigated by Yethiraj, Hall, and Dickman [51] using the RISM
integral equations. The polymer molecules were modeled as freely jointed chains of hard spheres
(beads). In this study, the simplest regime was considered when ne adsorption of chains occurs
on the particles. The model therefore focuses on excluded volume effects in the svstem. In
the limit as the colloids become infinitely diluted, the effective potential {(or potential of mean
force) between two colloidal particles immersed in a polymer solution was found. In the present
paper we also use the RISM integral equation theory to study the interaction between colloidal
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Fig. 1. — Schematic representation of a spherical micelle (a colloidal particle) and a fragment of
chain of poly(ethylene oxide). Observance of the proportions between the particle and polymer sizes
is approximate. The drawing of micelle is based on calculations by Gruen [73].

particles and macromolecules. The general purposes of our study is:

i) to develop a microscopic theory on the basis of the RISM integral equations which directly
takes into account the specific structure and adsorption interactions of the species;

i) to carry out a detailed study of interaction of flexible polymer chains with colioidal
particles, aggregation processes, and properties of structures formed under equilibrium
conditions.

The key problem of the theory of polymer—containing colloid systems is the prediction of (a)
the types of structures formed as the result of interaction of macromolecules with the particles
and (b) the regions of thermodynamic stability (e.g., the temperature and concentration ranges)
of different states of the system. In this paper we solve this problem within the framework of the
theoretical approach based on the method of integral equations. We will be mainly interested
in the consideration of the interaction of flexible polymer chains with small spherical particles
of diameter of the order of the Kuhn segment length of a chain. The prototype of our model
used is the system studied experimentally in great detail by Cabane and Duplessix [69-73]
using small-angle neutron scattering, namely a semidilute aqueous solution of poly(ethylene
oxide) (PEO) containing spherical micelles of sodium dodecyl sulfate (SDS) molecules. Figure 1
gives a schematic representation of both components with the indication of the corresponding
spatial sizes. In the following discussion of the model and the results we will use both notations
“colloidal particle” and “micelle” on equal terms.

In the next section we remind some of the basic equations of the RISM-type theory and
derive general RISM equations for the binary svstem considered in the present paper. The
specification of the model and the calculational procedure are described in Section 3. In
Section 4, we present and discuss the results obtained. In Section 5, we summarize our results.
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2. Integral RISM Equations Describing Polymer-Containing Colloid Systems

First of all, let us remind the fundamentals for the RISM approach for an arbitrary one—
component svstem consisting of identical molecules (particles). We assume that each molecule
is a set of IV sites. the interaction between which is characterized by the pair potentials u(r).
By an interaction site we assume an atom, a single segment (monomer) of a polymer chain, or
a colloidal particle. The potential energy of interaction between two molecules 1 and 2 is

N N
U(1,2) = Z Z uas(r), (1)

a=13=1

where 7 = |ro —r3| is the distance between two interaction sites « and 3; r,, and rg are their
position vectors; and u,g(r) is the corresponding pair potential. In the general case, such
description of the system gives the possibility to use the Chandler—Andersen integral matrix
RISM equation [74].

H() = [ [ Wil = )OI — " DIW() + pHO"dr'ar” @)

Here p is the number of molecules (particles) per unit volume; H, C, and W are the N x N
matrices combined of the intermolecular site-site total correlation functions, h(r), the corre-
sponding intermolecular direct correlation functions, ¢(r), and the intramolecular probability
distribution functions, w(r):

[ h11(T) h1N(7“)
H(r) =
Lhm(r) \ hyw(r)
[ ci1(r) an(r)
C(r) = ; (3)
Lenva(r) enn(r)
[ w11(7“) wlN(T)
W) = ,
| wy () wny(r)

where the correlation functions hag(r), ca3(r). and w,3(r) refer to a given pair of interaction
sites o and 8 (o, =1, 2,. ., N) separated by distance r = |r, —r3|.

For a system of single—center (spherical) particles (s.e., at N = Nq = 1 and wqaps(r) = 1)
matrix equation (2) is reduced to the usual Ornstein-Zernike equation [75. 76)

) = )+ p [ elle = ¥AG ) @

Using the symbol x as the notation for integral convolution gives a more convenient compact
representation of equations (2) and (4):

H(r) = W(r) « C(r) *x W(r) + pW(r) x C(r) » H(r), (9)

h(r) = c(r) + pe(r) * h(r). (6)
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Returning now to the system of polymer chains and colloidal particles, let us divide the problem
into two parts. First, we must write the integral equations for each component of this system,
i.e. for polymer chains and colloidal particles, in the form allowing one to obtain their numerical
solution. Second, we must write the equation in the mixed form that takes into account the
interaction between the components at their arbitrary ratio.
It is natural to consider the colloid subsystem as a set of single—center spherical particles at
a given number density pg = n4/V". where nq is the number of particles in volume V. In this
case, using the subscript dd to identify the corresponding pair correlation for this component,
we have
hada(r) = caa(r) + pacad(r) * haq(r). (7)

As for the polymer component, a serious problem arises, because in this case the number
of interaction sites is usually very large (N = N, > 1) and the initial set of coupled integral
equations (2) becomes rather cumbersome. However, in the case of regular polymers it becomes
possible to solve this problem by using some approximate description, the accuracy of which
increases with the chain length N = N,. The main idea of this approach, which was first
used in polymer theory by Schweizer and Curro {77] (see also Refs. [52-54)), is to go from
partial site-site correlation functions hag(r), cag(r), and wag(r) to the collective (molecular)
functions. We will do the same thing, but using different derivation based on the scattering
theory. Note that a somewhat similar approach has been applied by Genz et al. [78,79] (see
also Refs. [80,81]).

Let us rewrite equation (2) in the reciprocal q space. Then, for an arbitrary pair of interaction
sites @ and 3 we have

N N

hap(@) = Y 3 o (@)ins() [5(0) + phss(@)] . (@8 =1.2,- | N), 8)

d=1~=1

where ﬁag(q), éas(q), and wW,g{q) are the Fourier transforms of the corresponding correlation

functions; for example,
_Ar

. /0 rhag(r)sin{(gr)dr. 9)

Now, let us recall some facts known from the scattering theory. In the experiments on scattering
of particles (e.g., neutrons) the total static structure factor [82]

S(q) = w(q) + 5™ (g), (10)

ﬁab’(‘])

is observed. where ¢ = (47/))sin(8/2) is the absolute value of the wave vector q, @ is the
scattering angle. and X is the de Broglie wave length. In equation (10), the function S(™!(q)

N
is associated with the intermolecular scattering and w(g) = N _1Z(exp[iq(ra —r3)]) is the
a.f

“intrinsic” contribution of the atoms belonging to the same N—atom molecule (i.e., scattering
by the ideal gas of molecules); r, and rg denote the positions of atoms « and 3 on the same
molecule. By definition [82], for a homogeneous system we have

N N
D> babsiasla)

~ =13=
§m(g) = , (11)
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top(a) = 4% ; rhag(r)sin(gr)dr. (12)

Here b, is the amplitude of scattering by atom « (its scattering length) and d,s(g) is the
partial structure factor of a given pair of atoms. Note that as long as the size of atom « is
smaller than the inverse scattering vector 1/g, the g—dependence of b, can be neglected. As

can be seen from equations (9) and (12), @a3(g) = phag(g). For @(g), the well-known Debye
equation [82] is valid:

N N
Zzbabﬁwaﬂ(q)

a=18=1

Blg) = . , (13)
P
a=1
waﬂ(q) = Sin—q(lqlﬁiﬁ_)a (14)

where 1,3 is the equilibrium distance between atoms a and 3 in a molecule. In this paper we
assume that scattering occurs from segments and all N = IV, polymer segments, or monomers,
of a polymer chain are identical (by = b2 = .. = by). In addition, we will assume that the
pair correlation functions between monomers do not have any angular dependencies, so that
our treatment is restricted to polymers having a coiled configuration. Thus the monomers
themselves will be considered to be spherical particles. Then, we can write

S(q) = %Z (05 + phac@)] = 5 33 Sasla), (15)
a=1 3=1 a=1 3=1
N N
= 3 is(@) (16)
a=1g8=1

The function S (g) is a typical example of a molecular correlation function. From the formal
point of view, this function is the result of averaging over partial contributions
Se3(q) = wa3(q) + phas(q). Note that S(g) is directly observed in an experiment, and it
is precisely wia this function the main thermodynamic characteristics of the system can be
expressed (in particular, for isothermal compressibility we have: xt = (1/ksT'p) (}Lr% S(q))-

The function @{g) is also the molecular function averaged over partial contributions Wag(g).
Taking into account equation (15), we rewrite equation (8) as

N N

has(@) =D hary(0)8:6(0)Ssp(a) (,8=1,2,- ,N). (17)

d=1+=1

Now let us rewrite this equation in terms of the molecular structure factors S( ¢) and w(q). In
other words, the particular values of the individual contributions $,s(g) and 4, 3(g) are of no
further interest to us; the only requirement is that they give correct values of sums in equations
(15) and (16). On the basis of the previous consideration, it is natural to suppose that in the
system of sufficiently long chains (N, = N > 1). all the segments of which are identical, each
segment gives the same contribution to $(g) and @(g). Therefore. we can write

Sapla) = 8(a) 18)
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1

Wap(q) = i (a)- (19)

It is easy to show that substitution of equations (18) and (19) into equations (15) and (16).
respectively, gives mathematically identical expressions. Using definitions (18) and (19), we
rewrite equation (17) in the form

N N
hag(a) = jvl—Zw(q) [Z Zévé(‘])} 8(a), (e,8=1,2, ,N). (20)
§=1~=1

Next, by analogy with equations (15) and (16) the molecular correlation functions k(q) and
¢(g) can be introduced (see also Ref. [77]):

. 1 L.
o) =55 D2 hasla), (21)
d=1~=1
1 N N
Ha) = 53 2. D Cas(@)- (22)
d=1~v=1

In this case we also do not consider the individual partial functions hag(q) and éap(g) but take
into account only their averaged sums. It is these values that are closely related to the main
experimentally observed characteristic S'(q). Now, by summing equation (20) over a and 3
and using equations (21) and (22). we reduce the initial multicenter RISM equation (2) to a
one—dimensional integral equation

h(q) = w(q)é(q)(q) + Npw(g)e(g)h(q). (23)

Finally, using the subscripts p and pp to identify density and correlation functions of the
polymer component and performing the inverse Fourier transform of equation (23), we obtain:

hpp () = wpp (1) * cpp(T) * wpp(r) + ppwpp(r) * cpp(r) * hpp(r), (24)

where p, = N,p. This equation coincides with the so—called PRISM equation obtained for the
first time by Schweizer and Curro [77] on the basis of some other considerations (not related
to the scattering theory).

The change from partial correlation functions to the averaged molecular functions has a
rather clear physical sense. In fact, by doing so we assume that in the case of a long polymer
chain the end effects are small, internal (nonterminal) segments are all equivalent to each
other, and correlations between any arbitrary two segments belonging to the same chain (or
two different chains) are determined only by the distance between these segments but not by
their positions in the chain (chains). Apparently, this assumption was used when we performed
averaging over all segments. One can find a precise estimate for the inaccuracy of such an
approximation. As was shown using the perturbation theory [52], the first—order correction to
the molecular functions (21) and (22) is proportional to N~2 and the expression for ©%(g) in
equation (23) is precise. Therefore, in the case N > 1 we can ignore the inaccuracy appearing
in going from equation (2) to equation (24). Thus, we have two one-dimensional integral
equations (7) and (24) that characterize behavior of the two individual components.

Our next problem is to write a system of coupled integral equations that would describe
interaction between the polymer component and the colloidal particles. To take into account
correlations of the “polymer—particles” type, in the general case it is necessary to introduce
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%wo additional types of total correlation functions. which will be further denoted as hgp(r)
and hpq(r). Similarly we introduce the “mixed” direct correlation functions cqp(r) and cpa(r).
From the complete set of correlation functions we combine the matrices

| hada(r)  hap(r) _ (ry cap(r)
HO) = [ e, e = |0 ] (25)

For generality, we will use the function wgqq(r), which is equal to unity everywhere in the
system considered. From the functions w(r) and densities pq and p, we combine two diagonal

matrices ") 0 0
| waalr 1 vP
W(r) _[ dg wpp(r)], D/? *[ Od \/p_p}. (26)

Using equations (25) and (26), we can write the following integral matrix equation
DY2HD!Y? = W « (D1/2CD1/2) " [W +D1/2HD1/2] ) (27)
At pg # 0 and pp # 0 we have
H =W *C=x[W + DH]. (28)

Below we present the formal solution of this equation in the reciprocal q space (see also
Ref. [83])

haa = haaléaa (1= ppipotiyn) + pofepiinpoa] had (292)
hpa = %uvppapdmdd, (29b)
hap = %Addédpﬁ)ppa (29¢)
i”pp = %wpp [pp (1 — patPadéad) + palpaWadCap) Wpp. (29d)

where the determinant of system (28) is

A = (1 = patbaaéaa) (L = ppippCpp) — PapplaatapWpplpd- (30)

One can get the actual solution if the relation, ¢(r) = @[h(r). u(r)], between the direct cor-
relation functions ¢(r), the total correlation functions h(r), and the pair site—site potentials
u(r) is given. Several such closure relations are known [75,76]. Substitution of the Fourier

transform (e(r) = ¢(q)) of these relations into equations (29) and (30) gives the closed system
of integral equations with respect to the set of the total pair correlation functions of interest
(i.e.. {hy(r): i, j=d,p}). For example, the Percus—Yevick closure [73, 76] gives
- (p

e = ) + D0 = dp) (31)
where f,,(r) = exp {—u;(r)/kgT} — 1 is the Mayer function. As can be seen, using equation
(31) or similar relations (e.g., those corresponding to the hypernetted chain approximation)
leads to the system of nonlinear integral equations, which, in the general case, can be solved
only numerically. The macroscopic parameters (u.e., temperature T and densities pq and p,),
interaction potentials uqq, Upp, and uqp = upd, and unimolecular correlation function wpp(r),
which takes into account the structural characteristics of a single polymer chain (i.e., its length
N, and geometric and conformational parameters). must be given as well.
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3. Model of the System and Method of Calculation

Let us consider the colloidal particles as mutually impenetrable hard spheres of diameter oq4
and assume that volume 17 contains ng particles at average number density pg = na/V (v.e.,
at volume fraction of the particles ®4 = wa3p4/6).

Fach macromolecule is modeled as a freely jointed chain consisting of a given number N,
of segments linked by NV, — 1 bonds of fixed length {. Note that in a freely jointed chain each
segment is equivalent to a statistical Kuhn segment. The segment diameter is ¢p. In the
following discussion all lengths are given in the units of o,. The main parameter in our
calculations is the average density of polymer segments in the system p, (or their volume
fraction ®, = wolp,/6). The relation between the amounts of segments aud particles is
defined as p,/p4.

We do not directly account for the low—molecular solvent (liquid medium). It is assumed
that the presence of the solvent manifests itself only indirectly by affecting the interactions of
the colloidal and polymer components of the system. In fact, such a consideration implies the
absence of any specific interactions with participation of the solvent molecules and description
of the solvent as a continuous medium (which is justified when the size of the corresponding
molecules o5 is much less than ¢4 and o). Note that the direct account for the solvent molecules
presents no difficulties in the RISM theory; however, the final equations are cumbersome and
their numerical analysis becomes rather complicated.

To formulate the model, it is necessary to choose the particle-particle, polymer—polymer,
and particle-polymer interaction potentials, ¥qd, Upp, and ugp. Although the theory of integral
equations does not constrain the choice of the type of the functions uqq, Upp. and uqp, in this
work we restrict our consideration to the potentials of the simplest types, which, however,
account for the most substantial features of real systems. As ugq and upp we take the simplest
hard—sphere potentials

_Joo, i r<og W _Joo, if r<op
udd(r)_{o’ if r>o4 " upp(7)_{0’ if TZUp, (32)

where r is the distance between the corresponding sites. Interaction of the polymer segments
with the colloidal particles is described by the potential of the type hard sphere + rectangular

well
oo, if r<ogp

udp(r) = { €dp, if Odp S 1 < 0gp + A (33)
0, if r>oqp+ A,

where gqp = (04 + 0p)/2; A is the width of the potential well (or the radius of action of the
potential): and eqgp, is the energy parameter that accounts for the adsorption effects.

Let us give some comments to the set of the parameters chosen. The approximation used for
uqq corresponds to the limiting case when the effective Hamaker constant, which characterizes
the van der Waals interaction of the particles, is disregarded. In practice, such a situation occurs
for example for ionic micelles or for ion—stabilized dispersions when repulsion of double electrical
layers prevails. In these cases the pure colloidal dispersion itself (without any additives) is
always stable. In other words, the second virial coefficient

Byg = 27 /OOO {1 — exp [—%(TL)J } r2dr, (34)

which completely determines the behavior of the pure colloid system at small pg ~ 0, takes
only positive values. In our model, the condition By, > 0, where By, is written by analogy
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with equation (34), is always fulfilled for the pure polymer component as well. In the theory
of polymer solutions [36], this condition corresponds to a thermodynamically good solvent
quite compatible with a given polymer. Because it is the values Bqq and By that characterize
equilibrium properties of the individual components, one can assume that the particular type of
the potential is not essential in solving the general questions formulated above. It is reasonable
also to consider the values Bagq and By, as fixed parameters that describe the interactions not
in vacuum but in a given solvent. Similar consideration is true for the adsorption potential
uqp; the important features in this case are also not the particular type of the potential or the
specific values of the parameters €4, and A but the sign and value of the corresponding virial
coefficient Bg,. Apparently, unlike Bqq or Bpp, at €gp # 0 and A > 0 the virial coefficient
Bgyp, is temperature dependent. The only reasonable restriction to ugp is that the adsorption
potential must be a short-range one (A ~ ¢;,). In our calculations the width of the adsorption
well A is taken equal to the radius of a polymer segment (A = 0,/2) and the well depth is
€ap = —1 (in units of kgT).

The relation between the characteristic sizes o4 and o} is of vital importance. Usually,
the simplest limiting case oq/0op — oo is considered in the theories of polymer—containing
dispersions, u.e., it is assumed that macromolecules are found in the gap between two plane—
parallel plates that model the surface of colloidal particles [6,13,18,37-49]. The situation
when o4 and o, are comparable is much more complicated. However, this case is closer to
reality. We find estimations for the values o4 and o, using the results of reference [69]. where
adsorption of PEO on ionic micelles of sodium dodecyl sulfate is studied. The average size of
the micelles is about 2 nm. To avoid the complications of the problem of micelle formation and
of their equilibrium size and shape, we discuss polymer adsorption on solid spheres of given
diameter. The typical size of the statistical segment of flexible polymers (including PEOQ) is
about 1 nm. Because in our case a segment of a macromolecule is equivalent to the statistical
segment, we assume that oq/0, = 2. From similar considerations, the bond length of a model
chain is taken equal to I = o,. Figure 1 gives a schematic representation of the real analog of
the model considered in the present paper.

For a mixture of macromolecules and colloidal particles we have the integral matrix equation
(27), where wgg = 1 and the intrachain correlation function wp,(r) describes the specific
features of a particular model. In the case of identity of all segments, this function takes
the form

L NN
Wpp(r) = A Z Z wag(r), (35)
P a=13=1
where wq3(r) is given by [84,85]
Was(r) = 8(r —rag)/4mrss. (36)

Here ro3 = |ro —rg| and 6(r) is the Dirac delta function. In the reciprocal q space the Fourier
transform of we3(r) gives Wap = sin(qras)/qras. For a freely jointed chain with a fixed bond
length, I, considered here (), we have: 745 = I{Ja — 8])'/? Then, summation over the indices

(*) In the literature. the term freely jointed chain is sometimes used to describe a rendom—flaght chamn
in which each bond has a constant length ! (neglecting the deviation of the length of a bond from its
mean value | due to atomic vibrations) (see Ref. [85], page 11). Here we use the term freely jownted
chawn as Flory does [Flory P.J., Statistical Mechanics of Chain Molecules (New York, Interscience
Publishers, J.Wiley & Sons, 1969) chap. 8].
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o and 3 of the individual intrachain contributions w,z(g) gives [84,85]

1—@? — 20NT1(1 — e
tpp(q) = —— (1_;})2( z ), (37)

where @ = sin(ql)/ql. The inverse Fourier transform of wpp,(g) gives wpp(r). Using this
function and the Percus—Yevick closure (see Eq. (31)) we have a closed set of coupled nonlinear
integral equations (27) with respect to haa(r), hap(r) = hpa(r), and hpp(r). These functions
completely define the pair radial densitv distribution functions of the colloidal particles or
polymer segments, g;;(r) = h;(r) — 1.

Let us give some comments to the approximations and assumptions adopted in our study:

(i) The use of equation (37) for the intramolecular pair correlation function corresponds to
the assumption that intramolecular excluded volume effects can be ignored on all length scales.
This assumption is in-line with the so—called ideality principle of Flory [36] which states that for
flexible-chain polymers in the melt the equilibrium chain configuration is determined only by
intrachain short-range effects. i.e.. the intrachain and inferchain excluded volume interactions
effectively cancel. The use of the ideal form (37) for @pp(g) is a crucial step in our treatment,
because it decouples the intramolecular and intermolecular correlations and affords a great sim-
plification in the implementation of the RISM theory since the wp, function can be obtained
separately without having to calculate it in a self-consistent manner with the intermolecular
correlations. On the other hand, the information on the single polymer behavior while inter-
acting with other molecules, is lost. Strictly speaking, the kind of factorization adopted here
for the intra— and intermolecular correlations in diluted and moderately concentrated polymer
solutions may be justified in the case when the temperature T' is taken as very close to the
one producing the collapse transition of the chain, and it is assumed to be slightly higher than
the ©—temperature of the polymer/solvent pair, s.e., (T — @)/T > 0. The same situation may
be realized by suitable choice of a single (or mixed) solvent for a given polymer. In this case,
the coupled problem of intrachain and interchain correlations is simplified by constructing the
single-polvmer form factor, wpp(g), separately. taking the influence of other chains and of
colloidal particles into account in an approximate way. It should be noted that the general
RISM theory of the structure of flexible molecules in condensed phases has been developed
by Chandler et al. [86-89], who have introduced an effective self-consistent solvation potential
such that the equilibrium conformation of a single solute molecule in its own internal poten-
tial plus this solvation potential is approximately the same as the conformation of the same
molecule surrounded by solvent molecules in full many-molecular system. The generalization
of the polymer RISM approach to self-consistently determined intrachain and interchain pair
correlation functions has also been initiated (see. for example, Refs. [53.54,90-95]), but this is
still a very difficult task. Among the difficulties appearing here the following ones are the most
serious. First. medium—induced two-site solvation potentials (the “hypernetted—chain-style”
solvation potential [88,89] and the “Percus-Yevick-style” solvation potential [92]) proposed
in the literature are approximate only. Second, in the case of polyatomic molecules, there is
the deviation from pairwise additivity for the total N—site intramolecular solvent-mediated
potential of mean force [86-89,92]. Taking into account these difficulties, we decouple the
intramolecular and intermolecular correlations. Thus, in the framework of the approximation
used in the present paper, the theory loses its self-consistency, but, as the problem is very
complex, this approximation is considered to be an appropriate starting point. The results
obtained on the basis of the self-consistent formulation of the polymer-RISM integral theory
for polymer—containing colloid systems will be considered in a separate publication [96].
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(ii) In order to solve the RISM equation (27) we employ the atomic Percus—Yevick (PY)
closure (31). This site-site closure is perhaps the most widely used for systems consisting of
unconnected atoms [75,76]. Also there are other closure relations, such as mean spherical ap-
proximation (MSA), hypernetted chain approximation (HNC), etc. Atomic-like closures have
been found [75.76,97] to yield quite good results for homogeneous systems without attractive
interactions between chain beads or with relatively short ranged, weak attractions. Recently,
however, it has been- argued [98,99] that the attempts to use the atomic site—site closures to
describe the molecular weight dependence of the critical solution temperature of binary poly-
mer blends give results which are inconsistent with classical mean—field predictions [36] and
experimental data. Further, it has been found that all the standard RISM approximations
have no correct limiting form at low density limit [100]. Two types of approaches have been
proposed in order to overcome these difficulties. One is the so—called RISM-2 theory based
on the method of functional Tayler expansion [101,102], which is analogous to the method for
simaple fluids. Another is the formulation of new “molecular” closures [53,54,98,99], which are
apparently correct some of the deficiencies of the standard RISM theory. These closures predict
a linear dependence of the critical temperature as a function of the degree of polymerization,
in agreement with classical mean field theory [36] and computer simulations. The construction
of the RISM-2 theory and the molecular closures is not based on the site-site correlation func-
tions, but on the two-molecule counterpart [563,54.98,99,101,102]. It should be noted. however,
that the “usual” closure relations (PY, HNC, MSA) give often quite reasonable results. For
instance. Yethiraj and Hall [30] studied the adsorption of hard chains in slitlike pores vza the
wall-polymer—RISM theory in which the wall-polymer and polymer—polymer correlations were
treated using the site—site PY closure relations; it was shown that the theory predicts fairly
accurately the partition coefficient and the adsorption isotherms for polymer chains. The same
approach was successfully used by Yethiraj, Hall. and Dickman [51] to determine the potential
of mean force between two small colloidal particles immersed in a polymer solution. Recently,
Gromov and de Pablo [103] used the RISM theory to predict the structure of binary polymer
blends. In this study, theoretical radial distribution functions g(r) were compared to those
obtained from many molecular Monte Carlo simulations of mixtures of Lennard-Jones chains.
For the systems of attractive polymer chains Gromov and de Pablo did not find a significant
difference between the results obtained with molecular and atomic closures. (Note, however,
that such differences could become noticeable at temperatures below those investigated in
their work.) Bearing in mind the facts presented above and taking into consideration that the
search of the “most accurate” molecular closures remains a topical problem [53,54], we prefer
to use the “usual” PY crosure relation (31). It seems that this approximation will give quite
acceptable results when the temperature is not too low.

The calculations were performed by iterations using the algorithm described previously in
references [104] and [105]. In this algorithm, the Newton-Raphson scheme is combined with
the relaxation method. The solution was found in the distance range from 0 to 51.20,. The
convolution integrals needed were evaluated wa fast Fourier transform (FFT) techniques on a
grid of L = 20 points equally spaced of Ar = 31.2¢5 /L. The relative accuracy of convergence
of the iteration procedure was not lower than 10~ When this accuracy was not achieved, we
assumed that no solution existed under the given conditions.

4. Results of Calculations and their Discussion

4.1. CHARACTERISTICS OF THE INDIVIDUAL COMPONENTS. — The aim of this subsection
is to relate the spatial sizes of our model svstem to the real svstem studied by Cabane and
Duplessix [69].
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Fig. 2. — Static structure factor of a one—component system of colloidal particles at different densities.

The value of ¢ is given in units of 1/cy,, where o, is a characteristic size of the statistical segment
(which in our case coincides with a chain segment) of a polymer chain. Diameter of a spherical particle
is 20. Interaction of colloidal particles is described by the hard-sphere potential.

One of the main characteristics observed in experiments on light or neutron scattering is
the static structure factor S (g). In the case of scattering by point centers (spherical particles)
we have: §(g) = 1+ ph(q), where h(q) is the Fourier transform of the total correlation function,
and r is the average number density of scattering centers.

Figure 2 presents the function de(q) calculated for a one~component system of colloidal
particles at different densities pq. As can be seen, at sufficiently large pq (when the volume
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fraction &4 > 0.1) the structure factor has an oscillating character typical for dense fluids.
Let us compare the results of calculation with the experimental data on the properties of a
micellar system without polymer additives. In reference [69], the parameter o3pgq was about
~ 107! Comparison of the structure factor obtained in reference [69] with the one calculated at
o3pa = 0.16 (pa = 0.02) shows that both functions are in general close to each other. The excep-
tion is the region of small ¢ ~ 0. In this region, the experiment [69] gives smaller values for Saa.
This can be explained by the presence, in the real system, of the electrostatic forces of inter-
micellar repulsion, which reduce the compressibility of the system xT = (1/kgT pa) (}1_1)1(1) Saa(g)-

We do not take into account this interaction in order to simplify interpretation of the results.
In addition to this, as is mentioned in reference [69], for the system studied the electrostatic
repulsion is not sufficiently strong to form ordered array of micelles. In fact, micelles can move
sufficiently freely and the first maximum of the function de(q) at ¢ = ¢ is not a small-angle
Bragg peak but a usual liquid structure peak characterizing statistical local order. In our
model, the origin'of the first peak of the structure factor is the same. According to refer-
ence [69], average intermicellar distance, (r) = 2m/q, is about 10 nm or = 2.504. Calculations
at pg = 0.01 — 0.02 give approximately the same estimate for (r). The results discussed in the
following subsections are obtained at pgq = 0.02.

Figure 3 presents the correlation functions Spp(g) and gpp(r) for -the individual polymer
component at the number of segments in a chain N, = 1000. Note that in the case when
scattering centers are linked in a chain we have: Spp (@) = Wpp(q) + pphpp(q). where 1, (q)
plays the role of a form factor that characterizes scattering by segments of a single chain (?).
Apparently, as follows from equation (37), S‘pp — Np at pp — 0 and ¢ — 0.

Let us consider first the pair correlation function gpp(r). As can be seen, in a sufficiently large
interval of the interchain distances, r, this function is considerably less than unity. Decrease
in gpp(r) at small values of r can be explained by mutual repulsion of the parts of chains in
thermodynamically good solvent. The characteristic length, &, of the function gpp(r), which
determines the scale of correlation effects, decreases with the increase in p,. However, at all p,,
considered here the value of £ remains large enough. Such a behavior is typical for semidilute
polymer solutions [4]. g
_ It is convenient to use double-logarithmic coordinates for the analysis of the polymer function
Spp(q). As follows from comparison of Figures 2 and 3, even at maximum volume fraction of seg-
ments studied here (®, = 0.419) the reduced isothermal compressibility x* = kgTpxt = 5(0)
observed for the polymer system is considerably higher than that for the system of particles.
This fact is connected with the possibility of interpenetrating of polymer coils. Also note that
application of RISM theory to dense polymer systems tends to give predictions for x* which are
too high [53,54]. This is due in part to the fact that intramolecular chain overlap is allowed in
the freely jointed chain correlation function (37). As a result, the effective packing fraction of
chain beads is smaller than in the geal system. This deficiency can be approximately corrected
by artificially using higher polymer densities to increase the effective volume fraction of chain
segments [84]. For the freely jointed chains the resulting effective mean monomer packing
fraction is ®;, = (1/6)o3pp(1 — kn), where kn & 0.22 is the fractional overlap volume [84].

At very small pp, the dominant contribution to S'pp(q) is the intramolecular form factor
Wpp(q), which behaves as wWpp(g) o ¢ at small g (see Eq. (37)). With p, increasing. the
dependence of Spp(q) on g becomes weaker because of strengthening of intermolecular inter-
actions. In this case we obtain a region of ¢, for which the power law Sy, (g) o ¢~% is valid,

()Tt should be noted that the static structure factor for monomers is sometimes defined as

S(q) = 1+ ph(q)/1(q).
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Fig. 3. — Correlation functions of a one-component system of chains of length N, = 1000 at different

density of segments p;,. Interaction of segments is described by the hard-sphere potential with o = 1.
Here and in other figures below the distance r is given in units of o,. For the structure factor
presented in double-logarithmic coordinates the slope of the linear part of the curve is indicated,

where Spp(q) x g7t 7
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chains of length N, = 1000 at different segment densities. Several values of the correlation radius & of
density fluctuations are given (in units of o). Interaction of segments is described by the hard-sphere
potential with o, = 1. The lines connecting the calculated points are obtained by least squares fitting.

where z is close to 1.7. To evaluate the characteristic scale, 1.e., the radius of correlations of
density fluctuations, £, we use the well-known relation [75, 76]

5 keT pxr&?
S(q) = "B PXTS
(9) o

(38)
or 1/5(¢q) = a + bg?, where a = 1/x* and b = a¢2. Figure 4 presents the examples of the
dependencies of 1/ Spp(q) on ¢? at small q (the so—called Guinier plot). In this figure we also
indicate the values of £ obtained for selected densities by least squares fitting of the linear parts
of the curves. The calculations show that £ is a decreasing function of p,. In reference [69].
the correlation length £ varied in the range 6—16.4 nm (depending on the concentration of the
aqueous solution of PEO). This range corresponds to about 10 statistical segments of the chain.
Our calculation gives a close or slightly smaller estimate for £ in the region 0.3 < p, < 0.8 or
0.15 < &, < 0.4
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4.2. HIGH-TEMPERATURE LIMIT. — For the binary system under consideration the simplest
is the regime when no adsorption of chains occurs on the colloidal particles. This athermal
regime corresponds to the condition eq, = 0 or 7' — oo. Description of properties at such
idealized conditions forms the basis for the following understanding of more complicated situ-
ations.

Figure 5 presents the correlation functions for the subsystem of colloidal particles at different
number densities of the polymer component. As can be seen, the presence of even a small
amount of polymer affects drastically spatial distribution of colloidal particles. Analysis of
the function gqq(r) shows that with p, increasing the main tendency is structurization of the
colloid subsystem. The particles are pushed out of the regions occupied by chains, which
results in growth of density fluctuations and increase of the contact values gaq(cq) at r = oq
and the values of gqa(r) at small interparticle distances. In the case p, > 0.8, even at the small
density pq considered here the colloidal particles start to form a hguid—like structure with
the intensive first peak of the function ggq(r) and the secondary maximum at r = 204. At
small ¢, the function S’dd(q) shows non-—trivial behavior. As follows from Figure 5, the reduced
compressibility, x* = S544(0). increases drastically with pp from Sgq(0) < 1 to Sga(0) > 1;
however, with the following increase in p, the function S44(0) decreases gradually. Figure 6
gives a good illustration of such a nonmonotonic dependence of the reduced compressibility.
Note that the condition S'dd(O) = 1 is fulfilled for the model under consideration at some
threshold value p, = 0.015.

The value of Sqa (0) is closely related to the characteristics of the effective (¢.e., mediated by
the polymer medium) interparticle interaction. By analogy with definition of the second virial
coefficient B (which characterizes the bare potential u(r)), let us write the expression for the

effective virial coefficient:
_ o H(r) 2
B* = 27r/0 {1 exp [ kT rodr. (39)

Here ¢(r) is the potential of mean force, which is defined as

¥(r) = —kgT In[g(r)]. (40)

From equations (39) and (40), we have
o0 1 "
B* = —2%/ h(r)r*dr = —5h(0)- (41)
0

At B* > 0 the repulsive interaction prevails under the given conditions; at B* < 0 the effective
attraction dominates: and at B* = 0 (or $(0) = 1) the balance of the attractive and repulsive
forces is established (i.e.. this is an isopoint) and the system behaves as & quasiideal one. Let
us clarify the term “quasiideality”. For an ideal system of noninteracting nonbonded particles
we have: S(q) = 1 at any ¢. In the presence of interactions, heterogeneities (at least local) of
density distribution always exist. In this case the system can be considered as a guasiideal one
if under the given conditions its large—scale properties (in particular, compressibility) coincide
with similar characteristics of the reference ideal system.

As follows from Figure 6, in the athermal regime there is a considerable effective attraction
between the particles in a wide range of p,. Such a behavior is due to steric (i.e., entropic)
factors only. A detailed qualitative analysis of the observed effects is given by de Gennes for a
lattice model [4]. According to reference [4], in the limit of large p, at pg — 0 and NV, = o0
we must have: Bj; — 0 or de(O) — 1. This is explained by a complete screening of the bare
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Fig. 5. — Correlation functions for a subsystem of colloidal particles in the binary system of the

particles and polymer chains at different densities of polymer segments. The calculations correspond to
the high-temperature limit. All interactions in the system are described by the hard-sphere potential.
Particle density is pg = 0.02. Chain length is N, = 1000.

potential ugq by long polymer chains in an extremely dense (incompressible and defect—free)
polymer matrix. Our results shown in Figure 6 confirm this conclusion. Really, at large g, there
is a well-pronounced tendency for S'dd(O) to approach 1, i.e., the transition to the quasiideal
conditions is observed. Note that for the system studied the quasiideal conditions are realized
in two cases: at low values of pp and in the limit of large p,. In the following discussion we

will use the superscript “o” to identify the values of the parameters at the isopoint.
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4.3. WEAK ADSORPTION. — At fixed value of the parameter ¢4, = —1 the intensity of
adsorption is regulated by temperature (®). Figures 7 and 8 give examples of calculated pair
correlation functions g,;(r). where i,j = d,p. As can be seen from Figure 7, with temperature
T decreasing (i.e., adsorption increasing) the function gqq(r) diminishes in the region of small
interparticle distances r and simultaneously begins to grow at r ~ 3.5 forming a distinct
maximum at this point. We can say that decrease in T results in the transfer of the first high—
temperature maximum to the second peak lying at larger distances. Such behavior indicates
that when adsorptional sticking to chains occurs the particles draw apart and the corresponding
distances redistribute in space so that the optimum environment of the particles arranged by
the redistribution of a polymer component is achieved.

The function g4, (r) takes its maximum value in the region of the potential well (1.5 < r < 2).
where it is nearly constant. and quickly increases in this interval of r with T decreasing. The
origin of the second maximum of gqp(r) at r = 2.5 can be explained by the fact that a seginent
sticked to the surface of a colloidal particle attracts the neighboring segment of the same chain

(*) The temperature, 7', is measured in units of ksT/|eap|-
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Fig. 7. — Particle—particle (dd) and particle~-polymer (dp) pair correlation functions calculated at

different temperatures with adsorption interaction taken into account. Particle and segment densities
are 0.02 and 0.8, respectively. Chain length is N, = 1000.

(the sum of the corresponding distances is r = 04/2 + 0,,/2 + 1 = 2.3).

With p;, increasing, at constant temperature and density pg the function ggq(r) undergoes
the evolution (see Fig. 8) that reminds the temperature changes (see Fig. 7). At the same
time, the correlation funection g, (r) does not exhibit any qualitatively new properties.

Let us now consider the temperature dependence of S';J-(O) and Bj (i.j = d.p). Figures 9
and 10 give some typical examples of these dependencies. As can be seen, in both cases the
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Fig. 8. — Particle-particle (dd) and polymer—polymer (pp) pair correlation functions at T = 2.5 and
various densities of polymer segments with adsorption interaction taken into account Particle density
is pa = 0.015. Chain length is N, = 1000. The function gpp(r) has a weakly pronounced break at
r = 20, which is due to the intramolecular structure of the chain.

behavior of the functions of the dd and pp types is nonmonotonic: there is a slow decrease
(increase) at high T and a sharp growth (drop) at low T'. On the other hand. with decrease in
temperature the effective virial coefficient By, always decreases showing rather quick transition
from positive to negative values. This indicates strengthening of the adsorption effects. In the
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Fig. 9. — Temperature dependencies of reduced isothermal compressibility for the colloidal and poly-

mer components at two segment densities. Density of colloidal particles is pg = 0.02. Chain length is
N, = 1000.

considered range of T the function By, always remains positive. Therefore, the spatial density
distribution of the polymer component does not undergo any considerable (qualitative) changes
at weak (or moderate) adsorption. although certain structural changes surely occur.

The functions Sgq(0) and B3, exhibit the most interesting behavior. At a given density p,,
there are two temperatures T° corresponding to an isopoint. In other words, for the colloidal
component the above-mentioned condition of quasiideality (Sq4(0) = 1 or Bjj, = 0) is achieved
twice: at relatively high temperature 7' = T} and at lower temperature 7' = 7. Figure 11a
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nent at particle density pq = 0.02 and chain length N, = 1000. For better visualization the logarithmic
scale is used for temperature.

presents the results of the detailed calculation, given in double-logarithmic coordinates for
better visualization. The curves of Figure 11a (the upper one (1) and the lower one (2)) define
the pairs of values T7, pf, or T3, p;, respectively, i.e., these curves describe the upper and lower
isopoints.

At temperatures between curves 1 and 2, there is a wide region, A, characterized by small
compressibility of the subsystem of colloidal particles (S4q(0) < 1). In this region, the repulsive
forces prevail in the effective interaction of the particles. We can call this region “the region
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Fig. 11. — Temperature—concentration state diagrams for the colloidal component in the regime of
8 g p g

weak (moderate) adsorption. (a) The curves of quasiideal behavior. In the region A the partial
compressibility is x* < 1: above curve 1 and below curve 2, x* > 1. (b) The subregion S of the
increased stability of the colloidal component. On the boundaries of this subregion (curves 1 and 2)
x" is the same as for a one-component system of particles. Particle density is pg = 0.02; chain length
Np =1000. At p, < 0.05 and pp > 0.8 the dependencies were not calculated.

of stable states”. At high densities py, i.e., in the case of polymer melt, the region A infinitely
expands up to T =T} — oo and spreads down to the point T = Ty — 0. At low densities

Pp, the situation is different. At p, less than some threshold value p, = pé,” (pg) ~ 0.015

at pp = 0.02) an unlimited expansion of the region of stable states is observed. Note that
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the threshold value pg) does not depend on the particle density pp, in the system. In the

lower part of the diagram shown in Figure 11a there must be also a threshold value p, = p}(f)

corresponding to 75 — 0. We can say that pg) < pg,l) at finite pg. Although the detailed
analysis of the limiting case pg — 0 is possible within the framework of the RISM theory [51],
we will not consider the corresponding questions in this paper.

In addition to the region A, we have in the diagram of states of Figure 11a two more regions
corresponding to temperatures above curve 1 or below curve 2. In these regions, compressibility
of the svstem is more than unity and, therefore, is considerably higher than in the absence of
polymer additives. In these regions, By, is negative, i.e., under these conditions the addition
of a polymer results in the effective mutual attraction of the colloidal particles. Therefore, in
the binary system the particles show a tendency to aggregation.

It is necessary to note the following two circumstances related to the problem of aggregation
stability. First, the characteristics discussed here give only an indirect information about
aggregation of the particles and reveal only general tendencies of this process. For a more
complete description, the direct calculation of average aggregate sizes is necessary. Second, at
the conditions under consideration, the binary system always remains a single-phase one, i.e.,
it is stable at macroscopic scale. In other words, there is no large-scale inhomogeneities of
the component distribution in the system. However, as is shown in the following subsections.
the situations with large-scale fluctuations of density of the colloidal particles or with the
formation of partially ordered quasiregular structure are possible as well.

Inside the region of stable states A we can locate a special subregion of “absolute stability’
(the subregion S in Fig. 11b), where compressibility of the colloidal component is lower than
the one observed at the same value of pg for the system of individual particles (i.e., without
polymer additives). An indication to the existence of such states follows, in particular, from
comparison of the values of gdd(O) at the minimum of the temperature dependence (see Fig. 9)
and the values of S4q(g) characterizing the individual component at ¢ ~ O (see Fig. 2).
Two temperatures (the upper T = T} and the lower T = T3) correspond to each density
pp = p3 belonging to the subregion S. The pairs of values T¥, p5 and T3, o define the two
curves (the upper one (1) and the lower one (2)) that are the boundaries of the subregion S
of the state diagram (see Fig. 11b). On the boundaries of the subregion S compressibility of
the subsystem of colloidal particles coincides with compressibility of the pure colloid system;
inside the subregion S the compressibility is lower. This region of the parameters T and p,, lies
close to the lower curve of the quasiideal behavior (curve 2 of Fig. 11a). One can say that,
in the case of weak (or moderate) adsorption. the polymer additives increase the aggregation
stability in the subregion S, i.e., the polymer plays the role of a stabilizer of the dispersion. The
detailed discussion of the problems connected with the stabilizing action of macromolecules is
the subject of a special publication.

4.4. STRONG ADSORPTION. — At low temperatures belonging to the region of 7' < T3 con-
siderable structural changes occur. The correlation functions g(r) presented in Figures 12 and
13 indicate these changes. The example given in Figure 12 shows that the function gqq(r) is
characterized by qualitativelv new features, as compared to the case of weak adsorption (see
Fig. 7). The main peculiarity is the appearance of the regime typical for the system in the
vicinity of critical conditions. In this regime we observe not usual quickly damped oscillations
but long tails of the function gqq(r). At large r, the asymptotic decrease of these tails can be
described by the Ornstein—Zernike relation [75, 106]

1
glr) = Toc — e™/%, (42)
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Fig. 12. — Pair correlation function of the subsystem of colloidal particles in the regime of strong

adsorption of macromolecules at three different temperatures. The particle and segment densities are
0.02 and 0.8, respectively; Ny = 1000. Note the presence of long tails of the correlation function and
its specific features at small distances.

which is directly associated with equation (38). The fact that the long-range correlations of
the characteristic scale £ ~ 10 are present in the system indicates a direct analogy with the
critical behavior (the process of colloidal aggregation or “condensation”).

The nontrivial changes in the density distribution of polvmer segments should be mentioned
as well. If density pp, is not too high, then at sufliciently low temperatures the pair correlation
function gpp(r) differs drastically from the typical one for a system of chains in a good solvent
(i.e., in the case when the repulsive forces between the segments prevail). As follows from the
example presented in Figure 13, in a narrow temperature interval the pair correlation function
gpp(r) changes its behavior from the curve increasing monotonically from gpp(op) to 1 to the
curve with a maximum and a long tail slowly decreasing to 1. Note that such a transition is
observed only at sufficiently low concentrations of the polymer.

Now let us consider behavior of the Sgq(g) function in the region of strong adsorption. Tt
is well-known that the scattering at the low ¢ limit diverges not only at the critical point
but also at each point of the spinodal curve. At pq = const. the particular conditions for the
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Fig. 13. — Pair correlation function of the polymer subsystem in the regime of strong adsorption

at three different temperatures. The particle and segment densities are 0.02 and 0.3, respectively;
Ny =1000. At T < 2.24 the correlation function shows an abnormal behavior in the region of r = 20.
Under these conditions. the effective attraction of segments prevails (B, < 0), «.e., the chains are
found in a thermodynamically poor solvent.

colloidal component are achieved at some values of the parameters T' = 1™ and p,, = pj;, which
define the spinodal line of a phase separation. At these points we must have a singularity in
compressibility xT of the given subsystem. We have already noted quick increase of the reduced
compressibility Sgq(0) when crossing the lower curve of quasiideality (see Fig. 9). Now it is
necessary to perform calculations at lower temperatures, for which Sqq(0) — co. Unfortunately,
it is rather difficult to solve the integral equations in the vicinity of 7*. Therefore, we used
extrapolation to the limiting case 1/S3q(0) = 0. Figure 14 presents the results of calculations
for some values of p,. As can be seen, at p, > 0.6 the points calculated for our model fall

on a straight line in the coordinates 1/S44(0) — T. This fact provides reliable estimates for
T™. However, at lower p, deviations from the straight line occur and the estimates of T* were
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Fig. 14. — Determination of the temperature T of the colloidal component at different polymer

densities in the regime of strong adsorption by extrapolation of the dependencies presented. The value
of T™ corresponds to the condition S4a(0) — oco. The particle density is pa = 0.02; chain length,
N, = 1000.

obtained using more complex regression equations, and are less reliable. At p, < 0.08 we
failed to find an estimate for T*. Figure 15 presents the temperatures 7™ plotted against the
corresponding densities p;. For better visualization we use double-logarithmic coordinates.
The line passing through the calculated points is the spinodal curve of the state diagram of
the subsystem of the colloidal particles. At temperatures above the spinodal curve, the volume
distribution of particles is rather uniform. At 7" < 7™ condensation of particles occurs. This
process must be accompanied by appearance of large aggregates (“drops” of the liquid phase).
In the vicinity of the spinodal curve the liquid-like and gas—like phases coexist with each other.

We failed to calculate the spinodal curve in the region of very small polvmer concentrations.
However, one can assume that the temperature 7" must decrease monotonically with the
decrease of the polymer content in the system. Really, for the same effect to be achieved the
loss in the number of adsorption contacts (which causes condensation) in the region of small
pp can be compensated only by the increase in intensity of contacts. In addition to this, it
is evident that 7 — 0 at pp — 0; this means that at infinitely small polymer concentration
infinitely large influence on the particles is necessary to achieve any effect. Note also that 1™
must drop to zero in the limit of large p, at N, — oo.
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Fig. 15. — The temperature—concentration diagram of states of the subsystem of colloidal particles.

The spinodal curve corresponds to S'dd(O) — oo. The particle density is pg = 0.02; chain length,
N, =1000. At p, < 0.08 and pp, > 0.8 calculations were not performed.

4.5. AGGREGATION MECHANISM. -—— A considerable body of literature exists relating to the
interaction of polymers with a flat infinite surface and the interaction between solid surfaces
in the presence of polymer solution (see, e.g., Refs. [1,13,18.20,37-49,107]). It has been
shown that in an athermal system at p, <« 1 and o4/0, — oo the resulting osmotic pres-
sure AIl (which is the difference of the pressure in the gap between the two surfaces and
the pressure on the external surfaces) has the asymptotic: AIl — 40 at rqg — oo and
Al » —kpTp,/N, at rga — 0, where rqq is the distance between the two surfaces. As a
result, we have at small rqq: AIl < 0, i.e., under the external pressure the particles stick
together. In other words, the polymer mediated surface-surface interaction is attractive. This
“steric” aggregation mechanism is universal, ¢.e. valid both for high and low temperatures, as
well as for infinite surfaces and for small colloidal particles. The physical reason is that the
polymer chains are ousted from the gap between the particles creating the osmotic pressure
difference between this gap and external solution. In the last case, however, the aggregation
tendency is weak and does not lead to phase separation. Note that at large p, ~ 1, when the
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solvent (or free volume) is absent in the system, approach of the surfaces (or particles) to each
other gives no gain in free energy.

Adsorption can have a considerable effect as well [15,25,45,107]. At strong adsorption, the
energy contribution has a dominant role, because the chain fragments found in the gap between
the two surfaces (or colloidal particles) play the role of bridges. If the characteristic sizes o4 and
op are comparable then the role of this energy contribution becomes less important. However,
at low temperatures it is the main reason of intensive aggregation of particles. In addition, one
could mention another mechanism of aggregation, where particles with saturated adsorption
layers would be connected to each other through excess particles. This mechanism has been
discussed by Alexander [15] in the context of polymer adsorption onto micelles.

Thus, in the case of strong adsorption the theory predicts that the polymer additives cause
sharp strengthening of aggregation processes. In a real system this must result in flocculation.
i.e., in the appearance of macroscopic regions rich in colloidal particles. Under such conditions
each particle is covered with a dense polymer laver and bridging fragments of chains provide
sticking of separate particles to each other.

4.6. ORDERED STRUCTURES. — As is mentioned above, the first maximum of the structure
factor Sgq(q) (see Figs. 2 and 5) characterizes usual (statistical) order arising from almost ran-
dom collisions of particles. This behavior is typical for a wide region of parameters. However,
it turns out that the conditions are possible, under which both components form well-ordered
quasiregular structures, the scattering functions of which are characterized by some special
features.

Let us follow the temperature evolution of the structure factors presented in Figure 16. At
high temperatures these functions exhibit an ordinary behavior. However, if the temperature
becomes sufficiently low, then a new maximum appears in the structure—factor curves of both
components at certain ¢ = ¢t. Note that for the subsystem of colloidal particles the value
of g™ is considerably smaller than the value of ¢; that characterizes the position of the main
peak for the individual component or for the binary system at high temperatures. For the
polymer, the peak at ¢™ appears first at smaller ¢ than for the colloidal particles. but with
further decrease of temperature it shifts to the right.

The calculation shows that the appearance of the g+ peak in a structure—factor curve of
the polymer component is possible only at sufficiently high densities of the two components.
Figures 17 and 18 give an illustration to this statement. For the colloidal particles, the effect
discussed is observed in a somewhat larger range of densities. In this case. the value of ¢*
depends on pq (it shifts to the right with p4 increasing) but almost does not depend at all on
pp. On the other hand, for a polymer component the growth in p, results in ¢* shifting to
larger g. Note also that appearance of the g™ peak for the colloidal particles is accompanied by
disappearance of the initial g; peak. At last, note that under the same conditions the position
of the polymer ¢* peak does not vary with the chain length N}, (at N, > 10?).

Figure 19 presents the temperature T of appearance of the polymer ¢+ peak plotted against
the corresponding density p, = p;f. The curve in Figure 19 must be considered as the curve
of the state diagram: the states with periodic (quasiregular) structures are realized below this
curve. Note also that this curve starts in the vicinity of the curve of critical states of the
system.

Therefore, the results presented above indicate considerable structural changes due to the
formation of specific states characterized by binding together chains and particles. The peak
of the polymer structure factor at g # 0 indicates the presence of large fluctuations of density.
This means that alternating regions with lowered and elevated segment densities are formed in
the system. This structure exhibits a set of interesting properties, e.g., very low compressibility.
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Fig. 16. — Partial structure factors for the colloid and polymer subsystems at different temperatures.

The particle and segment densities are 0.02 and 0.08, respectively; N, = 1000. In the case of the
polymer subsystem the logarithmic scale is used for g.

Let us try to explain the observed effects.

When adsorption is strengthened, an adsorption layer of polymer segments is formed.
Figure 7 illustrates this process. In the case of the short-range adsorption potential used
in this study. the adsorption layer as a whole consists of a layer of polymer segments within
the adsorption potential well (with the width of order of the width of a monolayer) and a
somewhat more expanded “corona”. Due to the presence of the corona, the local segment,
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Fig. 17. — Partial structure factors for the colloid and polymer subsystems at 7' = 2.5 and different

particle densities. The segment density is 0.8; N, = 1000. In the case of the polymer subsystem the
logarithmic scale is used for q.

density just outside the adsorbed monolayer is somewhat higher than the average (over the
whole system) value of p, and decreases rapidly in the radial direction. A colloidal particle
together with the neighboring polymer-rich shell can be considered as a single adsorption com-
plex (the A complex). From this point of view, to describe the structure of the system under
the conditions discussed, one should consider interaction and spatial distribution of these A
complexes. A specific feature of interaction of such subunits is that the corresponding effective
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potential 1o (r) consists of two parts: the internal hard core of diameter oo = 04 + o}, and
the subsequent “soft” screening part, where 14 (r) diminishes rather quickly with the increase
of r. It is evident that in the case of adsorption of small molecules on particles the screen-
ing tail of the potential 14 (r) is absent. The presence of this tail is characteristic only for
a polymer—containing system. Packing of the .4 complexes with the interaction potential of
this type may result in the formation of quasiregular arrays, in which the 4 complexes move
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Fig. 19. — The temperature—concentration diagram describing the conditions, under which periodic

(quasiregular) structures are formed. Such states are realized below the curve connecting the calculated
points. The particle density is 0.02; N, = 1000.

freely but at the same time the average positions of their centers correspond to some sites of
a regular quasilattice (cf. Wigner crystals, see Refs. [108,109]). Naturally, this must lead to
a considerable nonuniformity in distribution of both colloidal particles and polymer segments.
This nonuniformity of density distribution manifests itself as appearance of the ¢* peak of
structure factors.

Figure 20 gives an attempt to represent the distribution of density of polymer segments
under the conditions described above. In positioning spherical structural subunits (i.e., A
complexes) in space we took into account only the elements of symmetry corresponding to a
simple cubic lattice. For more complex lattices additional peaks of structure factors would
appear, which is not observed in our study and in the experiment [69] (see below). The
periodic structure presented in Figure 20 is similar to the Schwarz surface [110,111], which is
topologically equivalent to a simple cubic lattice. The lattice sites (cavities in Fig. 20) are
occupied by the colloidal particles. Near the cavities (i.e., particles) the segment density is
maximal. Each site is linked with six nearest neighbors by channels, in the central part of which
the segment density is minimal. Position of the ¢* peak defines the period of the structure
rT (rt = 2w/q"). Apparently, here we have in mind only average periodicity; heat motion
destructs the regular structure and provides a nonzero probability of direct contacts between
the particles. Note that nearly all the states corresponding to a quasiperiodic structure belong
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Fig. 20. — The schematic representation of density distribution of polymer chains in a system of
colloidal particles and polymer chains, in which a quasiperiodic structure of adsorption complexes
is formed. Continual representation of the distribution of segments is used. The representation is
constructed by analogy with the Schwarz surface [110]. The cavities of the structure are occupied by
colloidal particles.

to the subregion of the “increased” stability (i.e., the region S in Fig. 11b). We recall that
a very low compressibility of the system is typical for this subregion. In the next section we
compare some of the above-mentioned results of calculation with the experimental data.

4.7. COMPARISON WITH THE EXPERIMENT. -— As is shown in reference [69], binding of
micelles with PEO macromolecules in a semidilute solution results in a considerable change of
properties of both subsystems, as compared to the properties of the individual (noninteracting)
components. The appearance of a characteristic peak of the partial structure factor of the
polymer component indicates redistribution of segment density. This result is consistent with
our calculations. In Figure 21 we compare the changes predicted by theory in the behavior of
the function Spp(g) with the corresponding experimental curve of neutron scattering intensity
Iop(g) ~ ppVS'pp(q). As can be seen, in both cases the adsorption effects drastically reduce
compressibility and result in the appearance of the peak on the curves. This indicates formation
of quasiregular structures. According to reference [69], the characteristic size of the stracture
varied from 5 to 15 nm depending on polymer concentration. According to our calculations, as
temperature decreases the gt peak of the polymer component appears at ¢ ~ 0.75/0,, and shifts
gradually to ¢ ~ 1.8/0,. These estimates for the period of the structure are consistent with
the experimental data (if, according to Sect. 2, o, 1 nm). According to reference [69], with
PEO concentration increasing the ¢+ peak shifts to larger g. The same tendency is observed
in Figure 18.



578 JOURNAL DE PHYSIQUE II

Ne4
LOG[I(g)]
*
R
*e,
[
)
)
05 .
PEO+SDS
¢
10 ° o
- °
1 s 0 ®
— o 0f8%y 0 3
{ e \%
[ ] . ""
..
. w0
]
el -10 05 0
~
-~ . LOG(g/nm)
~—’ »
o ]
[=X [ ]
N "
»
u
2 “/\
)
o—9o o-e-sese =9
e
.
2
B
©
o
1k
0,1 . I - .1
q
Fig. 21. — The scattering functions for the polymer chains; curve 1: without consideration of ad-

sorption on particles; curve 2: with accounting for adsorption that results in the appearance of a

quasiperiodic structure (T = 2.5; pa = 0.02; pp = 0.8). The logarithmic scale is used. The inset figure
shows the corresponding experimental data [69).

4.8. THE DIAGRAM OF STATES. — We summarize the results of calculations in Figure 22,
which gives a schematic representation of the complete diagram of states of the system in the
coordinates: temperature — polymer volume fraction (density of particles is assumed to be
fixed). The dotted lines in the diagram are the curves of quasiideal behavior of the colloidal
component. On these curves the reduced compressibility of particles x* = S'dd(O) is the same
as of the ideal gas (x* = 1). In the region A, which lies between the upper and lower curves
of quasiideal behavior, we have x* < 1. In two regions B that lie above the upper curve
and below the lower curve we have x* > 1. In the subregion S, which is a constituent of
the region A, the conditions of the increased stability of the dispersion are realized. In the
subregion S compressibility is considerably lower, as compared to the system of individual
particles at the same density, 2.e., stable adsorption complexes are formed because of linking
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Fig. 22. — The calculated schematic state diagram of the subsystem of colloidal particles in the
coordinates: temperature — polymer volume fraction.

together chains and particles. On the boundaries of the subregion S the polymer additives
do not affect compressibility of the colloidal dispersion. In the region C intensive aggregation
of particles occurs. This is due to their effective attraction mediated by strong adsorption of
chains. In this case a singularity of x* is observed (x* — o0). The dashed line that begins
at the boundary of the subregion C defines the region D, where packing of stable adsorption
complexes results in formation of quasiregular structures with periodic alternating of particles
and polymer segments. Note that the diagram of states presented in Figure 22 corresponds
to a semidilute polymer solution and does not describe the behavior of the system at higher
concentrations of the polymer.

5. Conclusion

A detailed study of interaction of small spherical particles with polymer chains in the regimes
of strong and weak adsorption of macromolecules on the surface of the particles is performed
on the basis of the RISM integral equation theory. The temperature and concentration regions
characterized by different effect of the polymer on the stability of the colloidal dispersion are
determined. The conditions of formation of thermodynamically stable quasiregular structures
are established. The corresponding temperature—concentration state diagrams are constructed.
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