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Volume-term theories, Sogami-Ise potential, and the Langmuir model
for phase separation in macroion systems: A resolution
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There is a controversy regarding the mechanism of phase separation in highly charged macroion systems.
Volume-term(VT) theories propose that the transition is due to a spinodal instability sensitive only by the
microions, the Sogami-Ise theory gives an attractive tail in the pair interaction potential, which promotes the
formation of clusters and voids, and the Langm{lij model views the transition as an instability of the
pressure. It is shown herein that these three seemingly different models can be brought under the same
formalism and that they reflect different contributions to the same overall process. Within the context of the VT
formalism, the attractive tail in the macroion-macroion pair interaction is a direct result of the screened
Coulomb form of the interaction and is identified as a microion-modified electrostatic pressure. Within the
context of the VT formalism thé& theory is associated with the microion-microion interaction for the added
electrolyte. Finally this holistic view of the VT approach is extended to include the contribution of the solvent
via the Gibbs-Duhem expression.
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I. INTRODUCTION where B=1/kgT (kg is the Boltzmann constant and the
absolute temperatureAq is the ideal contributiord,. is the

There have recently been a series of “volume-tefviT)  arq core contribution., is the added electrolyte contribu-
theories[1-5] to explain the two-state structure of colloidal . —

systems observed, among other techniques, by video microlon: Aps I theﬁolntrlbutlon of the ion cloud about the parent
copy method$6—17]. The apparent motivation behind these macroion, andA77¢is the macroion-macroion contribution.
studies is twofold{1) to provide a plausible explanation for The precise form of all the terms is not important for the
the observed phase separation within the context of an effegresent discussion. The terms that are relevant are the pair-
tive one-component model, an@) to show that a phase wise electrostatic interactioh‘;'gc, the electrolyte interaction
separation can exist with a “purely repulsive pair potential” torm A_,, and the term responsible for driving the spinodal
operating between the macroions. The precept of the VT ap- ~

) : . ; instability A, [1]. The pairwise interaction between the
proap_h, according to Grimson and S'ngr?]'.'f one wanted dnacroions is assumed to be the screened Coulomb form,
to utilize the one-component system, is “...it has been foun

convenient to average out those variables which are not of

i : : e Np Np — Kl
Rrén;arr(ya/slnterest, or those abou_t which very little is known. Kem:?\_ NniZ,Z F (xa)F(xa) expl — «rij)
ult, the effective potential becomes a function of the "' — 2 & & "1IT7 ] i
thermodynamic state of the system.” To provide an indica- j#i
tion of what the volume term entails we write down the xe Mo N
complete Hamiltonian for the system of, colloidal par- —_B > nianiZjBieiIec, 3)
ticles of surface chargé, and|Z,|N,= N, neutralizing uni- 2= J,i.l

valent counterions in the presenceNyf=N, + N_ symmet-
ric salt particles also of unit valency. The Hamiltonian for the

system thus may be written symbolically as wherex is the screening parameter. The functiofxa,,) is

a model-dependent function for timeth macroion of radius
a,, and number concentration,,. For example,F(«a.,)

Haysteni= Kpt K+ Ky +K_+Vp+ Vet Vo + Vo + Ve =1 results in the Yukawa form of the pair interaction. The
macroion-microion contribution to the Helmholtz free energy
+Ver +Veo+Vo, ) is
whereK; is the kinetic energy of th¢th particle andv;, is v 2KZ2\gn,f(kap) _ 2KkZ2\gN, @

the potential of interaction between thth andmth particles,
where the appropriate summation over all particles is im-

plicit in the notation. One can summarize these contributiong\lhere £(x) = (3K3)[IN 7(1+X)—x+(&/2)]. Finally, the
to the reduced Helmholtz free energy per unit volume as microion-microion contribution is

ps 3 3 '

3
— — — — — — K
= A=At Apct Agst Aps T ASSS, ) Ass= = 1o (5)
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The approach to the calculation of the phase diagram is ténother feature of the DLVO theory is the definition @fAs
equate the chemical potentials of all relevant species and th@inted out by Verwey and Overbedkl9], pp. 197 and
pressure of the coexisting phases. In the present notation, ti®8), “The double layer theory, however, shows that this
prescription set forth by van Roij, Dijkstra, and Hang&h  thickness is determined by the electrolyte concentration in
for the equilibrium between the two regioii$) and (2) is the sol medium, far from any particle, and is, therefore, in-
given by their Eq.(67) for the chemical potentialg,; and  dependent of the sol concentratiGn dilute solg.” In other
pressureP, words the screening parameter in the DLVO theory is given,
in the present notation, by
pp(np N = pp(n? ,n?),

kB o=4mNg(2Z2n). 10
po(nY n) = u(n® n), (6) o= Amhe(22:0) o
To emphasize this difference between the DLVO and VT
P(ntY .nY)=P(n? ,n), models we rewrite Eq(8) as
where the chemical potentials are obtained from the standard 2 _ 2 2 = 2 2
thermodynamic relationships by their E§3), Kur=4mhe(2Z:Nst Ze| ZglNp) = oo e (LY
IA(Ny,Ng) lll. RELATIONSHIP OF THE VT MODEL
Hp= a—np , TO THE SOGAMI-ISE THEORY
n
The Sogami-Isg20] (Sl) theory is a linearized theory
aK(n N based on the Poisson equation in which the macroions as
pri's ieroi ; i i
L= ) , (7)  well as the microions contribute to the electrical potential. It
ans n is of value to the later discussion to summarize the main
steps in the Sl theory to emphasize that the microions play a
P=npu,+ nsﬂs_K(np ne). major role in their theory. o
In their formal expressions only the counterion ions are
The screening parameter is given by present, and only the counterion distribution is assumed to be
of the Boltzmann type. In the present notation the Poisson
k2=A4mN\g(2Zins+Z2| Z,|np). (8  equation in the SI theory is

It is crucial for the VT theories that the screening parameter 4 Ne |ZpINp
contain_contributions from both the qdded eIe_ct(onte ar_1d the V(y(r))=— e E ZQeNm(r) + 2 ZigeNj o
counterions released by the macroions, for it is only if the m=1 =1

form given by Eq.(8) does the role of the screening param- 1ZpIN,
eter become clea_lr in the determination of “phase” bound- — E qugnivow(r» ] (12)
aries. The screening parameter is the thread that connects the =1

Helmholtz free energies to the microion concentrations from

the added electrolyte and the counterions from the macrdiearrangement with obvious substitutions of parameters
ions. gives their Eq(8) [20],

N
Il. RELATIONSHIP OF THE VT MODEL

P
2_ 2 =~ _
TO THE DERJAGUIN-LANDAU-VERWEY-OVERBEEK e(Vo= ko) (9(r))= 47an2:1 ZyQeNm(r)

(DLVO) THEORY
1ZpINp

Verwey and Overbeek present in their monumental work — A E ZiqeN; o - (13
([19], p. 58 arguments for the omission of the contributions i=1

of the charging of the macroiofthemical work cancels this ) ) o

work) and the added electrolytéons appear in neutralizing They then proceed_to shift the _potentlal to ellrr_unafte the sec-
numbers, which leads to their conclusion: “The very simple ond term on the right-hand side of E(L3), viz., in our
result is that we find the total free energy of the double layefotation their Eq(9) is
if only we calculate theslectricwork necessary to discharge

. . . : |Z,IN
stepwise all ions of theolution” where they have used ital- B T 5"
ics to emphasize that the electrostatic energy is localized to (P(r))=(p(r))+ e ;l ZiQeNi o, (14
the solution phase of the systefhe resulting pair potential
in the DLVO theory is which results is a Poisson equation for the charge density
N. N involving only the macroions,
Keleczﬁzp R S explka;) exp(«a;) exp(—«rjj)
pp 2 = i J(1+Kai) (1+Kaj) rij '

1

ks

[

N
8W2_K§)(¢(r)>5—4772p ZyQeN(r), (19
9 m=1
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which they refer to as a “true charge density” in their Eq. appear in two locations, in the prefactor and the screening
(12), parameter, whereas that of the added electrolyte appear only
once: in the screening parameter. Consider first the deriva-

N R . .
2 tives of the generalized form of the screening parameter

VA== () + 3, Zigeni(n), (16)

=1

172
= 47\ Zzna , 20
where — (e k2/47)(¢(r)) represents the charge density of “ ( T BEC:’ “ ) 20

the counterions. The claim of the Sl theory is that the distri- ) ]
butions of the macroions and the counterions are mutuallyvhere the Greek subscript denotes all of the ions regardless
interactive, and that the “effective interaction” between the ©f origin. It follows directly that
macroions ignoderatedby the small ions. Ik
As in the case with the VT theories, the Helmholtz free 2 n (_) =
energy of interaction between the macroions appears as a an

form of a screened Coulomb interaction, whose precis?N ite for the Gibbs f iated with th
mathematical form in the SI paper f@‘ﬁlsc is e write for the Gibbs free energy associated wi e gen-

eralized form of the Helmholtz free energy of the pairwise
interaction given by Eq(3),

K

5 (21

Ae|ec:E L - _sinr(Kai) sinh(xa;)
L R i R K, el 2 aAg'g &Aﬁ'g
j#1 =
i pp — Nm e + 2 n, an.
exp(— krij) 1 N
) (A7) A< anin;Z,Z;B5*
B ?Zl =1 % fim an
Hence the only difference between the VT and the SI theo- Rk O m
ries at this point is the definition ¢f(«a,,). The next step is onn.z.7 Bee
the controversial step that has generated many papers over +>n (Mz) ] (22)
the past two decades. Sogami and Ise laid claim that the . N,

proper pairwise interaction between the macroisinsuld be ) ) ] )
the Gibbs free energy and not the Helmholtz free energyAt this point we have to keep the bookkeeping straight, for
They then proceeded to use as their fundamental expressiofi€ counterions can be expressed either in terms of the mac-
Eqg. (26), which in the present notation is roion concentrations, as in the VT theories and given by Eq.
(11), or in terms of the ion concentration suchrag in Eq.

gAelec gAsec (12). To simplify matters, we chose to group the released

pp pp

+ Znm :

ani‘o m &Zm

(18 counterions from the macroions as part of theotation, so
that under “salt-free” conditions Eq$18) and(19) survive.
It is further noted that in E¢22) the value ofm s restricted

%0 the valuesn=i or m=j. Hence we may partition Eq22)

0 obtain

ESISC: |: EI n; ,0

According to Sogami and 1920] the first term in the square
brackets represents the chemical potential of the small ion
as also given in the VT theories via ET). The second term

is defined by Sogami and Ise as being the contribution of the xo Mo N ann
“immobile ions” to the macroions. From the mathematical — Gelec— "8 Z,2.B%C nm( ' J)
form of the pair interaction given by Eq17) and the defi- P2EE= ST N
nition of «., it is noted than,, andZ,, always appears as a 7
product. What necessarily follows is the operator identity aBiej'e
Zm(919Z) =nm(dldny). Hence we may rewrite E¢18) as +”i”izizj§a: el “on
_ gASIeC PN Aa o Np 1 a | JFi(kay)
Gelec:{z n: ( pp)+z n ( pp ] (19) _B < Ka; il Kd;
PP i o &ni,o m m &nm 2 |:2]_ ]'21 2+ 2 Fi(Kai) aKai
j#i
If one isolates the application of E¢7) to the Helmholtz
) L ) . ka; [JF;(ka;) Kl
free energy of the macroion pair interaction, then one obtains PR Y nin;ZiZ; Bf_lec,
the mathematical form of Eq19). Hence the formalism of Fi(ka)) | dxa; 2 .
the VT theories contain as a subset of expressions the SlI (23)

equations.

Let us focus on the general expression for the Helmholtavhere we have changed the variable franto «a in the
free energy of the macroion pair interaction given by &).  application of Eq.(21). It is now evident that the attraction
A key feature of Eqs(7) and(19) is that the set of concen- term —«r;; arises solely from the Yukawa screened Cou-
tration variables in the VT and Sl theories dictate that derivaiomb form exp¢«rj;). We now draw the important conclu-
tives must be taken of the screening parameter as well as ttsgon that any model employing a repulsive screened Cou-
preexponential factors. The contributions of the macroiondomb pair potentiaimustresult in an attractive term in the
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calculation of the chemical potential when standard thermoas in the dilute phase, the charge on the micelles must de-
dynamic relationships are employed. crease. Further squeezing of the micelles results in the whole
phase having thé potential to match that of the individual
micelles in the dilute phase.
IV. RELATIONSHIP OF THE VT MODEL Langmuir then employed two different approximations of
TO THE LANGMUIR MODEL the Debye-Huakel theory: point charges and finite size ions.
It is not necessary to review both, for the point charge ap-
In 1938 Langmuir posted his objections to using potentialproximation will suffice. The pressuie for the dilute phase
energy curves for the calculation of the free energy of thds then given by Eq(15) in the textbook by McQuarrig22],
system[21]. These criticisms are given as the following fac- o o
tors[21]. PkeT| S n— D [\,3 2%
(a8) No direct account is taken of the thermal agitation, B 7o) 3 B T
which by itself would tend to cause the colloid particles and 3
the .ions to be dispersed throughout the liquid giving an os- =kBT( 2 nj— K_) (24)
motic pressurg@=>nkT. ] 24
(b) The attraction between the charged micelles and the
ion atmosphere of the opposite sign, which extends throughLhe first term on the right-hand side of E@4) is the ideal
out the intervening liquid, is ignored or neglected although itPressure from the micelles and the microions. The second
exceeds the repulsive force between the micelles. term is the electrostatic pressure as given by E#S) and
(c) The electric charges on the micelles are assumed to be6) on page 337 of McQuarrig22],
constant, whereas they must be, in general, dependent on the 3 3
concentration of the micelles. ppelec X p(ka)=— ——
Factor(a) is a direct consequence of using the Poisson- 241 241’
Boltzmann equation. On the basis of factay it was con- o
cluded that thermal agitation was not a repulsive force. Facwhere the last expression is fee—0.
tor (b) was represented in terms of an ionic crystal of Van Roij, Dijkstra, and Hansef8] dismissed the theory
alternating charge, thus giving rise to aftractiveforce be- ~ Of Langmuir[21] on the basis that his arguments were only
tween particles. Hence factofa) and (b) give a net attrac- “qualitative,” and based on the Debye-ldkel approxima-
tion between all of the particles in the micellar system. Thetion for osmotic pressure. This statement was probably based
dilemma at this stage is to find a way to diminish the elec-on the treatment of the “dressed” micelle as a point charge
trostatic term. This can be achieved in two ways: find ain the Langmuir model and therefore included in the screen-
source of a repulsion or decrease the charge on the micelle§g parameter. The electrostatic pressure defined byZ5).
The latter possibility is factofc). It was envisioned that as S also obtained from the VT formulation and the expression
the concentration of the micelle®f positive chargein-  for Ags defined by Eq(5) and used in Eq(7),
creased, the effective charge decreased until a stable situation .
occurred between the two phases. A parallel was drawn be- - — dAss| — K3 clec
tween the colloidal system and tungsten filaments in equilib- Gss™Ass=Ns| - = | ~Ass= 5, =BPss- (26
. . . S
rium with cesium.

The micellar system was partitioned into two regions by aTherefore the VT theories are in concert with the model of

semipermeable membrane. In one region, the “dense” ret angmuir with the identityP$®°= P®'c in Eq. (25). Hence

gion, the membrane was compressed to such an extent thile mathematical expressions of thetheory are a crucial
the particles were envisioned as being so close that there sart of the VT theory and play the role of the volume terms
extensive overlap of the ion clouds. Since theotential for iy effecting a phase separation. The primary difference in
all of the particles on both sides of the membrane is to reregard to the physical model is that in the Langmuir theory
main constant, the charge on the micelles engaged with ovefhe macroions are treated as point charges that contribute
lapping ion clouds must change. The other region, the “di-gjrectly to the screening parameter, which we may symboli-
lute” region, was treated as if it were a Debyedtel fluid.  cally write in terms of the simple iorts) and the “point
Langmuir then addressed the situation of highly charged mimacroion” (p) contributions,
celles, in which there was a sheath of counterions with the
exclusion of coions. Thus in the “dilute” region the micelle KE=4TNgZiNg+ATNGZIN,= K+ K. (27)
was treated as a “point ion” of a fictitious charge dictated by
the counterions in the surrounding “sheath.” In the parlanceSince Z,>Z one can ignore the small ion contribution so
of the VT theories, this represents the “dressed macroion‘that «, is proportional tm;’z, hence the pressure in EQ4)
composed of the macroion and its charge neutralizing courgould be written a$21]
terions.

The stage is now set to “squeeze” the micelles in the P~3np—2ng’2. (28)
dense phase to the point that counterions in the fluid between
the macroions are forced to decrease. Sinceétpetential ~ For small values ohj, the pressure increased mgand at a
for these micelles now in closer proximity must be the saméhigher value ofn, the pressure varied asng’z. A similar

(25
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argument was put forth by van Roij and Hangéh as the 4 2Ng+N* 2Ng+N¥
“essence” of the term responsible, for the spinodal instabil- o > Z.geni(r)= il > Zgeni o
ity is based on:<~nfl)/2 just as in the Langmuir model. An e = Y e = 0

important difference is the origin of the factop, which in
the case of van Roij and Hansen’s theory is fram for
which the counterion concentrationtig={Z,|n,.

Many cite Verwey and Overbeek as proving the Langmui
model to be incorrectpp. 195-199 of{19]). Verwey and
Overbeek pointed out that is, by definition in the DLVO 4 NG+ N
mode] independent of the macroion concentration since it is o P e
determined far from the macroions, i.&= kpyo~n¥? for IS ,Zl ZiGen; o€ ~ BZ;0e( (1))
all values ofng andn,. However, the argument put forth by . .
Verwey and Overbeek is applicable for either the Langmuir 4 Ne 2Ns+ N

€]

> Zigenjo—4m\p J_Z)l ijnj,o<¢(r)>

=1

Xex —BZje((r))]. (31)

This Boltzmann factor is then expanded and the terms col-
"ected,

model or the VT theories, since both models exhibR%® =
that is proportional to- ng’z in the appropriate range. There-
fore if one accepts the argument of Verwey and Overbeek =ﬁo—(K%H+K§)<¢(r)>, (32)

that the Langmuir model is incorrect then one must also

accept the argument to also show that the VT theories ar@here 9, is a previously introduced Donnan tefi®5] and
incorrect. On the other hand if one accepts the precepts of thgoes not contain added electrolyte contributions due to elec-
VT theories then one cannot eliminate the Langmuir modetrical neutrality of these components. The Poisson-

as contributing to a viable mechanism for phase separation iBoltzmann equation for the mean potential is now expressed

highly charged macroions. as
4 &
V. PARTITIONING OF THE MICROIONS—PARALLELS V(1)) =—— > ZegQeNm(r) — Op+ (k3y+ k2)
WITH THE HAMILTONIAN FOR THE VALENCE € m=1 ¢

BOND AND MOLECULAR ORBITAL THEORIES

X(p(r)). (33
The valence bond and molecular orbital theories of elec-

tronic structures differ only in the manner in which the We have thus partitioned the counterions to function as a
Hamiltonian of the system is partitioned. In a similar way partial neutralization of the macroion charge to the value of
theories on the phase separation in colloidal systems also afas @ Donnan contribution as manifested in the uniform dis-
a result of how the microions are partitioned. To examine intribution of excess counterions, and those that are free to be
more detail the significance of the counterions in the problenglistributed throughout the system and contribute to the
we look at the usual approach for the Poisson-Boltzmaniscreening parameter.

equation with the potentialy/(r)) at some point in the The reason that the macroions do not appear in the calcu-
solution. The general expression, including the macroioriation of the screening parameter, as employed by Langmuir,
density, is is that the macroions do not exhibit a Boltzmann distribution.
It is for this reason that the Langmuir proposal to treat the

4 Mo 2NN mgcroiogs as point chk?rges iIS incorrect. However, the coun-

2 — terions do appear in the total screening parameter in accor-
VA== E: ZnGenn(r) == 121 Zi0en;(r). dance with tﬁpe) VT and Sl theories, an(? tﬁerefore the objec-

(299  tion by Verwey and Overbeek to the Langmuir model is
incorrect. That is, the counterions that make up the tegm

where the microion summation encompasses the added ele(€ in the vicinity of the macroion and are identified with the
trolyte and the free counterions. According to renormaliza-£l€ctric double layer. The Sl theory is limited to the counter-
tion theories a certain number of the counterions released d§ns only, thus«p,=0 in their model. Neither the DLVO nor
the macroions are associated with the macroions to reducél theories explicitly consider the Donnan terip,

the macroion charge to an effective chafg [23,24] whereas this term is explicit in the SI theory as shown in Eq.
(12) and is the shift in the potential in E¢L4).

2 4o a2 N
VD)=~ 2, Zetetn(D) = = 2 Ziey(1),
(30

VI. DISCUSSION

The primary thrust of this study is on tmeathematicof
the volume-term theories, the Langmuir model, and the
Sogami-Ise pair potential as applied to the experimental ob-
whereNg =N;—(N¢), N, is the number of free counterions, servations of heterogeneous distributions of colloidal par-
(N¢)p is the average number of bouricharge neutralizing ticles suspended in a continuum medium. The one parameter
counterions, andes=Z,+Z(N.),. We now express the mi- that serves as a thread connecting these three views on col-
croion contribution as a Boltzmann distribution loidal systems is the screening parameteand its subse-

061402-5



KENNETH S. SCHMITZ PHYSICAL REVIEW EG65 061402

guent contribution in the calculation of the chemical poten-appear to conjugate together to form a heterogeneous struc-
tial contribution of the microions for the two phases in theture. Such behavior is indicative of a negative change in the
system. free energy. We have thus far refrained from identifying
In regard to the VT and Sl theories, both have a modifiedphysical processes with specific mathematical expressions.
form of the Yukawa screened Coulomb expression of thén line with the above theories the key to any physical model
Helmholtz free energy of interaction between the macroionsfor macroion congregation is the disposition of the microions
Regardless of the fully charged species that comprise thias manifested in the screening parameter
screening parameter, the calculation of the chemical potential Both the VT and Sl theories calculakeon the basis of a
using standard, and well-established thermodynamic reldixed volume, and treat the solvent as a passive bystander.
tionships as given by Ed7), we have the general result for However, the sizes of the simple ions are comparable to that
the exponential part of the pair potential, of water, so there must be some exchange of solvent between
the two regions as the dense and void regions are being
Kl'mn formed. Michaeli, Overbeek, and Voof@6] showed that the
=5 XA «Tmn), (34 entropy of the mixing of solvent and small counterions can
contribute significantly to the stability of the separated phase.
where the sum is over all of thefully charged species that To illustrate the importance of the solvent, consider a region
contribute to the screening parameter. It is this term that i# the system of volum®™* which contains macroions, coun-
responsible for the attraction when converting from theterions, added electrolyte, and solvent particles. This volume
purely repulsive Helmholtz free energy to the chemical pods a mathematical construct, so it remains fixed before and
tential, which was identified with the Gibbs free energy inafter the phase separation, but is chosen such that it lies
both the VT and SI models. In regard to the VT and Lang-within the boundaries of the “dense” phase that is soon to be
muir theories, both the “ideal particle” contributiomepul-  created. The volume is expressed in terms of the molecular

sive pari and the microion-microion contributiohA (the  Volumesuy; of the jth species,
attraction paitare included in the calculation of the Helm-
holtz free energy. Such a combination gives rise to a compe-
tition between a repulsive part and an attraction part tha élnce this volume, by definition, is fixed, the following must
drives the spinodal instability of the system. As prewouslyh
mentioned, the contribution of the macroions to the screen-
ing parameter in the Langmuir model is due to the treatment VAN, +7dN.+ 7, AN, + 7 dN_ +v,dN,=0. (36)
of the microions as point particles, whereas in the VT ap- PR e o
proach the counterion contribution is expressed in terms O@pon phase separation the number of macroions increases in
the macroion concentration. V* since this is in the zone of the dense phase. H

The apparent importance of the screening parameter iand alsodN, are positive numbers, the latter reflecting the
dictating the presence or absence of a heterogeneous strugssumption of a “dressed” macroion. In accordance with the
ture of the colloidal suspension presents a conundrum ifesults of the VT theoried N, anddN_ are negative num-
view of the underlying philosophy behind volume-term theo-pers in order to maintain a constant pressure in the dense and

ries. This philosophy, as given in the Introduction by meanssparse regions. We now cast E86) into the form
of the quote by Grimson and Silbdit8], is to average out

those variables which aeemed unimportarand thus re- VodNo=—(v3 +v_)dN, — (v, +[Z,[ve)dN,.  (37)
duce the system to the one component that is thought to be
important. This is what is done for the microions in the sys-One can further simplify this expression by making the ap-
tem, with the macroions being the effective one componentproximationv, =v_=uv, with the result
Nonetheless it is the unimportant microion comportaat is
the driving force behind the spinodal instabiliyat leads to
a phase separatigi—5]. Apparently van Roij, Dijkstra, and
Hanser 3] might have been aware of this paradox when one
considers their statement, in reference to the fluid-gas phagessuming that the radius of the macroion is 50 nm and of the
transition, as providing no indication as to whether thesolvent is 0.2 nm, the ratio of molecular volumes is on the
macroion-macroion interaction is attractive or repulsive,order of vp/_o_l 6x 107, which means thatZ | may be
“This seemingly surprising result is a direct consequence ofieglected as it is usually on the order of31Crhe result is
the reduction of the initial multicomponent problem, involv- that ~8x 10° ions of each charge must exchange with each
ing mesoscopic coions and counterions, to a one-componentacroion that enters the volumé& if dN,=0. Since the
system of dressed polyions interacting via effective screenedumber of solvent molecules is several orders of magnitude
forces....” An unstated implication whose spirit is within the larger than the added salt of molar concentration in the mi-
bounds of this comment is that theathematical fornmesult-  cromolar range, it is more probable that the solvent will be
ing from the compression of the equations to a onedisplaced than the salt, upon formation of the dense region.
component system gives rise to a phase separation. There are other reasons that the solvent may play a role in
The experimental observation is that, under certain exphase separation. Raman scattering measurenj26{27
perimental conditions, the colloidal particles in a suspensiofindicate three water structures in gels: free, inside the gel,

5 (ﬂexr(— Kl )
n;

an;

V¥ =Nyop+Neogt N, o +N o+ N, (35)

dN,=—2dN, — +|z| (38)
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and attached to the polyelectrolyte gel. Also, Raman scatteinstability of the total macroion-microion system. The elec-
ing indicates that water is structured around flexible poly-trostatic pressure for the screened Coulomb pair interaction
electrolyteq 28,29. Quesada-Rez, Callejas-Fermalez, and  between the macroions is likewise found to be
Hidalgo-Alvarez[30] reported that the presence of different
alcohols results in ordered structures with different behav-

iors. The solvent may therefore affect the microion distribu- elec ot y2 Y| niniZiZj\g
tions in ways not contained within the context of simpler BPowovr= = & 1+ 1+y 2 a,
theories. Even as an inactive component, the accumulation of
macroions and associated counterions in the “dense” phase expy) 2BXD(—)’Xij)
must necessarily affect the activity of the water. Consider the X 1+y Xi| ' (44)
integrated expression of the Helmholtz free energy,

A=Q-PV-TS+Y wn,, (39)  ncontrast to the results fg@PSe and BP5SC, the value for

i

BP0t can be either negativéarge values ofyx;;) or

. . . . . positive (small values ofyx;;). Since the negative contribu-
whereQ is the heat. We now differentiate this expression,sqn, arisessolely from the screening paramegéfne attractive
substitiite the §econd law identilQ=T d_S and group the  hature of this term may be interpreted in a manner parallel to
results to obtain the usual thermodynamic expressionlfor . ¢, BPEC and Bpglgc' Because of the tendency of a

collection of particles of opposite sign to congregate, the

dA=—SdT-PdV+ > udn, (400 screening ions must therefore modulate the repulsive ten-
! dency between the macroions of like charge. Based on the
and the Gibbs-Duhem relationship work of Delville the inequalityBPSE*+ ﬁp,ealsec+ BPa o

<0 must hold for the macroion-rich region of the heteroge-
neous suspension. Within the context of the VT formalism,
this means that the positive electrostatic pressure that might
arise from the macroion-macroion term does not outweigh
If we now restrict Eq.(41) to the electrostatic component the negative pressures generated by the microions.
only and include the solvent as one of the components as itis There is some ambiguity as to exactly what constitutes the
a dielectric medium, we have for the reduced pressure,  spinodal instability and the resulting phase separation. The
problem is that the phase separation in the VT approach is
BdPee= BZ njdﬁf'e% Bnodﬁg'ec virtually oblivious to the presence of interactions between
i pairs of macroions. As previously not¢#] the simulations
of the phase diagram were insensitive to evensiga of the
:E njdln(af'e°)+n0dln(a§'e‘5. (42) macroion-macroion interaction and were only slightly af-

i fected if there were not interactions at all between the mac-
roions[36]. Hence the system effectively is an “independent
Sarticle” system. We draw a parallel with adsorption iso-
therm expressions for independent binding sites. Exactly the

. . . game mathematical expression is obtained foiNgmarticle
pension. According to the grand canonical Monte Carlo . o . o
simulations of Delville[31], the electrical component to the system each with one binding site and a one-particle system

pressure is negative. The reduced electrical pressure basWi h N binding siFes. Itis suggested th_at the V.T expressions
o e =elec § equally applicable for the formation &F microphases
on the VT approach is given by the equatiBR®*=G centered about each of tiemacroions, or two macrophases
— A® As given in Eq(26) the electrostatic pressure for the in which the dense phase houses all of khmacroiong 32].
salt gives the inequalitﬁP§'§°< 0. This means that the salt Recent BD simulations on a cluster of seven macroions in-
solution is intrinsically unstable and it is the random motiondicate that the added salt is totally expelled from the cluster
of the ions that offset this tendency for the ions to form pairsand that the counterions are drawn into the cluf3&;33.
and higher order aggregates. It is also true that the electricdlhis distribution of microions indicates that the Donnan po-
pressure calculated for ﬂﬁglsc term is also negative, viz., tential may also be assigned to the boundaries of the cluster
itself, with the formation of a “superdouble layer” as previ-
KZFZ,)\Bnp B KKFZ) ously suggestef34]. In this regard the physical mechanism
3 T 127 43 for phase separation and stability is that the very large elec-
tric field for the collection of macroions results in a redistri-
wherex, is defined in Eq(27). Itis a curious feature of Eq. bution of microions such that the counterions are shared by
(43) that in the ionic strength region for which the counteri- macroions to form a cluster with a concomitant exclusion of
ons dominate in the calculation of the screening parametethe coions to the exterior solveftoid region, thereby set-
we have the proportionalitpP5en>?, as proposed in the ting up a double layer about the cluster. The exclusion of the
Langmuir and VT models but for different reasons. The simi-coions as a result of their interaction with the highly charged
larity of Eq. (43) with Eq. (25) is interpreted in terms of the macroion cluster is a critical part of the mechanism, and

0=-VdP+2X ndpy;. (41)
]

The electrostatic pressure of the system has its origin in th
change in the chemical potential, or activity, of the electrical

BPpe=—
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clustering or phase separation may not occur in the idealizedssary result of using the screened Coulomb form of the
salt-free system. A similar conclusion was drawn by Diehl,Helmholtz pair interaction. Hence this attractive tail is either

Barbosa, and Levih35]. a real effect or an artifact of the screened Coulomb form of
the pair interaction. If the effect is real then its origin lies in
VII. CONCLUSION the change in the activities of the electrical components com-

] o » prising the heterogeneous region of the suspension. If the
The Sogami-Ise and Langmuir views of the stability of |5tter is true, then conclusions drawn from the use of the

colloidal suspensions have been shown to be a subset of thgeaveraged screened Coulomb form of electrical interac-
holistic volume-term formalism for colloid stability. The tjons must be suspect.

common thread between these theories is the screening pa-

rameter, which must include the added electrolyte and coun-
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centrations that define the thermodynamic state of the
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