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Spherical polyelectrolyte brushes: Comparison between annealed and quenched brushes
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We report on a study of spherical polyelectrolyte brushes that consist of a solid core onto which linear
polyelectrolyte chains are chemically grafted. The core particles are made up of solistyrelye and have
a radiusR of ca. 50 nm. As polyelectrolyte chains the weak polyelectrolyte (aalylic acid or the strong
polyelectrolyte polystyrenesulfonajewas used. These chains were generated directly on the surface of the
core particles by a grafting-from technique. Hence, the chains are chemically bound to the surface but can be
cleaved off and analyzed separately. The contour lehgthnd the number of grafted chains per unit avea
can thus be determined accurately. The thickies§ the brush layer on the surface has been determined by
dynamic light scattering. It is measured for differént/R as a function opH, ionic strength, and valency of
counterions. Annealed brushes exhibit a transition with increagtiign which the chains are stretched to
nearly full length. This can be traced back to the building up of the osmotic pressure of the counterions. The
brush height decreases considerably with increasing ionic strength, most notably when adding divalent ions.
The entire set of. as a function oRR, L., ando can be fully explained in terms of a simple two-parameter
theory developed by Hariharast al. [Macromolecules81, 7514(1998].

DOI: 10.1103/PhysReVE.64.051406 PACS nunier82.70.Dd

I. INTRODUCTION small, the systems resemble star polymer® i large com-
pared to the contour length, of the grafted polymer chains,
Polyelectrolyte brushes consist of polyelectrolyte chainghe resulting polyelectrolyte layer is akin to planar brushes.
attached to planar or curved surfaces. These systems ha@eich systems can be generated by adsorption of suitable
attracted much attention recenfly] and have been the ob- block copolymers consisting of a hydrophobic and a poly-
ject of a great number of theoretical studigs-15]. The electrolyte block on latex particld26—28. Micellization of
thickness of the brush has been shown to result from a babuitable block copolymers may also lead to spherical par-
ance of the osmotic pressure of the counterions within théicles onto which polyelectrolyte chains are graffe8—31.
brush and the configurational elasticity of the chains. HenceMoreover, well-defined spherical polyelectrolyte brushes can
in the osmotic regime, i.e., at low concentrations of addece obtained by photoemulsion polymerizati@2,33.
salt, the chains may be stretched to nearly full length. At Compared to planar brushes, spherical polyelectrolyte
high concentrations of added salt the electrostatic forcebrushes are by far less well understood and the number of
within the brush are strongly screenglted brush In this  experimental studies devoted to these systems is rather small
limit the equilibrium structure of an uncharged brush is re-[26—28,33—-3% A comprehensive study of spherical mi-
covered. An important point to be considered in these syseelles having a charged corona has recently been presented
tems is the chemical nature of the charges: If the chargelsy van der Maarel and co-workef84—-36. These workers
affixed to the polymer chains depend on e, the system investigated spherical micelles by small-angle neutron scat-
is classified as an annealed brush. In these systems the fraering (SANS) including contrast variation. Their results
tion of charged monomers may also become a function of thdemonstrate that the counterions are mainly confined within
concentration of added salt and of the grafting density. In thehe brush. In the case of salt-free, fully charged systems the
case of quenched brushes, however, the chains are chargéidtribution of the counterions follows that of the segments
under arbitrary ionic strength amaH. forming the charged block35]. Addition of salt leads to a
Compared to the advanced theoretical understanding aharked shrinking of the brug86] in agreement with inde-
brushes, the number of experimental studies devoted to plaendent studie$28,33. To the authors’ best knowledge,
nar systems is much smallgt6—22 (see also Ref.1]). This  however, no systematic study of spherical polyelectrolyte
is due to the difficulty of generating a dense polymer layemrushes in the presence of divalent counterions has been pre-
on a well-defined surface. The experimental studies availableented. Moreover, no systematic comparison of quenched
so far, however, have corroborated the main predictions odnd annealed spherical brushes has yet been done.
theory[1] and planar brushes seem to be rather well under- Here we wish to present an experiment study on spherical
stood by now. polyelectrolyte brushes generated by photoemulsion poly-
If the polyelectrolyte chains are attached to core particlesnerization[32,33 (see Fig. 1 The systems studied here
of colloidal size, spherical polyelectrolyte brushes result thatonsist of a solid polistyrene (PS core onto which poly-
are akin to charged star polymég3,24]. Such systems rep- (acrylic acid (PAA) chains are grafted. In the course of the
resent ideal models for the study of stabilization of colloidalsynthesis of these particl€32] the polyelectrolyte chains are
particles by polymeric chain$25]. An additional length directly polymerized onto the surface. In this way a dense
scale, namely, the radilR of the core patrticles, is present brush is generated on the surface of well-defined, almost
that strongly influences the behavior of these systeniRidf  monodisperse core particles. The advantages of this synthe-
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TABLE 1. Properties of spherical polyelectrolyte brushes:
Quenched brushes.

Latex R (hm)? L. (nmP a(nm™?)° L./R

LQ1 105 131 0.041 1.25
LQ2 68 86 0.033 1.26
LQ3 68 108 0.039 1.59
LQ4 68 147 0.037 2.16
LQ5 72 159 0.027 2.21
LQ6 68 165 0.027 2.43
LQ7 54 141 0.031 2.61

FIG. 1. Schematic representation of the spherical polyelectrolyt%R ) :
brushes investigated herein. Two different types of brush are inveskadius of core particles. .
tigated here: quenched brushes where (styyenesulfonatechains ~_contour length of polyelectrolyte chains.
are grafted to the surface, and annealed brushes wher@apglic ~ °Grafting density of chains.
acid chains are affixed to the surface of the fdetyreng core
particles. The brush thicknedsis determined by dynamic light o, can be kept constant while changing the chemical nature
scattering and is a function of the ionic strenggtwithin the brush.  of the attached charges. Since all parameters are known the
c, is the concentration of added salt. precise data foRy deriving from DLS can be directly com-

) ) ) pared to current theoretical predictions in the literature.
sis are obvious: The radiuR and the surface of the core

particles is defined down to an experimental uncertainty of
ca. 1 nm. The contour length, and the grafting density . EXPERIMENT

(number of grafted chains per Ajncan be determined accu- |l particles investigated here were prepared by photo-
rately and used for a comprehensive comparison of theorgmylsion polymerization according to Ref82,33. The la-
and experiment. Moreover, a wide variety of water-solubleexes were purified by extensive ultrafiltration. The contour
monomers can be grafted onto the surface of the PS coresigngth| . of the grafted polymer was determined by cleaving
~ Two types of spherical polyelectrolyte brush will be stud- off the chains with a strong ba$d2]. The entire amount of
ied (see Fig. 1 (i) annealed brushes bearing a corona ofpss on the surface was determined by conductometric titra-
PAA chains, and(ii) particles bearing a quenched brushton. The amount of grafted chains and their length then yield
composed of polistyrenesulfonic acidPSS. As in our pre-  he grafting densityr. Details of the synthesis and the char-
vious study[33] we use dynamic light scatterin@LS) to  acterization are presented in RES3]. Table | gives a survey
study the overall dimensions of the particles in aqueous s the data pertaining to all quenched spherical polyelectro-
lution. DLS is ideally suited to investigate the particles be-jyte prushes under consideration here; Table Il gathers all the
cause it gives the outermost dlameter,_ i.e., the longest chaiRia for the annealed brushes used here for comparison.
determine the measured hydrodynamic radds A recent Dynamic light scattering was done using a Peters ALV
comparison oRy and radii determined by SANS and small- 4000 light scattering goniometer. DLS measurements at dif-
angle x-ray scatterin§37] conducted on uncharged latexes ferent pH and salt concentrations were done as follows. A
has shown clearly that the overall dimensions are obtamegi\,en latex was diluted by the appropriate salt solution to
most accurately by DLS.

It needs to be noted that no electrokinetic effef@s] TABLE II. Properties of spherical polyelectrolyte brushes: An-
need be invoked. As already discussed above, the charges &led brushes.
confined within the corona of the particlgg5]. This can also

be shown by direct measurements of the osmotic pressure ghtex R (nm)2 Le (nm)® a(nm™?)° L./R
the counterions of salt-free solutions of the spherical poly-
electrolyte brushef38]. Here it turned out that only a few L4 57 42 0.038 0.74
percent of the couterions are active, which corroborates the’ 105 123 0.018 1.17
earlier findings of Groenewegest al. [35]. Hence, the mea- L10 66 86 0.039 1.30
suredRy derived from the diffusion coefficient is directly L14 72 134 0.024 1.86
the outer radius of the particles. The same conclusion wakl15 66 134 0.052 2.03
drawn by Vaynberg and Wagner in a recent rheological-17 68 150 0.017 2.21
study of comparable systerh39]. L18 68 153 0.024 2.25
The present study aims at a fundamental understanding @ft9 54 131 0.025 2.43
strongly curved brushes. A comprehensive comparison of22 68 233 0.026 3.43
guenched and annealed spherical polyelectrolyte brushes wilb3 66 228 0.039 3.45

be given. For this purpose a corona of either PAA chains
(annealed brushor PSS chaingquenched brushhas been 2Radius of core particles.

grafted on PS core particles of the same diameter. Hence, &itontour length of polyelectrolyte chains.
parameters characterizing the particles, nam@j\,.., and  “Grafting density of chains.
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obtain particle concentrations of ca. 2 ppm. Hence, theondensatiof42,43. To a good approximation it can be
change of salt concentration of the system on adding thassumed that condensation takes place Ugdillg. In the
latex can be neglected. Measurements conducted at differefdllowing it will therefore be assumed that only charges
pH were done by adding small amounts of NaOH and NaCkeparated by a distantg will be effective; all other charges
to keep the overall salt concentration constant. phewas  are disregardeflL3]. From this the local ionic strengity, (in
measured by use of a microprocesgdt meter (pH 537;  molar unit3 within the brush is related to the salt concentra-
WTW, Germany. Water was purified by reverse osmosistion c, in the system by13]
(Millipore Milli-RO ) and subsequent ion exchangdilli-

ore Milli-Q). 1 nz 20, \?
p Q) CS:_E #an{lﬁ'( Pt )
L

2 i 26 NLCa
Ill. THEORY

1/2

: ()

wheren; is the number density of ions of specieg; is the
?/alency of the respective ionbl, is Avogadro’s numbere
is the unit charge, and=z, = —z_ because we assume a

A suitable approach to spherical polyelectrolyte brushes i
given by the modified Daoud-Cottdd0] model developed
by Hariharanet al.[13,27] to treat charged systems. In this , — ,
model the spherical polyelectrolyte brushes are described BjYMmetric electrolyte.p; is the average charge density
a sphere of radiuR onto which linear chains are grafted with Within the brush,

a grafting densityo. The average distance between the
chains is much smaller than the contour length of the chains.
The modeling of the chains is in terms of volume filling
blobs of cross sectiod that varies linearly with the radial
distance from the surface. In a good solvent the blob gize Equations(3) and (4) hence provide a relation between the
and the number of Kuhn segments per bidpare related to ionic strength within the brush and the experimental quanti-
the excluded volume parameterand the Kuhn length, of  tiesL, R, andc, for strongly curved systems. Although Eq.

3eRol,

le[(R+L)3—R%] @

;f:_zi ezn=

the chains through41] (4) is an approximation inasmuch as it assumes a uniform
distribution of the counterions, it seems to be a good choice
& s U vs for the descri_ption of spherical polyelectrol_yte brushes_
K“ N |—3 1) [13,33. A possible reason for the success of this approach is
K the fact thatcg can become much larger thag. It further-

more depends sensitively on the layer thicknkesas cap-
tured through Eq(3). Equationg3) and(4) seem to capture
5/3 LC(O'U>1/3 the essential effects of the problem at hand.

The layer thickness then follows §%3,27]

L
— 11 —_—

= =1+K (2 Having calculated the average ionic strenggtwithin the

R brush, it remains to model the dependence ahdl on the

local Debye lengthx ! which follows from the calculated
Cs. As outlined in Ref[33] different scaling laws connect-
ing the two parameters and ! may thus be introduced into

Ik

HereK is a constant of order unity. Equatié®) hence pro-
vides the relation between the brush thicknlessd the ratio
v/l . The limits of the validity of this expression have been

v R

13
|K|2) LC(|20_)1/3

: ©)

discussed in detail by Hariharah al.[13,27]. A prerequisite Ea.(3) and_ compared to experimental d4&8]. The previ-
for application of Eq(2) is that the blob sizé is larger than ~ ©US @nalysis of annealed stite[ﬁg] showed that the over-
the Debye length within the brush. This condition is well all depe_nsgence %/l on « - could be descrlb_ed best _by
fulfilled for the outer largest blobs at the limits of the sphere?/!~« "~ (model 2 of Ref[33]). As an alternative to this
that mainly govern the measured hydrodynamic ra@ys approach this ratio may be obtained directly from experi-
Equation(2) was shown to provide a good description for Mental data througfi3]
experimental data in the case of neutral brugi2é$ and for 5/3
spherical polyelectrolyte brushes in the presence of high con- (E+ 1) -1
centrations of added sdl83]. For lower ionic strength, how- R
ever, the Kuhn lengthy and the excluded volume parameter
v become explicit functions of the ionic strength. The result-wherel is the bare Kuhn length of the corresponding poly-
ing treatment can be summarized as follofs3]; see also €lectrolyte chain. Here the constaktof Eq. (2) has been
[33]). The counterions are assumed to remain in the brustgquated to unity. The ratio/l|* should hence be a univer-
This approximation is well supported by experimental find-sal function ofk 1 in the range where the electrostatic re-
ings[36,38. Hence, the charges of the polyelectrolyte chaingpulsion between the chains dominates the measured brush
within the brush are exactly balanced by the counterions. thicknessL.
In all cases to be discussed here the polyelectrolyte chains
are highly charged, that is, the distanke between two IV. RESULTS AND DISCUSSION
charges along the chain is smaller than the Bjerrum lehgth q 1L
(=0.714 nm in BO at 25°C). Hence, the present systems A. Dependence ol on pH
consist of strongly charged brushes. The strong interaction The general aim of this work is a comparison of quenched
thus inferred will be partially compensated by counterionand annealed brushes attached to spherical particles. The an-
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result for annealed brushes. The parameter of the different
curves is the salt concentration in the solutions, which was
adjusted with NaCisee Sec. )l It must be noted that theH
refers to the entire solution in which a minute amount of
particles is dissolved. The few ppm of particles present in the
solutions used for the DLS experiment do not shift phéin

a significant manner. Hence, immersing these small amounts
of particles in NaCl solutions leads directly péi~ 7. Since

a change of theH requires addition of NaOH or HCIl and a
concomitant increase of the ionic strength, however, the
availablepH range is more and more restricted when work-
ing at low ionic strength.

In the cases of quenched polyelectrolyteqroves to be
independent of th@H for all salinities. The PSS chains are

FIG. 2. Dependence of brush thickndssn pH in the solution  fully dissociated under all circumstances. The slight increase
for a quenched brush. The parameter of the data is the ionic strengtRl the lowest salt concentrations under consideration here
in the solution, which was adjusted by adding KCI. Crosséd; 1 (see filled squares of Fig.) 2s hardly beyond experimental
open squares, OM,; triangles, 0.0M; open circles, 0.00¥ ; filled uncertainty and will not be considered in detail. As expected
squares, 0.000d. The latex LQ4(see Table ) was used. from previous work{33], however,L is strongly dependent

on the concentration of added salf (see Fig. 2 and the

nealed system results if PAA chains are grafted to the surfacntire salt concentration must be kept constant carefully for
whereas a quenched brush follows from grafting PSS chaingll pH. The data shown in Fig. 2 may therefore be regarded
on PS coregcf. Fig. 1). In the following the dependence of as a test for the experimental method as well.
the brush thicknesk on thepH in the solution will be dis- Evidently, the titration curve of an annealed spherical
cussed, i.e., charges will be introduced into the brush byrush should be markedly differef20,33. This is indeed
titrating the essentially uncharged carboxyl groups of thefound and Fig. 3 demonstrates that the brush thickness
PAA. The hydrodynamic radiuBy has been determined by increases strongly with increasimgH. A low pH the car-
DLS for a carefully adjustegpH. The height of the brush boxyl groups of the PAA chains are virtually uncharged and
layer L then follows ad. =Ry —R. Since the polydispersity the chains are only slightly stretched due to their interaction
of the PS core particles is very sm@B3] this procedure with neighboring chains. At highgyH charges are gradually
leads toL without problems. Moreover, DLS gives very ac- introduced and the osmotic pressure of the counterions will
curate data foRy and the high dilution obviates the need for swell the brush more and more. The stretching of the chains
extrapolation to vanishing concentration. Hence, the datén the brush becomes more and more pronouced when the
thus obtained may be analyzed in a quantitative fashion anthe ionic strength in the system is lowered. Here as in the

0
0 2 4 6 8 10 12 14
pH

compared to the above theory.

Figure 2 displays the brush thicknds®btained for par-

case of quenched systelfsee Fig. 2the pH range in which
the transition can be studied is considerably smaller at lower

ticles bearing a quenched brush whereas Fig. 3 gives thienic strength, of course. At the lowest salt concentration

300

200

L [nm]

100

FIG. 3. Dependence of brush thicknésen pH for an annealed

v
@
O x

ulazn .2

0
0 2 4 6 8

pH

10 12 14

only a portion of the titration curve is available. All available
data demonstrate, however, that there is a strong stretching
of the chains at gpH of approximately 5. At low ionic
strength the PAA chains are stretched to nearly full length.
This can be seen directly from a comparison of the corre-
sponding data fok . andL (see Fig. 3.

The grafting-from method employed here to generate the
spherical polyelectrolyte brushes is a radical polymerization
that leads to polydisperse PAA or PSS chaiB8]. The
analysis shows that the polymerization leads to a most prob-
able distribution with the weight-average molecular weight
being approximately twice the number-average molecular
weight[33]. It is evident that this polydispersity may smear
out the transition shown in Fig. 3. It must be noted, however,
that all data referring to the contour lendth were calcu-
lated from the weight-average molecular weight. Since the
longest chains govern the measured hydrodynamic rdjius

brush. The parameter of the data is the ionic strength in the solutioiS€€ above and Ref37]) the discussion oL in comparison

which was adjusted by adding KCI. Crossed/lopen squares,
0.1M; triangles, 0.0M; open circles, 0.00d; filled squares,

0.000M. The latex L23(see Table )l was used.

to L. is well founded. Moreover, Fig. 3 demonstrates that
increases by about one order of magnitude on increasing the
pH. Compared to this marked stretching of the chains the
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FIG. 5. Plot of the reduced brush thicknég4 . as a function of
the degree of dissociation. The overall salt concentratiory, ad-
justed with NaCl is 0.0M. « was calculated from Eq6). Open
squares, L23R=66 nm, L,=228 nm, ¢=0.039 nm?; filled
circles, L7,R=105 nm,L.=123 nm,c=0.018 nnT2. See text
for further explanation.

FIG. 4. Local salt concentratiory within the quenched brushes
calculated as a function of the concentratmpof added salt. The
calculation ofcg was done by use of E@3). Open circles, LQ2 in
KCI solution; filled squares, LQ6 in KCI solution; open squares,
LQ6 in MgSQ, solution. The dashed line shows whege=c,. The
respectivel ., o, andR of these systems are gathered in Table I.

effect of polydispersity is small and may be dismissed in theapplied in this case to a good approximation. The dissocia-
present discussion. tion constantKg was approximated bypK,=4.6 for the

An important point for the quantitative discussion of thesegiven ionic strength of 0.0f44]. Figure 5 shows the reduced
data is the average ionic strengthwithin the brush as op- brush thicknesd./L. as a function of the calculated for
posed to the concentratiany of added salt. Figure 4 displays two different systems. The open squares refer to the same
the ¢ calculated for a quenched brush according to 8.  system used in the study bfas a function opH (see Fig. 3
It is obvious thatc, differs markedly fromc, in the osmotic  whereas the filled circles refer to a thin and sparsely grafted
regime, i.e., where, is very small. This difference is more prush. The increase df with increasinga is more pro-
pronounced for thin brushes than for systems with longhounced in the case of a low than in the case of a dense
grafted chains: Fig. 4 shoves calculated fromc, for a thin - prysh where the mutual interaction leads to significant elon-
brush(LQ2) and for a thick brushLQ6). In the latter case  gation of the chains already in the neutral state. In the case of
the effect of curvature leads to a stronger_ dilution for the|OWer o (filled circles in Fig. 5 the increase of. is nearly
long distances from the surface whereas thin brushes beha ?oportional tor whena>0.08(exponent=0.9). This dem-

nearly as pl_anar systems. The perlphery of ‘?.th'Ck brus nstrates the stretching by the osmotic pressure of the coun-
hence experiences essentially the outside conditions but the{e : : .
. ; , erions. Figure 5 also underscores the strong stretching at full
is a strong difference betweeary and cg for thin systems. issociation already discussed above
This point will be of considerable importance for subsequenfj y '
discussions. Moreover, Fig. 4 shows tlegtis much higher B. Dependence ot on ionic strength for quenched
in the case of divalent salts, which is directly obvious from and annealed brushes
inspection of Eq(3).

The data displayed in Fig. 3 do not allow determination of
the degree of dissociation of the carboxyl groups. The
point of inflection indicates only theH at which the osmotic

Having discussed the transition within annealed brushes
we now turn to a discussion of the fully charged systems. In
our previous investigatiof83] this state was reached by ad-

pressure becomes the dominating effect. A direct determina{l-JStlng at sufficiently highpH values in solutions of an-

tion of @ requires optical techniques that have been applie('i'he"“leol s%herical hbrgSheS' TP;]isdIimits the n;]inirphi value ind
to suitable planar brushes by Curigal. [19]. If the pH  that can be reached. Quenched systems, however, are inde-

within the brush is known exactlyy can be calculated from pendent of thng (s_ee the discussion of Fig).ZThgse Sys-
the dissociation constat, of PAA by [19] tems can be investigated down to the lowest ionic strengths

possible that can be attained by immersing the particles in

K purest water. Figure 6 displays the brush thickrie&sr two
a=——!) (6) guenched systems as a function of the concentration of added
[H"]+Ks salt. Here we assignet~ 10~ for solutions in highly pu-

rified water.

where[H*] denotes the local concentration of protons. In  The data demonstrate that the osmotic regime is indeed
general, the concentration of an ionic specigsinside a reached if the particles are immersed in solutions of monova-
brush is different from its outside concentration. The dis-  lent salt of the lowest concentration. Hetds found to be
cussion of Fig. 4 has shown, however, that this effect isessentially independent @f,. At higher concentrations of
small for thick brushes it,~0.01. Hence, Eq(6) can be added salt, howevel, starts to decrease rapidly. Depending
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FIG. 6. Dependence of brush thickndsn concentration of FIG. 7. Dependence of brush thickndsn concentration of

added salt for quenched brushes. Triangles, LQ5 in KCI solutiongdded salt for annealed brushes. Triangles, L23 in KCI solution,

L=159 nm, 0=0.027 nm?, L./R=2.21 (see Table)t open | =228 nm, ¢=0.039 nm?2, L./R=3.45 (see Table I\, open

CirCleS, LQ? in KCI SOlUtion,LC:14l nm, ¢=0.031 nm_z, squares, L7 in KCI So|uti0n’|_C:123 nm, 0=0.018 nrﬁz’

L./R=2.61(see Table) filled circles, LQ7 in MgSQ solution. L./R=1.17 (see Table I filled circles, L4 in KCI solution;L,
=42 nm,s=0.038 nm?, L./R=0.74(see Table .

on the grafting density, the curves ot as a function ot, ) ) _ )

may even intersect each other. This may be explained by the ©n the other hand, theH in the thin brushfilled circles
stronger mutual interaction at higherwhich is followed by in Fig. 7) _must be much smaller for the reasons !ndlcated
a less pronounced shrinking on adding salt. In the presenﬁiebove' This leads to a smaller degree of d_lssouahmnd

of the smallest amount of divalent Mig ions, there seems to ence to a smalldr. When monovalent salt is added, a non-

. : monotonic variation ol with ¢, is seen. This feature was
be no tyuly osmotic regime any Ilon.ger that extends over arE)redicted by Birshtein and co-workef8,11] and finds ex-
appreciable range af,. This again is expected and can be '

X X lanation in a partial replacement of the protons within the
E::"’;ng b(g;:]k to the much stronger screening by a divalent s trush by salt ions wheq, is raised. The increase of thp
Ly ' . . . thus effected leads to a higher dissociation of the chains an
Fi ?Jre 6 also points to the fact that the variatiorLofith h ff d lead higher di lati f the chai d
9 P a concomitant increase of the number of counterions in the

Ca CaNNoL be.captured In terms of a simple scalllng law. ThISorush. The increasing osmotic pressure then will lead to a
is a general finding for virtually all systems studied so far. Astretching of the chains. At still highez,, however, the
. a? 1

possible reason for this observation may be the fact that th igher ionic strength within the brush is followed by the
contour lengthL, is smaller than or of the same order of ecrease of. already observed for quenched brushes
magnitude as all other length scales in these systems, sugh To the authors’ best knowledge, this is the first oBserva-
as, eg.R Itis c_ertainly not a prol_alem of pqudispersity of tion of the anomalous salt effect bredicted some time ago
the_ g_rafted chains. As a_llready dlscuss_ed in Sec. IV A t.hef&ll]. We are not aware of any other experimental observa-
variation of L as a function of the pertinent parameters IStion of this effect. The absence of any extended region in
much more pronoun(_:ed _than any effect of polydispersity. which a scaling Ia.w can be applied, however, makes a quan-
Fi A d|f7fedr.enf be?r?w;)hr. Ilf eﬁgicted focrj fan?rt]a ale%.grus’htestitative comparison with the predictions of Ref8,11] dif-
\gure 7dispiays the thicknessneasured for thre€ ditterent g 4 s evident, however, that the subtle interplay of elec-
systems as a function of the concentration of addgdtgalt trostatic screening and the osmotic stretching of chains is
In all cases a monovalent sédKCl) was used to adjust, . correctly predicted by the theory
Here it must be kept in mind that the particles have been '
dispersed in either pure water or salt solution andpghlein
the system is approximately 7 for all experiments. For thin
brushed(filled circles in Fig. 7, however, the discussion of In the following the data obtained for quenched brushes
Fig. 4 has demonstrated that tip¢d within the brush is as well as for fully ionized annealed brushes will be com-
markedly different if the ionic strength is sufficiently low. pared to the simple model described in Sec[1B,33. For a
Only at highc, do we havec,=c. For the particles bearing givenL., o, andR the layer thickness is related to the ratio
chains with the greatest contour lendth (triangles in Fig.  of the excluded volume parameterand the Kuhn lengtlhg
7), however, the data directly reflelcttaken atpH~7 in Fig.  through EQq.(2). First the data taken at high ionic strength
3. The charges are mostly dissociated under these conditiomgll be discussed. The electrostatic interaction of the chains
and adding salt leads to a shrinking of the brush as observeshould be fully screened under these conditions @afg is
in the case of quenched brushsee the discussion of Fig. expected to be a constant. Moreover, the ratio of the ex-
6). In this case a behavior similar to that of quenched brushesluded volume parameter to the cube of the bare Kuhn
is expected and indeed observed. length,v/13, should reflect the solvent power of the salt so-

C. Comparison with the modified Daoud-Cotton model

051406-6



SPHERICAL POLYELECTROLYTE BRUSHES .. PHYSICAL REVIEW E 64 051406

4
v 1
.’ 8 -2
e 10°M
e = 10°M .
o & el oM Lk
@ <o O "
T : gﬁg,g © 3
:l 2 '..t ° £4 > ”
< | ¥ I
o ;
Sk
2
0 1 2 3
-1 3,173
0 0 ] 5 p p Lol <) "mR
L (6F)"/R i i i
c Gk) FIG. 9. Plot of the brush thicknedsaccording to Eq(2) with

the assumption that/l .~ « 3 (model 2 of Ref[33]). See text for
FIG. 8. Plot of the data according to E) for high ionic  further explanation.

strength. Here it has been assumed ttib¢ is independent of ionic

strength and is given by the value of the uncharged chains. Thpe concluded that the present comparison corroborates the

Crosses, PSS inM KCI; triangles, PSS in Bl KCI; filled circles, [33].

PSS in 0.M MgSQ;; filled squares, PSS in 0.0 MgSG,; hollow
circles, PAA pH~9) in 3M KCI; hollow squares, PAA gH
~9) in 1M KCI. See text for further explanation.

An even more sensitive test of the simple two-parameter
model may be achieved by a plot according to E). Here
v/l has been scaled Hy 2 to compare data deriving from
PAA and from PSS chains. The two chains are characterized
lutions for the polyelectrolyte chains under considerationgy different bare Kuhn lengths (PAA, |=1.5 nm [45];

here. Figure 8 shows the results. Given the various sources @iss | = 4.0 nm[45]). Figure 10 displays a plot of 10 sets of
error, a linear relationship is found that underscores the va-

lidity of Eq. (2). From the slope it follows that/I3~0.3,

which is an entirely reasonable value. It must be kept in o 1'107M MgSO,, PSS
mind that the rather concentrated salt solutions are rathe Z Hg-sm mggg“’ Egg
poor solvents for PAA and PSBI5]. Hence, the modified 10003 & 1.119°M Kol PAA
Daoud-Cotton moddlEq. (2)] captures the interplay of the B e PR
curvature, grafting density, and contour length in these sys- v 1102MKCI. PSS
tems. N o 110 MKCI, PSS
We next turn to the data obtained for quenched brushes a <* 100+ N Hg»sm ke P33
low ionic strength. Novw as well adx depends explicitly on >°
the ionic strength within the brusleg. This concentration
must be calculated by use of E). The comparison of 104
theory and experiment is therefore a test of two models at the
same time. In particular, the error in the various parameters
(L.,0,R) propagates throughout both calculations. Despite K
these problems the model given in Sec. Il is highly predic- 1 , ' '
tive. The only parameter that specifies the chemical nature o 0.1 0.2 0.5 1 2
the polyelectrolyte chains is the bare Kuhn length of the K
PAA or PSS chains. ) . .
Figure 9 displays a plot according to E(®) for data FIG. 10. The ratia/l ¢ obtained from experimental data accord-

obtained at low ionic strength from the quenched systemdnd 1 Ea.(5). The data shown here comprise both the quenched
i.e., from particles that bear PSS chains on their surfaceYStems(brush of PSS chainsand the annealed systertisrush
He;e the Debye Iengt}a_l has been calculated directly from consisting of PAA chains In the latter case the data refer to suffi-

: . . . I . ciently highpH to render the® AA chains fully charged. To ensure
Cs (see t_h3e dlsgussmn of Fig).4-rom Fig. 9 it '.S evident th.at a meaingful comparison of the two systems all data have been
v/lx~«k~>. This has already been found in the previous

. . ~“scaled by the reciprocal square of the bare Kuhn lenhgth the
study of annealed spherical polyelectrolyte brushes in Wh'CI?espective polyelectrolyte chains. Both monovalent counterions

different relations ob/l and « ! were discussed. The best (particles dispersed in KCI solutionand divalent counterioripar-
fit was achieved by model 2 of Reff33], which assumes ijcjes dispersed in MgSgsolutions were used. As the independent
v/lg~«3 (see the discussion of Fig. 8 of R¢B3]). We  variable the Debye lengtk~* within the brush was usea ! was
reiterate that the present discussion relates only to ex-  calculated fromcg, the ionic strength within the brush obtained
perimental values; no conclusions can be drawn with regar¢tom Eq.(3). (See also the discussion of Fig) Zhe line shows the
to the dependence ofor of |, on x 1, of course. It can thus fit of v/l,~« 2 to all data displayed here.
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data obtained under different salt concentrations and valerento which an annealed brufoly(acrylic acid chaing or a
cies of the added salt. Only data obtained at lower ionicquenched brusfpoly(styrenesulfonic acidchaing has been
strength are presented, wher8  is expected to be mainly grafted. The dependence of the brush thickriees pH and
determined by« 1. Each data point refers to a system char-on the concentration of added sejthas been studied. In the
acterized by a giverL., o, andR. Since the ratioL,/R  case of annealed polyelectrolyte brushes the transition from
determines, through Eq.(3), differentx ! are obtained for nearly neutral to the fully charged system can be studied by
the samec,. Hence, the entire comparison is highly sensi-change of thggH. Depending on salt concentration, a rather
tive toward the parameters introduced into the calculation ofharp stretching transition is seen. All data pertaining to the
v/l and of k1. fully charged state can be described in terms of a modified

Figure 10 demonstrates that within the limits of error all Daoud-Cotton moddl13] that captures the effects of curva-
data follow a master curve given hyl«~« "2 (the line in  ture, grafting density, contour length of the grafted chains,
Fig. 10. Also, the data obtained in the presence of the divaand concentration of added salt. Moreover, the ratib
lent counterions M§" seem to be well described by this was found to be a universal function of the Debye length
relation. It is thus evident that E@5) together with Eq(3)  within the brushk. Hence, data at lower ionic strength can
provides a valid description of all data obtained at ionicbe described by/Ic~ 2 as shown in Fig. 10.
strength low enough to render the electrostatic repulsion be-
tween the grafted chains the dominant effect.
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