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ABSTRACT The mean-field theory describing the conformation of an ionizable polymer chain (weak 
polyacid or polybase) grafted at one end onto an impermeable planar surface and immersed into a water- 
salt solution is presented. The dependences of the brush thickness and degree of chain ionization on 
grafting density and ionic strength of the solution are analyzed. It is shown that the annealing of the 
brush affects the brush structure mostly a t  low ionic strength of the solution and relatively sparse grafting. 
The nontrivial effect of an increase in the brush thickness with decreasing grafting density and/or 
increasing ionic strength is predicted. 

1. Introduction 
Due to the long-range character of electrostatic in- 

teractions, even weak charging of macromolecules can 
lead to qualitatively new features in the behavior of 
polymer systems. A typical example of such systems is 
polyelectrolyte gels.1-2 Polyelectrolyte brushes and 
mesogels, which were considered rather r e~en t ly ,~ -~  also 
demonstrate new regularities of behavior with respect 
to the corresponding neutral systems. 

Up to now theoretical analysis of polyelectrolyte 
brushes was restricted mainly to the so-called quenched 
case, when the degree of charging of the grafted chains 
was fixed and independent of external conditions. One 
can envision such a situation for a random or regular 
copolymer of a neutral component B and a strong 
electrolyte (for example, a strong acid) A. The composi- 
tion f = NA/(NA + NB),  where NA and NB are the total 
numbers of units A and B, respectively, determines then 
the degree of ionization of such a polyelectrolyte a = f, 
provided that all electrolyte groups are charged. Graft- 
ing of such chains onto a surface does not change the 
degree of charging of a chain, and one obtains a 
polyelectrolyte brush with quenched charge. 

One can envision, however, another situation when 
the degree of ionization of a chain can vary adjusting 
to the variation of the external conditions. A typical 
example of such a polyelectrolyte is a weak polyacid 
(polybase). The degree of ionization of a weak polyacid 
is determined by the concentration of protons and, thus, 
can be varied, for example, by the variation of pH of 
the solution. Moreover, a depends on the pH values 
inside the brush and hence will be rather sensitive also 
to the other parameters of the system (grafting density, 
ionic strength of solution, etc.). Equilibration of such a 
system needs, thus, the adjustment of the degree of 
ionization of polyelectrolyte chains in the brush to the 
external conditions, and we shall call such a brush an 
annealed brush. So far, only two papers with numerical 
investigations of the properties of annealed brushes are 
available. Reference 8 presents some numerical results 
of the analytical self-consistent field theory, whereas the 
analysis of ref 9 is based on the Scheutjens-Fleer 
numerical model. The effect of annealing for an indi- 
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vidual polyion under poor solvent conditions was con- 
sidered recently by Raphael and Joanny.l0 

In this paper we focus our attention on a planar brush 
formed by long homopolyacid chains with varying 
degrees of ionization (annealed brush) and analyze in 
scaling terms the dependences of the brush thickness 
(polyion stretching) and degree of chain ionization on 
the grafting density and ionic strength of the solution. 
As will be shown below, the annealed polyelectrolyte 
brush exhibits some qualitatively different features in 
behavior in comparison with the quenched one. The 
most spectacular effect consists of the nonmonotonic 
dependence of the brush thickness on the grafting 
density and the ionic strength of the solution. 

After a brief description of our models of quenched 
and annealed polyelectrolyte brushes (section 2) and 
formulation of the basic charge and force balance 
equations (section 31, we compare the behavior of 
quenched and annealed brushes under the conditions 
of salt-free and salt-added solutions (section 4) and 
discuss our results in section 5.  

2. Model 
We consider a layer formed by long polyelectrolyte 

chains consisting of N symmetrical monomer units of 
the size a grafted at one end onto an impermeable 
planar surface with the grafting density 110 chains per 
unit area (Figure 1). The chains are assumed to be 
flexible, so that the Kuhn segment of a chain Z is equal 
to a, Z = a ,  and the Bjerrum length Zg = e2/(c!Z') is of the 
order of magnitude of a chain unit length Ida = 1. 

We will be interested only in the scaling type analysis 
of the polyelectrolyte brush characteristics. In this case, 
as in our previous analysis of a quenched brush,6 it is 
sufficient to  use a simple box model according to which 
all the chains in the brush are stretched homogeneously 
and their free ends are localized at the outer boundary 
of the brush (Alexanderll-de Gennes12 model). 

In the quenched case, the fixed average degree of 
ionization a of the grafted chains was assumed. In our 
case of the annealing system, we assume that the 
grafted chains are weak homopolyacids (€3~4)~. (The 
generalization for the case of a weak polybase is 
straightforward.) The dissociation of acid groups is 
governed by its dissociation constant KD and by the 
concentration of H+ ions in solution inside the brush 
(see below). 
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the dimensionality of KD is equal to that of CH+. Let us 
ignore for simplicity the possible dependence of KD on 
a (polyelectrolyte effect) and suppose that KD is con- 
stant. 

Let us suppose that cp is the molar concentration of 
polymer units (charged and uncharged in the brush), 
cp = qh3, where q is the polymer volume concentration. 
The brush electroneutrality provides the dependence of 
the total concentrations c- and c+ of negatively and 
positively charged mobile ions in the brush (c- = Cici-, 
c+ = Cici+; the different i correspond to chemically 
different ions) on the molar concentration of “im- 
mobilized” charge acp, 

(2) acp + c- = c+ 

Evidently, for bulk solution we have 

c- = c+ (3) 

Figure 1. Charged brush in solution. 

We assume that the brush is immersed in an infinite 
reservoir of water (dimensions of the water molecule are 
supposed to be a), which besides H+ and OH- ions 
contains also the fixed concentrations of monovalent 
ions of different chemical nature (Na+, C1-, etc). We 
will not deal with the dimensions of these mobile ions, 
considering them as dimensionless charges. This ap- 
proximation is usual in the theories of dilute electrolyte 
solutions. It takes into account only the electrostatic 
interactions between charges and neglects their steric 
interactions. We will use the molar concentrations Ci 
of ions (the number of ions in the unit volume; standard 
units, mol&,) as a characteristic of the system. The bulk 
solution can be characterized by the fixed concentration 
CH+ of H+ ions (or by pH = -log CH+) and by the ionic 
strength 

where C+ = CiCi+ and C- = CiCi- are the total molar 
concentrations of positively and negatively charged ions 
in the bulk solution. 

3. Brush Electroneutrality Condition 
According to the theory6aa and modeling13 of quenched 

polyelectrolyte brushes, the most generally presented 
regimes of brush behavior are characterized by brush 
electroneutrality . 

In this case we have two electroneutral subsystems: 
the brush and the bulk solution, separated by the 
semipermeable membrane. These subsystems are in 
equilibrium; i.e., there are both charge and force bal- 
ances. 

A. Charge Balance. The average degree of ioniza- 
tion a of grafted polyacid chains inside the brush 

H A = H + + A -  

is related to the value of the dissociation constant KD 
according to the active mass law 

a -  K D  
1 - a  cH+ 

where 

n A- 
nA- + nAH a =  

is the fraction of charged groups, CH+ is the concentration 
(activity) of protons inside the brush (we will use large 
Ci and small ci for molar concentrations of ions in the 
bulk solution and inside the brush, respectively), and 

The conditions of electroneutrality (2) and (3) of the 
brush and of the solution indicate that mobile ions are 
redistributed in the brush with respect to  the solution: 
C i  * Ci. This redistribution occurs due to the existence 
of the excess electrostatic potential VI in the brush with 
respect to the bulk of solution. The Boltzmann law then 
gives for the distribution of the ions 

ci- = Ci- exp(eYllz2’) (4) 

ci+ = C ,  exp(-eY/lzT) ( 5 )  

Thus, the ratios of the concentrations of the different 
positively charged ions inside and outside the brush are 
equal to each other and are inverse to that for negatively 
charged ions (Donnan rule); i.e. 

ciJCi+ = CjJcj- > 1 (6) 

From the Donnan rule (eq 6) and the electroneutrality 
condition (eq 2), we have for the total concentration of 
mobile ions inside the brush 

(7) ( c++cJ  - a c p  +4C+C- 

Note that eqs 2-7 are independent of the structure of 
subsystem with immobilized charges (we use the term 
“brush” in this section only for simplicity) and contain 
only the dependence on the concentration of these 
charges. They are valid also for both the “quenched” 
degree of ionization a and for the “annealed” a according 
to eq 1. 

It is essential, however, that this annealed a not only 
affects the ion redistribution, eqs 2-7, but also depends 
on this redistribution via the CH+ value (eq 1). 

To analyze this effect let us restrict ourselves to  the 
typical case, assuming that the bulk solution is pure or 
salted water at pH = 7, i.e., a solution of H+ and OH- 
ions, CH+ = COH- = CH* = lo-‘ mom, and salt ions CS+ 
= CS- = Cs (for example, Na+ and C1- ions). In this 
case C+ = C- = Cs + CH*. 

Taking into account the ionization equilibrium (eq 1) 
and the Donnan rule (eq 61, the electroneutrality condi- 
tion inside the brush, immersed in pure or salted water 
is reduced to 

2 -  2 2 

(8) ------ KD 1 - a  CH* a - acP 
CH* a KD 1 - a  Cs+CH* 
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or 
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brush (see refs 5,  6, and 8 for details) 

fiOn/kT aAni0,, = U(C+ + C- - C+ - C-) (14) 

For the brush immersed in a salt-water solution, we 
have according to eq 9 where aB =. a is the degree of ionization of a single 

polymeric chain immersed in the bulk solution; ad1 - 
a,) = K ~ C H *  (see eq 1). It can be seen from eq 8’ that 
the degree of ionization of the brush a is always smaller 
than that of an individual polyacid molecule in the bulk 
of the solution a,. This is due to the effect of concentra- 
tion of protons: their average concentration in the brush 
is higher than in the bulk of the solution and, cor- 
respondingly, the chains in the brush are less charged. 
The total concentration of mobile ions inside the brush, 
eq 7, is 

(9) 

Equations 8 and 9 give us the dependences of a, c+, and 
c- on the polymer characteristic KD (or ad, the brush 
characteristic cp, and the external characteristic C,. The 
dependence of a on these characteristics is especially 
pronounced in the limiting case a << 1, acp >> C,. For 
larger CS and a the dependences a(q) and a(Cs) vanish 
and a = aB: 

(c+ + c - ) ~  = a2c,2 + 4(cH* + cSl2 

acp >> Cs + CH*, a << 1 
(104  

a =  ( - cS)‘2 

It is interesting to note that in the bulk solution aB does 
not depend on the salt concentration Cs. The increase 
in a with increasing Cs is related to the substitution of 
H+ ions by Na+ ions inside the brush. As a result C H +  
tends to CH*, and a tends to  a B .  

B. Force Balance. To obtain the equilibrium value 
of the polymer molar cp or volume Q, = cpa3 concentra- 
tion, we consider the balance of various forces applied 
to grafted chains: the elastic force fconf arising in the 
stretched chains, the force fconc due to the nonelectro- 
static (volume) interactions between polymer units, and, 
finally, the electrostatic force fion due to the electrostatic 
interactions between charged units. The electrostatic 
force fion as well as the force fconc tend to stretch the 
grafted chains in the direction normal to the surface, 
whereas the elastic force, fc0d, opposes this stretching. 
The force balance is given by 

Assuming Gaussian elasticity for the grated chains, 
corresponding to the mean-field picture of a brush, one 
has 

fcoJkT G H/Nu2 = u / ( u ~ )  (12) 

(13) fconJkT = vq2a/a3 + wq3a/a3 

where H is the average thickness of the brush, Q, = Nu3/ 
(OH) is the average concentration (volume fraction) of 
monomer units (Q, = Q,A + qm), and ua3 and wa6 are 
the second and third virial coefficients of volume 
interaction between monomers. The electrostatic force 
fion is approximately equal to the difference in the 
osmotic pressure of mobile ions inside and outside the 

2(CH* + Cs) (15) 

This formula for fion is valid for both the “quenched” a 
and the “annealed” a obtained from solution of eq 8. 

In the polyelectrolyte regimes of the brush behavior 
the force fane due to the short-range volume interactions 
is weak compared to the electrostatic force fion, and, 
hence, the force balance (eq 11) has the form 

I 

fconf fion (16) 

Using eqs 12, 15, and 16, we obtain the polymer 
concentration Q, in a brush as a function of the brush 
characteristics a and Q and the bulk solution charac- 
teristic Cs 

CH* + Cs -=x aq/a3 (17a) 

Q, ~ u713~sl/3a-~3a-2/3 Cs >> aq/u3, CH* (17b) 

q = u a  2 -1 a -‘2 

The brush height H = (Na3)/(aq) scales as 

H G NaaU2 CH* + Cs << aq/a3 (18a) 

H SL Cs >> aq/a3, CH* (18b) 

These scaling type formulas characterize the brush 
properties in two different regimes. Equation 17a and 
18a correspond to  the so-called osmotic regime OsB6 in 
which the concentration of salt in bulk solution is small 
and the concentration of counterions inside the brush 
is equal to that of the immobilized charge. 

Equations 17b and 18b at  a = aB correspond to the 
so-called salted brush regime SB,6 in which salt ion 
charges dominate compared to the immobilized charges 
inside the brush due to the high concentration of salt 
in the bulk of solution. 

Let us compare the brush behavior in these regimes 
for the quenched and annealed a cases. 

4. Brushes with Quenched and Annealed 
Degree of Ionization 

A. OsB, OIB, and SB Regimes. Formulas 17 and 
18 are quite general and are applicable both for brushes 
with fxed a (quenched a) and for ionizable brushes 
(annealed a). 

In the case of quenched a, these formulas provide the 
final result: the scaling dependences of Q, and H on 

In the case of annealed a, the problem is more 
complicated, because not only Q, depends on a, according 
to eq 17, but also a itself depends on q, according to 
eqs 8 and 10. Therefore it is necessary to combine these 
dependences. 

Substituting a from eq 10a into eq 17a, we find new 
scaling dependences for the polymer concentration Q, 
and thickness H of the annealed polyelectrolyte brush 

a.5,6,8 
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(Note that the condition a << 1 in eq 10a is equivalent 
to the condition [a$(l - a~)1 (CH* + CS) << (uu)--l). We 
will refer to this regime as the OgB regime to distinguish 
it from the corresponding OsB regime for quenched a. 
Although both the electrostatic force fion and the brush 
thickness H scale with a similarly to that in the 
quenched case, the dependence of a itself on CS and q 
provides the new features in the annealed brush be- 
havior: H increases with both increasing u and CS. For 
a quenched brush in the OsB regime, H is independent 
(within scaling approximation) of both u and CS (eq 18a). 

At high ionic strengths CS >> aq/a3 (SB regime) when 
the degree of brush ionization becomes practically 
constant (and virtually coincides with that in the bulk 
solution, a = aB, eq lob), the difference between the 
annealed and quenched brushes disappears. Thus, in 
the SB regime the scaling behavior of the quenched and 
annealed brushes is similar (eqs 17b and 18b), and one 
can find the difference only on the level of nonpower 
dependences. 

Note that in the SB regime we also have the depen- 
dence of H on u and Cs: H increases with decreasing u 
and/or CS.  In other words, the degree of brush expan- 
sion in solution increases with increasing grafting 
density llu and decreasing ionic strength of solution. It 
is quite usual behavior. In contrast to this “normal” 
behavior is the “anomalous” behavior of the annealed 
brush in the OgB regime, where the degree of brush 
expansion decreases with increasing grafting density l /u 
and decreasing ionic strength. This “anomaly” is con- 
nected with the decrease of ionization degree a. From 
eqs 10a and 19 we have at a << 1 

(21) 
a [ a B  a4cH* + cs)1,, 

1 - a, 

B. Diagram of State. Salt-Free Case. So far, we 
have analyzed only the OsB and SB regimes of the 
brush behavior. Let us compare now the behavior of 
the quenched and annealed brushes in all other regimes 
of the total diagram of state. 

Figure 2 shows the scaling-type diagram of state of 
the quenched polyelectrolyte brush in salt-free water 
(assumed to be a good solvent (u = (2’ - B)/T > 0) for 
uncharged chains8J3). In addition to  the OsB regime 
in the central part of the diagram, it incorporates four 
other regimes, separated from each other by the cross- 
over lines. In the right part of the diagram at  large o 
values (low grafting density) two regimes of isolated 
grafted chains are located. At small a where the 
intrachain electrostatic interactions are weak compared 
to the intrachain volume interactions fion << fconc, the 
regime of grafted individual neutral coils (NC) (mush- 
room regime) is located. At higher a it is bordered by 
the region IS of isolated grafted polyions stretched due 
to intramolecular Coulomb repulsion. These polyions 
are oriented either in the part OrS of this region or in 
the entire region due to long-range intermolecular 
repulsion and polarization effects (see ref 8 and Ap- 

I 
N N G I ~  ala2 

Figure 2. Scaling type diagram of state of a quenched 
polyelectrolyte brush in salt-free water in ala2, a = aB 
coordinates. The OrS region is separated from the IS region 
(see Appendix I). 

pendix I for details). The thickness of the polymer layer 
in these two regimes scales as the end-to-end dimen- 
sions of individual chains 

(22) 

HIS = uNaW3 (23) 

In the left part of the diagram at low a or a t  high 
grafting density llo the regime NB of the quasineutral 
brush is located, where the intermolecular electrostatic 
interactions are weak compared to the intermolecular 
volume interactions, fion << fconc. The brush thickness 
in this regime scales as that of the uncharged brush 

HNB = uN(vu~/G)~’~ (24) 

Finally, in contrast to the boundary (crossover) line 
between the NC and NB regimes of quasineutral 
behavior (corresponding to the chain overlapping condi- 
tion), the diagram of state contains the intermediate 
narrow region PB (Pincus regime5) in between the main 
region of the charged brush OsB and the region of 
individual polyions IS. In the PB regime as in the OsB 
regime, the chains are overlapped but the pictures of 
the mobile ion distribution in these regimes are differ- 
ent. Sufficiently large values of a and llu in the OsB 
regime are responsible for the high electrostatic poten- 
tial which confines the counterions inside the brush. 
Only a small fraction of all counterions q = r d H  << 1 
(where rD = u3/2(l~ap)-1/2 is the Debye-Huckel screen- 
ing length determined by the concentration of counte- 
rions inside the brush) leaves the brush and is localized 
in the thin layer of the thickness rD outside it. The 
brush, thus, is virtually electroneutral. 

Under the condition of the PB regime (lower a and 
110 values) the mobile counterions are distributed in 
space above the grafting surface so that the character- 
istic length scale of this distribution (Guoy-Chapman 
length) 

315 115 HNC=UN v 

(25) 

is much higher than the brush thickness H ,  which in 
this regime scales as5v8 

HpB = C L ~ Z & ~ ~ ~ C J - ~  (26) 

Let us consider now the change of this diagram due 
to brush annealing. As was already shown, the OsB 
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regime for quenched a transforms into a new OBB 
regime for annealed a with the change in the character 
of the brush thickness dependence on the parameters 
(cf. eqs 18 and 20). The reason is that a itselfis involved 
in the system equilibration. 

The same reason can cause the transformation of all 
other regimes in the annealed a case. It is easy to see, 
however, that there is no change in scaling equations 
for the brush thickness for the cases of the quasineutral 
behavior, regimes NC and NB (because H scales as a"). 
Thus, the effect of brush annealing remains to be 
investigated in the PB regime, 1 >> H. As a result of 
this investigation (see section 4D), we obtain for the 
degree of ionization in the PB regime in a salt-free 
solution (assuming a << 1) 
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Correspondingly, eq 26 is transformed into 

It is seen from eqs 27 and 28 that in the annealed PB 
regime (Ps regime), as in the OBB regime, a (and H) 
are increasing functions of u. Moreover, a scales with 
u in a similar manner in these two- regimes. The 
physical origin of this effect in the PB regime is the 
same as in the OBB regime: in looser brushes the 
concentration of protons is smaller and, correspondingly, 
the degree of ionization and the brush thickness are 
higher. However, the scaling dependences of a and H 
on the other parameters are different in the OBB and 
Pg regimes, indicating the different physical pictures 
of a polyelectrolyte brush in these regimes. 

The change in the scaling dependences of the brush 
characteristics in the ionizable brush (compared to the 
brush with quenched charges) leads to the change in 
the form of the different regions located on the diagram 
of state. The crossover lines between the regions are 
displaced and their orientations are changed. For 
example, due to the same scaling of H with u in the OBB 
and Pg regimes, the boundary between these regimes 
(crossover line) became parallel to the u axis. 

The additionally strong deformation of the diagram 
is connected to  the fact that, as distinct from the 
quenched case, where the a axis gives us the degree of 
ionization inside the brush, in the annealed case we can 
specify only the aB values. As follows from the results 
obtained, in the OBB and PB regimes we have a << aB, 
and to satisfy the condition of the occurrence of the OBB 
and PB regions, it is necessary to have sufficiently high 
ionization degree for the free chain, 1 - aB << 1. Hence 
in the case of the ionizable brush in pure water, the 
regions of polyelectrolyte behavior OSB and Pn are 
small and are located in the upper part of the (u,ag) 
diagram. The main part of this diagram belongs to the 
regions of quasineutral behavior or/and individual chain 
behavior. It will be analyzed in detail elsewhere. 
C. Salt-Added Solution. As was shown above, the 

degree of ionization a in a brush increases and tends to 
aB when salt is added to the bulk solution. As a result, 
the difference between the diagrams of state of the 
ionizable and quenched brushes becomes smaller. Fig- 
ure 3 presents the corresponding diagrams in the case 
of moderate salt content (CS > N-6/5u-3). In both cases 

EB 7-7 
I NB 

NC 

0 1  I 
NO15 L7p 

(b) 

Figure 3. Scaling-type diagrams of state of a quenched (a) 
and annealed (b) polyelectrolyte brush in the salt-added 
solution; I >> N-6/5a-3. The designation cP+ on the axes sigrufies 
@+ = (CH* + cS)a3. 

@,;=I4 o/a2 
0 '  

Figure 4. Scaling-type diagram of ionization of the annealed 
polyelectrolyte brush (see text). @+ = (CH* + Cs)a3; I >> 
N-6lKU-3, 

the PBPB region disappears and a broad SB region (salt 
dominance region) appears between the OsB/OSB re- 
gime and the regime o€ the isolated charged chain in 
salted water (SC). The brush annealing results in the 
substitution of the OsB regime partly by the ORB regime 
and partly by the NB regime. The localization of all 
other regimes (SB, NC, and SC) is retained. 

Figure 4 demonstrates the scaling-type diagram of 
brush ionization at the same conditions (Cs > N-6/5u-3) 
as Figure 3 and with the same coordinates as Figures 
2 and 3b. Three different regions are distinguishable. 
At high grafting densities llu we have a quasineutral 
NB regime, where the nonelectrostatic interactions 
determine the brush structure. Nevertheless, the a 
value is not constant in this regime due to  its depen- 
dence on polymer concentration via the CH dependence 
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Figure 5. Schematic dependence of the polyelectrolyte brush 
thickness on the grding density for quenched (a) and an- 
nealed (b) cases corresponding to the intersections of the 
diagrams of state at Figure 3. 

on this concentration (see section 3). For the NB regime 

and according to eq loa, we have in region I 

(ala 2 ) 1/3 u 1/6 (30) 

With increasing u and the transition to more sparse 
brushes, a increases. If ad1 - a B )  
the brush retains its quasineutral behavior up to a = 
a B  (region I11 below the dashed line). If a$(l - a B )  > 
(CH* + Cs)1/2a3n, the increase in u leads to the transition 
into the OBB regime (Figure 3b), where Q, and a are 
given by eqs 19 and 21. WIth further increase in u, a 
reaches its limiting bulk value a B  (upper part of region 
111). 

Figure 5 demonstrates the differences in scaling 
dependences H = H(u) for annealed and quenched 
brushes corresponding to the intersections of the dia- 
grams (shown by the dashed lines in Figure 3) at the 
same values Of CH* + CS and aB. As the quenched brush 
passes successively through the NB-OsB-SB-SC re- 
gimes, the brush thickness H either diminishes with u 
(NB and SB regimes) or stays virtually constant (OsB 
and SC regimes). For an annealed brush passing 
through the NB-OBB-SB-SC regimes, the brush 
thickness H passes through a minimum and a maxi- 
mum with increasing u. Whereas H decreases with 
increasing u in the NB and SB regimes (just as in the 
quenched brush case), in the OBB regime H increases 
with u according to eq 18 and exhibits a maximum in 

(CH* + 

(b) 

Figure 6. Schematic dependence of the annealed polyelec- 
trolyte brush thickness on the ionic strength of the solution. 
The grafting density corresponds to the OIB regime (a) or 
to the PB regime (b) in the salt-free solution. a+ = (CH* + 
CSb3. 

the vicinity of the boundary between the OBB and SB 
regimes. Within the scaling approximation the value 
of this maximum, Hmax, coincides with the quenched 
brush thickness in the OsB regime, H,, = HGB = 
uNaBY2. However, due to the general effect of weaken- 
ing of the electrostatic interactions in the annealed 
brush, the value of the numerical coefficient, omitted 
in the scaling dependence, is expected to be somewhat 
smaller than in a quenched system. 

Even more surprising appears to be the nonmonotonic 
dependence of the annealed brush thickness on the ionic 
strength of the solution I (Figure 6a): at high ionic 
strength conventional decrease in the brush thickness 
due to the screening of electrostatic interactions can be 
observed, while at low ionic strength (in the Oi3B and 
PB regimes) H increases with I .  This is in pronounced 
contrast to the case of a quenched brush, where the 
brush thickness remains virtually independent of I at 
low salt concentration (dashed line in Figure 6a). The 
origin of the increase in the annealed brush thickness 
in the range of low ionic strength of the solution was 
shown above: the addition of salt ions into the solution 
leads to the substitution of H+ ions in the brush by Na+, 
reducing the local proton concentration in the brush and 
thus causing its additional ionization. 

D. Annealed ''Pincud' Brueh Regime (PB). Let 
us consider the effect of brush annealing under the 
conditions of the PB regime corresponding to relatively 
small ionic strengths of the solution and A = u / ~ N I B  >> 
H ,  where A is the characteristic length scale for the 
distribution of ions near the charged surface (the surface 
charge density is equal to e = Ndu).  In Appendix I1 
we present the simple scaling-type estimation of this 
length in salt-water solution. According to eq A2.5 in 
the case when the salt concentration is not too large, A 
does not approximately depend on CS and is given by 
eq 25. The average concentration of counterions inside 
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the A layer is 

a2N21, 
2 c+=-=- 
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solution and the graf’ting density l/u. In the former case 
the addition of ions to the solution at a fixed value of 
pH leads to the redistribution of the corresponding ions 
and protons inside the brush, so that the concentration 
of protons in the brush diminishes and a increases. In 
the latter case when Cs zs 0 and u increases, the average 
concentration of protons in the brush decreases follow- 
ing the decrease in concentration of polymer units Q, = 
Nu3/&, and a also increases. An increase in a with 
increasing Cs and (J in the OSB and PB regimes (eqs 21 
and 27) provides the nonmonotonic dependence of H on 
CS and 0 (Figures 5 and 6). For the osmotic brush the 
maximum is localized at the boundary between the OIB 
and SB regimes, and its value corresponds to the 
thickness of a quenched brush, 

(31) 

and the concentration of H+ ions is given by the Donnan 
rule 

Taking into account that a is related to CH via conven- 
tional dependence eq 1 

we obtain for the degree of ionization in the P s  regime 
(assuming a << 1) 

Correspondingly, eq 26 transforms into 

As follows from eqs 25 and 33, the screening length 

decreases with increase in CS and, as follows from eq 
A2.5, tends to the Debye screening length mb in bulk 
solution mb = (ZB(CH* f C S ) ) - ~ ~ ,  which being larger than 
A also decreases with increase in CS. At Cs = Z$vz(a$ 
(1 - a ~ ) ) ~ a - ~  both screening lengths become of the same 
order of magnitude. Here the degree of brush ionization 
approaches its bulk value, a = a,, and at higher values 
of Cs one finds the conventional PB regime where H 
scales according to eq 26. Further behavior of an 
annealed f i c u s  brush coincides with that of a quenched 
system. The PB regime of the brush holds in the range 
of CS providing H << m. At m << H the brush passes 
into the SB regime (eq 18). The dependence of H on Cs 
for an annealed Pincus brush is presented schematically 
in Figure 6b. Just as in the OSB regime this dependence 
exhibits a nonmonotonic behavior. However, in contrast 
to the latter case, a plateau at the H ( n  curves cor- 
responding to  the maximum value of the brush thick- 
ness can be observed. 

5. Discussion 
The above results indicate that annealing of a poly- 

electrolyte brush provides new surprising features of 
brush behavior. These features are most evident in 
sparse brushes at low ionic strengths. Due to the fact 
that under these conditions the average concentration 
of protons in the brush is sufficiently higher than in 
solution, the ionization process is suppressed and a << 
a B .  Correspondingly, in an annealed system the elec- 
trostatic stretching force is more weak and brush 
thickness H is smaller than in a quenched brush. The 
concentration of protons in the brush can be af‘fected 
by the variation of both the ionic strength I of the outer 

UZ H,, = uNa, (36) 

Under the condition of the Pincus regime, this maxi- 
mum is transformed into a plateau with the plateau 
value 

corresponding to the thickness of a quenched brush. 
This plateau is expected in the range of CS providing 
the value of the Debye-Huckel radius H << m << 1. 

At high ionic strengths of solution the concentrations 
of ions inside and outside the brush are virtually the 
same and the degree of brush ionization coincides with 
its bulk value, a = a,. Under these conditions the 
behavior of quenched and annealed brushes is hardly 
distinguishable. 

The existence of the maximum in the dependence of 
some inherent characteristic brush dimension on the 
salt concentration has been predicted also by a recent 
self-consistent field numerical c a l c u l a t i ~ n ~ ~ ~ J ~  incorpo- 
rating the direct solution of the Poisson-Boltzmann 
equation for the distribution of free charges in the 
system and taking into account the intrinsic structure 
of the brush. The increase in brush thickness with 
decreasing grafiing density at low ionic strengths was 
also reported in refs 9 and 14. The detailed analysis 
carried out in ref 16 demonstrated that the account of 
intrinsic brush structure does not affect the main 
conclusions of this york. The predicted effects-“anoma- 
lous” dependencies of brush dimensions on the grafting 
density and ionic strength in the range of small ionic 
strengths of solution (OsB regime)-are still rather 
noticeable. However, they refer not to the overall brush 
thickness, but certain averaged characteristics, for 
example, weight-averaged brush thickness, which is just 
the moment of inertia of units with respect to the 
grafting surface. More detailed discussion of these 
results will be presented elsewhere.16 

Experimental verification of the predicted relation- 
ships of the annealed brush behavior could be performed 
by the variation of the ionic strength of the solution I. 
For given values of a B  and u one expects to observe the 
manifestation of the OSB regime of the brush behavior 
in the range of I providing 

which corresponds to 

(c4aB-1u-2 4 la3 << a2aBu2u-1 

Thus, the nonmonotonic dependence of the brush thick- 
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ness on the ionic strength is expected to be more 
pronounced for moderately dense brushes. For example, 
for aB = 10-1 and ala2 = 104 the range of I given by 
inequality 38 corresponds to lo-' 5 Ia3 < 3 x i.e., 
sufficiently wide for the realization of the asymptotic 
dependence (20). 

Note that to  estimate the ionic strength I in usual 
units (molditer) it is necessary to use an a3 value in 
unusual units (liter/mole). It is easy to see that a3 = 6 
x d3 (A) L/mol, where d is the dimension in 
angstroms of the chain segments and of the solvent 
molecules. At a = 5-7 A, a3 = 0.1-0.2 IJmol. 

A certain experimental problem can arise in connec- 
tion with the realization of the good or 0 solvent 
conditions for the polyelectrolyte chain. Typically, water 
is a poor solvent for the uncharged monomer units of a 
polyacid and the addition of salt can cause the collapse 
of the brush.6 To avoid this difficulty, one can use the 
random copolymer of a weak acid and a neutral water- 
soluble polymer (for example, POE) which will ensure 
the solubility of the macromolecule over a wide range 
of ionic strength. 

Finally, it is worth noting that the predicted effect of 
the nonmonotonic dependence of chain stretching on the 
ionic strength of the solution can be observed also for 
such systems as polyelectrolyte networks and mesogels 
with an ionizable central block.g 

Acknowledgment. E.B.Z. and O.V.B. acknowledge 
the hospitality of Prof. K. Binder (Mainz University). 
This work was partially supported by the Deutsche 
Forschungsgemeinschaft under Sonderforschungsbere- 
ich 262 (E.B.Z.), the Russian Fund of Fundamental 
Research (Grant 93-03-5779) (T.M.B.), and the Alex- 
ander von Humboldt Foundation (O.V.B.). 

Appendix I. Orientation of Individual Grafted 
Polyions in the IS Region (Salt-Free Solution) 

Individual polyelectrolyte chains in salt-free solution 
are stretched due to long-range electrostatic repulsion 
and appear as sticks of blobs with end-to-end dimen- 
sions H = NaaU3. If these sticks of blobs are attached 
at  one end onto an impermeable planar surface, they 
retain this conformation in the IS regime but may be 
randomly oriented in half-space or strongly oriented 
perpendicular to the surface. Investigating the diagram 
of state of brushes with a quenced degree of ionization 
a, we analyzed the orientation of polyions caused by the 
electrostatic interactions between them.* In this case 
the IS region is subdivided into a region of randomly 
oriented sticks (IS region in Figure 2), where the chains 
are grafted so sparsely that the interaction between 
them is negligible, and a region of sticks oriented 
perpendicular to the surface (OrS region in Figure 2). 

The conclusion about the random orientation of poly- 
ions in the IS subregime is valid only in the absence of 
electrostatic interactions between this polyion and the 
surface, providing the dielectric constant, E S ,  of the 
surface is equal to  that of bulk solvent, E S  = E .  In the 
opposite case the polarization of the environment, 
induced by the polyion, is not the same above and below 
the surface (interface). This is equivalent to the ap- 
pearance of an image charge Q = &(E - E S M E  + E S )  
interacting with the polyion, where Q = Na. If E >> E S  

(the case of water solution), the image charge Q' Q 

repels the polyion with the force 

Q Q  Q2 

H; - H; 
j',,,,IT = - - - (Al . l )  

which causes very strong polyion orientation perpen- 
dicular to the grafting surface in the whole IS region 
(see ref 15 for details). 

Appendix II. Screening of a Charged Plane in a 
Salt-Water Solution 

In the Pincus brush (PB) regime the brush thickness 
H is small compared to the surface screening length 1 
(the characteristic length of the mobile ion distribution 
near the charged plane surface). Let us investigate the 
simple scaling-type dependence of 1 on the surface 
charge density e (in our case as above we suppose that 
the immobilized charge is negative) = N a b  and the 
characteristics of solution ZB, CH*, and Cs. 

Let us formulate the simplest naive picture of a 
charged plane screening: 

1. The charged layer exists near the surface which 
compensates the surface charge. The system surface + layer is electroneutral. 

2. The layer is in equilibrium with the bulk solution. 
"his defines the concentrations of mobile ions inside the 
layer. 

3. The concentration of mobile ions inside the layer 
defines its thickness, which is equal to the Debye- 
Huckel screening length associated with this concentra- 
tion. 

1. The electroneutrality condition (cf. eq 2) 
Hence we have (cf. section 3A) the following: 

c+ = c- + (A2.1) 

where A is the layer thickness and c+ and c- are the "+" and u-n mobile ion concentrations inside the layer 
2. The equilibrium condition (Donnan rule) (cf. eqs 7 
and 9) 

where C+ = C- = CH* + Cs are the concentrations of 
mobile ions in the bulk solution 
3. The Debye-Huckel formula 

1 = [IB(C+ + c-)]-'" (A2.3) 

From (A2.1-A2.3) it follows that 
0.8 

and 

where ?-Do = (el&' and n b  are the Debye-Huckel radii 
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associated with the counterions of the charged surface 
and with the salt ions in the bulk solution, respectively. 
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