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Titration of methacrylic acid/ethyl acrylate copolymers is studied experimentally and theoretically. At low
salt concentrations, this polyacid exhibits a plateau in the titration curve below the neutralization point. The
plateau has often been attributed to a first-order phase transition associated with polymer conformational
changes. We argue that the specific shape of titration curves of hydrophobic polyelectrolytes is due to
electrostatics and does not necessarily require a conformation change of the polyelectrolyte chains. We calculate
the free energy at the mean-field level and its first-order (one loop) correction using a loop expansion. The
latter is dominated by DebyeHuckel-like charge-charge correlations as well as by correlations between
dissociation sites along the polymer chain. We show that the one-loop corrections to the free energy lead to
titration curves that agree with experiments. In particular, the model explains the decrease of the pH at the
plateau when the polymer concentration is increased or when salt is added to the solution.

I. Introduction detailed balance. The ionization degree determines the effective
amount of charge on the polyelectrolyte chain, and it depends
on the pH of the solution. At low pH the polymer is weakly
charged, whereas at high pH a larger fraction of monomers are
dissociated and the polymer charge saturates to its maximal
alue. The most visible consequence is the solubility in water:
ydrophobic polyacids can become water-soluble at high enough
pH, where the polymer charge is strong enough to overcome

backbone. This hydrophobicity induces an effective attraction the chain hydrophobicity. In contrast to low-molecular-weight
between monomers which competes with the Coulomb repulsion2€idS, the charged groups of polyacids are correlated as they
between charges. As a result, hydrophobic polyelectrolytes &€ linked together along the chain. Indeed, the dissociation of
exhibit complex behavior including conformation changes, ©n€ acid group is correlated in a complex way to the position
macro- and mesophase separation, self-association, and aggreg&'d number of other charged groups on the chain. As a resull,
tion 4—6 when the amount of charge on the chain varies, the chain
Despite considerable theoretical and experimental effort, many conformation is affected and in turn influences the dissociation
questions remain open. In particular, the role of the coupling ©f other groups:>”8Studies of the interplay of these competing
between hydrophobic attractions and long-range Coulomb €ffects _ha\gt_elz?ytracted a large amount of experiméritaand
interactions on the physicochemical properties of polyelectrolyte theoretical*~*#interest. Additional motivation for these efforts
solutions is not fully understood. In this paper, we consider the IS related to the use of water-soluble polyelectrolytes, particularly

In recent years the search for environment-friendly materials
has promoted the development of numerous water-soluble
polymer applications. Polymers can be made water-soluble by
making them compatible with the strong polar environment of
the aqueous media, e.g., by introducing either charges or stronq‘q’
dipoles on the chains:3

Most charged polymers (polyelectrolytes) have a hydrophobic

role of such Coup"ng in solutions of weak po|yacids_ alkali-swellable pOIymerS, in many industrial applications, such
Weak acid monomers (denoted HA) can undergo dissociation @s the coating, food, and cosmetic industtfes.
of the type An elementary and widespread experimental approach to
characterizing polyacids is to perform titration experiments. In
HA=H"+ A~ these experiments, a strong base such as NaOH is added to a

solution of weakly charged polyelectrolytes. The pH of the
where A" is the charged monomer attached to the backbone, solution and the equilibrium dissociation depend not only on
while the dissociated Hcharge dissolves into the solution. The  the amount of added base (as for ordinary a¢fjibut also on
dissociation/association is an equilibrium process satisfying the polyelectrolyte concentration and the presence of-&Hit.
The overall shape of the titration curve depends on the nature
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titration curve shows a large plateau where the pH is almost wherey varies between zero (no added base) and infinity (large
constant before the neutralization point is obtained. It has beenbase excess). It is also useful to define the degree of ionization,
argued in the literature that this plateau could be associated witha, of the acid
a first-order phase transition between collapsed and swollen
states of the polyacid chaifig? B [AT] _[A7]
In this paper we show that this peculiar shape of the titration a= - fc ()
. . . : [HA] +[AT] m
curves can be explained without relying on conformational phase

transition of the polyacid chains. By including the effect of \yhere [A~] and [HA] are the concentrations of dissociated and

correlations of charges along the chains in the free energy, wenondissociated monomers, respectively. This degree of ioniza-
calculate titration curves that show a behavior similar to the tjon js related to the pH= — logyo ¢ of the solution via

curves obtained in experiments. In particular, we explain how
the pH depends on the polymer concentration and the amount o
of added salt. This dependence is special to polyacid solutions PH = pK, + 109, 1—a (3)
and is much weaker in monomeric acid solutions.

The paper is structured as follows: in the next section, the In addition, because of charge neutralityandy are related
mean-field free energy, its one-loop correction, and the resulting via
titration equations and curves are presented. The experimental

measurements of the titration of methacrylic acid/ethyl acrylate [H]—-[OH]

(MAA-EA) copolymers are discussed in section lll, and the &= +T (4)
comparison between theory and experiment is presented in

section IV. The full formalism relying on a field theoretical The conservation of mass implies the following relation
approach will be presented in a forthcoming publication. between the ion concentrations:

Il. Theory Cna = Cg Tt Cq

We present first the free energy leading to titration curves of
weak polyacids in the presence of added salt. Our system
consists of four dissociating species: water, methacrylic acid
monomers (denoted HA), NaOH titrating base, and NaCl salt.
The dissociation reactions are written as:

Note that the Ci ions come only from the salt, whereas the

Na" ions come both from the base and the salt. Similarly, the

OH~ ions come from the dissociation of water and base, whereas

the H ions come from the dissociation of water and monomeric

acid.

H,0= H" + OH" A. Fr_ee Energ_y. We e>_<pand the full free energy in a loop
expansion retaining the first two orders: = Fo + AF, where

Fo is the mean-field term andF is the one-loop correction.

—yt -
HA=H" +A This expansion is valid provided that the concentrations of the
n _ various species present in the solution do not have strong

NaOH— Na" + OH fluctuations. This condition is satisfied in the experiments
" _ described below because the polymer concentration is above
NaCl—Na" +Cl the overlap concentration (semidilute or concentrated regimes).

. . . . . As will be seen in sections Ill and IV, in the experiments the
The partial dissociation of water and acid monomers is O : R
polymerization index isN = 10% and the monomer size is

accompanied by an energy cost associated with breaking the - -
molecular bond. They are denoted &sand Ao, respectively a=5A. We estimate the overlap polymer concentration to be

* ~ 6 R -3 ; ; ;
(in units of the thermal energysT), and they are related to the ¢ 1c_r A. (1.6 mM). This estimate roughly_ agrees W'Fh
X - . K - that of viscosity measurements on dilute and semidilute solutions
mass action law? as will be detailed below. Because NaOH is

* o~ 5 21 i i
a strong base, it is fully dissociated. Similarly, the salt is fully V\r/]herec 10™g/g (0.1 .mM). Be%ause n tTSOeXp&”m%mls
dissociated. the monomer concentratiorts, vary between mM an

. . . - mM, corresponding to concentrations of roughly610~* to

The polymer used in the experiment is a statistical copolymer 6 x 105 A-3, we are always in the semidilute or concentrated
composed randomly of two monomers: methacrylic acid and regime, cn > ,c* Below we discuss the two terms of the free
ethyl acrylate. The total polymerization index is denotedNas energy’separatély
A fraction (f = 1/3) of the monomers are composed of the 1. Mean-Field Flree Energyin a separate work, the mean-
methacrylic acid, i.e., they are ionizable. Because the Chargedfieloi free energy (per unit volume and in unitsk@ﬂ')’ is shown
monomers are distributed uniformly along the chain, we assign to be
a partial chargefe, to each monomer (“smearing” the charges
along the chain). Note thde is the nominal charge of each c
monomer, whereas the actual charge is related to the partialg g — _m(|og c.w,—1)+ ¢ (log cow; — 1)
dissociation of the acid monomers. ° N e szY(;’ ’ a

Na,Cl
The concentration of monomers in the solution is denoted v w
cm, and the concentrations of the small ions are denatgd — =7+ —Cp = gl — (Con — Ca)A;
CoH, Cna @ndcei. 2 6
The base concentration added to the solution is denmed —(cy + g — Cop)A, + (Cy + Cg — Cop) Begy
. X o . ;
and its ratio to the MAA monomer concentration is defined as —fc, log(1+ e/erpo) (5)

the degree of neutralizatiop

This energy turns out to be identical to the usual FHdruggins
5 1) free energy of polymersolvent mixtures. The factor N/in
fc, the first term accounts for the reduction of translational entropy

Cs
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of chains of N monomers. The second term represents the The Debye functiohD(y) entering eq 7 is given by

entropy of mixing of the small ions. The parametgris the
molar volume of thg species. The next two terms represent
the short-range monomemonomer interactions. The hydro-

phobic effect is modeled by an attractive second virial coefficient

v (having the dimension of volume) and a repulsive third virial
coefficientw (having a dimension equal to volume squared)

e"’n— 1) (12)

In addition to the small ion contribution to the electrostatic
screening, eq 9 includes a term proportionah(d — A), where

D(y) = 5(1 +

introduced to avoid collapse of the chain. The next term Ais defined in eq 11 above. This term accounts for changes in

represents the chain conformational entropy, whierés the

the dissociation degree of monomers depending ondbal

conformational entropy per monomer of a free Gaussian chain. electrostatic potential and represents the screening due to the

The following two terms represent the energy cost of

dissociated monomef22t is proportional to the charge density

dissociation of water molecules and acid monomers. We define of dissociated monmers, i.€.,Acy. In addition, screening is
by A the energy loss for each dissociation of a water molecule due to mobile ions and to monomeric ions that can move (by

H,O=H"+ OH"

and by A, the energy loss for each dissociation of an acid
molecule

HA<=H"+A"

The number of OH ions coming from dissociation of water

association/dissociation) only along the chains and not in the
entire volume of the solution. Therefore, in the above term there
is also a factor (- A) accounting for the fraction of available
sites along the chain. For example, if all monomeric ions are
dissociatedA = 1, the ions cannot move (by further dissociat-
ing) along the chain and do not contribute to the screening.
In our model, the concentratios,, Cci, andcy, are fixed by
the amount of NaCl salt, NaOH base, and polymer in the
solution, whereas the concentrations of dissociateahti OH

molecules is equal to the difference between the total numberions depend on the degree of dissociation of water molecules

of OH™ ions and those coming from the NaOH base. Similarly,

and acid monomers (through the electrostatic potegfigl, Thus

the number of dissociated acid groups is equal to the difference Con, andgyo are variational parameters, determined by the

between the total number of'Hions and the number of H
ions coming from the water.

requirement that the free energy= Fo + AF be an extremum.
In titration experimentsy can be monitored directly through

Finally, the last two terms account for the electrostatic energy, the pH of the solution.

@o being the electrostatic potential in the solution. The first of

3. Simplified Free EnergyTo better understand the main

these terms is the electrostatic energy of the small ions, andcontributions to the correctiofiF, let us return to the expression
the second is the electrostatic free energy of partially dissociatedfor 2(d), €q 7. First, we note that the Debye function is bound

monomers?

2. One-Loop Correction to the Free Energhhe one-loop
correction to the mean-field free energy will be presented
in detail in a forthcoming publication. It is obtained by

integrating over the quadratic fluctuations of the concentration
fields. The correction term to the free energy is given (up to an

additive constant) by

d’q
(2)°

pAF =2 [ Tjog 3(q) (6)

2(g) = [1 + (wg, — 2)c,NDI(d” + %)
+ 47l4f °A> ND()c,,, (7)

_1:,
n—6aq N

)
where the DebyeHiickel screening lengths~1, depends on

the total concentration of small iorg, and the effective charge
of the chainfA(1 — A)cm:

K% = 4nly(c, + AL — A)c,) = 4l Coy (9)
G =CytCoyt gt 2cy
=Cyt Cont Cnat Co (10)

The Bjerrum length idg = e¥ekgT = 7A. The dissociation
fraction of the acid monomers is given by

giero

Ao -

between 0 and 1 (see also eq 27). For typical values of the
physical parameters (see also section V)

v=25R° w=100A°
N=10" ¢,=1mM (13)

it is easily seen that for long chainld & 1), the Debye function
can be approximated BWD() = 12/a%g?, and
lwe,, — v|c,ND() < 1 (14)

Thus, the effect of the solvent quality is small and will be
neglected in this section.

AF = H’ﬁ log[e? + % + 7] (15)
27 (2n)°
where
z = 4nl,f ’A°ND(z)c,, (16)

For the same range of parameters, eq«#3% z, andAF can
be expanded to first order iy AF = AFy + AFi:
d*q

1
2F0=2/ oy

The integral can be calculated by including a cutoff at lagge
which cancels out the Coulomb self-energy, yielding

log[q® + «7] (17)

3
K

AFOZ_E.[

(18)
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This result is the well-known DebyeHiickel correlation
energy of an electrolyte. The correctidif; is given by

-1

~ =

[l B — )

C (19)

m

a2
This correction is due to correlations along the chain between
dissociated monomers, as can be seen from the following simple

argument. Consider the screened electrostatic interaction be-

tween charged monomers on a single infinite chain. For a
specific chain configuration, the Coulomb energy per monomer
is

f2A%?

— e i
Z) €lr;l

wherer; is the spatial distance between jtve 0 monomer and
anotherj = £1, £2, ... monomer. For an infinite Gaussian
random walk, the typlcal (most probable) distance between &
monomers is given by

(20)

2j[1r2 )
;O ’5’ a j>1 (22)
Assuming that; can be approximated Hy;Cin eq 20, and that
ka<< 1, the sum oveycan be replaced by a continuous integra
leading to eq 19.

B. Titration Equations. The free energy depends on the
species concentration€op, Cna, CH, Cm, @andce. However, the
concentration of monomers, Nand CI is fixed by the amount
of polymer, base and salt added to the solution. On the other
hand, the concentration offHand OH- ions is determined self-
consistently by minimizing the full one-loop free energy=
Fo + AF, egs 5 and 6, with respect t, and con, @o. The

Borukhov et al.

expression (12), the above form has the right behavior both at
small and large values of. Within this approximation, the
integrals are given by

1 RCru 2+ A+ 1*+u

l, = 28
! 2nR? S (e o 3 (28)
1
l=— 29
2 2.7IR2(K+ + ) (29)
where we have used the notation
7 = NG, (wg,, — v) (30)
u = 4l ;ANf %c,, (31)
R® = Na/6 (32)
and
k2= Rz(/l +1 + P+ 1 — RGP — 2uR2)

(33)

Note that in eq 28 we have omitted a term, equalt@r?,
which exactly cancels the Coulomb self-energy.
Equations 22 and 23 can now be recast in the form
CiCop = 10 M g el (34)
which shows the change induced by fluctuations on the water
dissociation constant and
1-A 10 PKa g2l

ey = (35)

resulting equations of state determine the dependence of the

pH of the solution on the other system parameters.

log(Cwy) + fepy — fA, + 27l =0 (22)

— Pego — PAL + fA, + 27lgl, =0 (23)
Cy T Cg — Coy — fCA
+ 2rlgfc, A(l — A)[(1 — 2A)l, + 2ANfl,] =0 (24)

log(Conwor)

where the quantitie, andl, are defined as:

A Kedk 1+ Ney(we, — v)D ()

o 2w 29)
A K2dk D(7)
2= [y 22 3 (20)

and A is a short distance (largg cutoff.

With the full expression (eq 12) of the Debye functiofy),
the integrals in eqs 25 and 26 cannot be performed analytically.
However, for the values of the parameters used in the experi-
ments, namely polymerization inded ~ 10* — 10° and
monomer lengtta ~ 5 A, it is possible to use a simplified form
for the Debye function:

D(y) = @7)

1
1+ n/2

As can easily be seen by comparing eq (27) with the exact

These two equations, together with eq 24, which expresses
charge neutrality at the one-loop level, are solved iteratively.
The numerical solution is obtained by using the mean-field
values as a starting point for the iterations, and convergence is
usually achieved after a few iterations.

C. Structure Function—S(q). In scattering experiments, the
structure functionS(q) is readily obtained. It is related to the
Fourier transform of the various densitgensity correlations
in the sample. For example, we can regard the monemer
monomer correlations

Sa) =

Because the one-loop expansion takes into account Gaussian
fluctuations, it can also be used to calculate the structure
function®1422The result is

[Dc(aoc,(—a)c, (36)

f 2A247l
qZ 4 K2

+we.2— e +
ND(y)  om T om

S = 37)

The inverse structure functioB-1(q) is the energy penalty
associated with density fluctuations at a wavenumipeA
minimum in S73(q) corresponds to the strongest fluctuating
wavenumberg*. As a result, incoming radiation at this
wavenumber interacts most strongly with the sample, and a peak
appears in the structure function (and, consequently, in the
scattering intensity).

An instability appears wheB-1(q) vanishes, corresponding
to a divergence of the peak in the structure function. When the
instability appears at a finitg = g* the system undergoes a
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Figure 1. pH plotted as a function of the degree of neutralizatiowith no added salt. In (a), the experimental titration curves are shown for
different polymer concentrationsy, = 1 mM (107 g/g), full circles;cm = 10 mM (1073 g/g), full triangles;c, = 100 mM (102 g/g), full squares.
The open circles denote the titration curve of the monomeric MA&-at 100 mM (102 g/g). In (b), the theoretical results are plotted for the
same polymer concentrations;, = 1 mM (dotted curve)rm = 10 mM (short dashesgn = 100 mM (long dashes). The solid line corresponds
to the mean-field solution (no correlations and no connectivityfor 100 mM. It reproduces nicely the conventional monomeric titration curve.
The polymer parameters we take a@= 5 A, f = 1/3, and K, = 4.5.

mesophase separation and becomes spatially modulated. Ifdepending on the polymer concentration. Upon neutralization,
however, the instability is afj = 0, the system undergoes a the methacrylic acid is neutralized and repulsive forces due to

macrophase separation. In our case this occurs when the negative charges cause the chain to expand, resulting in the
progressive solubilization of the polymer chains. As a result,
, 1 f2A%C, the solution becomes transparent and its viscosity increases. In
UGy = WGy~ + N + Cor (38) the following, we shall characterize the neutralization of the
(5]

polymer chains by the degree of neutralizatigns= cg/(fcy),
which is the ratio of the added base to the available acids groups.
Titration experiments are performed using a pH meter (Metrohm
691) with a combined glass electrode. The measurements are
Il. Experiment made at 20°C with constant stirring under a nitrogen atmo-

) sphere. In parallel, the conductivity of the solution is measured
A. Preparation of Samples.The copolymer polyelectrolyte (Metrohm 712).

chains used in this study are prepared by standard emulsion’ theo measurements reveal that all small ions present in
polymerization technique; us!ng neutral ethyl acrylate (EA) gqytion are free and contribute to the conductivity. This was
monomers and methacrylic acid (MAA) monomers. The meth- checed at differeng values by changing the polymer concen-
acrylic acid is a weak acid withify = 4.5. The weight fraction  ration. The measured conductivity is the exact sum of the
of MAA in the copolymer is equal to 0.35, taken to be 1/3 conductivities coming from the Naions (whose concentration

in the theoretical section. The emulsion polymerization is 5 known from the amount of added NaOH base) and the H
performed under starved monomer conditions. Under these nq oH ions (known from the pH), whereas the small

conditions, the MAA and EA monomers are evenly distributed .,htribution of the polymer is negligible. These conductivity

along the polymer chain. From size-exclusion chromatography, measurements demonstrate that the distribution of small ions
we have estimated the molecular weight of the chains to be of jg homogeneous in the solution, and no evidence for the Donnan
the order of 10daltons, corresponding to a polymerization index effect and counterion condensation is observed.

of N = 10*. Because neutral MAA-EA copolymers are insoluble
in water, a suspension of latex particles, each consisting of many
MAA-EA chains, is obtained at the end of the synthesis. The
precipitate is carefully washed by ultrafiltration to remove In this section we present the experimental results for the
surfactants, unreacted monomers, and initiators. This cleaningtitration curves of MAA-EA copolymers and compare them with
procedure is stopped when the resistivity of the water flushed the theory of section Il. Figure 1(a) shows the titration curves
through the separation membrane is that of pure water (18.2measured for different polymer concentrations. They differ
MQ/m). The solid content of the stock solution is then substantially from the titration curves of monomeric methacrylic
determined accurately by drying and weighing. acid (MAA). Methacrylic acid in aqueous solution has the
B. Titration Measurement. Polymer solutions at different  typical behavior of a weak monomeric acid. The pH increases
weight concentrations are prepared by mixing weighted amountsmonotonically withy, takes the valuek, = 4.5 fory = 0.5,
of the stock solutions with deionized water. The solution is and then jumps near = 1. By contrast, the titration curves of
carefully degassed with nitrogen to prevent dissolution 05.CO MAA-EA copolymers exhibit the following behavior: in the
Each of the polyelectrolyte solutions is neutralized by a NaOH range O< y < 0.2, the pH increases sharply to a plateau value
solution with a molar concentration ranging from 0.1 to 2 M which remains nearly constant up o~ 1, where the amount

Recall thatces and A depend on the pH and the degree of
neutralization.

IV. Results: Comparison of Experiments with Theory
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Figure 2. pH plotted as a function of the degree of neutralizatipnfor different amounts of added salt. The experimental values in (a) are
compared with the theoretical ones in (b). The polymer concentratiop is 1 mM (10~ g/g). The concentration of NaCl in the solution is

cnaci = 0 M (open circles/solid line), 1 mM (full circles/dotted curve), 10 mM (full diamonds/short dashes), and 100 mM (full squares/long dashes).
The theoretical curves are calculated using the same parameters as in Figure 1.

of added base equals that of the monomer (neutralization point).monomer size), we do not try to fit the experimental titration
The jump of the pH fory < 0.2 is associated with a swelling  curve. Rather, we note that the corresponding theoretical curves
phase transition of the latex particles, i.e., a change of look very similar to the experimental ones, demonstrating the
conformation of the chains. A similar phenomenon has been same type of plateau for low and the same trend with the
observed during the titration of pure poly(methacrylic aéfd). monomer concentration.

Let us mention that it is possible to calculate the swelling  Figure 2 shows the effect of adding a monovalent salt (NaCl).
transition of the polymer as a function of monomer concentra- The overall shape of the titration curves remains unchanged.
tion, cm. This can be done by minimizing the free energy with However, the value of the pH at the plateau decreased upon
respect tocy (in addition to the other annealed degrees of the addition of salt, whereas the pH forz 1 is essentially not
freedom discussed above). Any nonconvexity of the free energy dependent of the salt concentration. This indicates that neutral-
signals the existence of a polymer precipitate in excess water.ization of the carboxylic groups carried by the chains becomes

In Figure 1 several titration curves are plotted for different easier as the ionic strength is decreased. As the Coulomb
concentrations of the same MAA-EA copolymer. As the interaction is screened by the salt, less correlation occurs
concentrationcy, increases, the jump in the pH at ~ 1 between charged groups along the chain when their distance is
increases. Note that the deviation between the pH of the MAA larger than the Debye length. Therefore, monomers separated
monomeric acid and the MAA-EA copolymers,{= 100 mM by distances larger than the Debye length can dissociate
in Figure 1) is large in the plateau region € 1). On the other independently from each other. For 1, almost all the charged
hand, the deviation is quite small for> 1 when the acid is groups on the chains are dissociated; thus, the salt has no effect
almost completely dissociated. The value of the pH at the plateauon the pH. The comparison between experiment and theory is
depends strongly on the polymer concentration: the larger the presented in parts (a) and (b), where a good agreement can be
cm, the lower the plateau. It is surprising that even though MAA- observed. Note the larger deviation from the experimental results
EA copolymers contain carboxylic groups, the plateau value of for zero salt concentration.
the pH belowy = 1 may be neutral or even greater than 7. In Figure 3, the plateau value of the pH is plotted on a semilog

This difference in behavior between the MAA monomers and plot as function of the ionic strengthy = cna + cq + Co +
MAA-EA copolymers might be associated with a complex con. The plateau value of the pH is takensat= 0.5. It is
structure of the MAA-EA copolymer foy < 1. Collapsed interesting to note that the different points taken at various salt
microdomains may exist on the chains because of the competi-and base concentrations collapse on a single curve. This result
tion between the hydrophobic attraction and the Coulomb indicates that the pH is dominated by electrostatic effects and
repulsion. The plateau region suggests the existence of suchot by conformation changes of the chains. When the ionic
collapsed microdomains along the chains. f#er 1 the chains  strength increases, the fixed charges carried by the polymer are
are in a swollen state, and their behavior resembles that of ascreened and the energy associated with the dissociation of a
monomeric weak acid. carboxylic group decreases.

In Figure 1(b) we plot for comparison the titration curves as  This behavior can be characterized semiquantitatively
calculated from the theory. The titration equations presented in by noting that wheny = 1/2, the pH is much higher than
section I1.B are solved numerically by an iteration procedure, the K, The mean fieldy obtained fromFg is y = A +
starting from the mean field values as the first iteration and (con — cm)/(fcm) — 1, whereas the correction fo(beyond mean
including the corrections of the second iteration. field) is close to 1/2. To first order in 28" the plateau value

Because there are a couple of unknown physical parameterscan be obtained from the simplified free energy, section 11.A.3,
(such as the second and third virial coefficientsy, and the and reads
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Figure 3. Semilog plot of the pH at the plateau as a function of the ionic strength. Comparison between experimental results (a) and theoretical
calculation (b). The experimental measurements are plotted in (a) as function of the total amount of sn@llTtesppen circles give the pH of

salt-free solutions at different monomer concentrations extracted from

Figure 1. The full symbols give the pH of solutions with increasing amounts

of added salt:c, = 1 mM (10 g/g), full circles; anct,, = 100 mM (102 g/g), full triangles. The data collapse indicates that the pH depends only
on the total ionic strength. The theoretical results are plotted in (b) as a funct@n®sfc, + fA(1 — A)cy using the same parameters as in Figure
1. See text for details of the approximations made in the calculation. The long and short dashed lines in (b) with3bpad—1/2, respectively,

are explained in the text.

2 -3 -1

2l lgre
PHolateau= PKa 1 109, 0| klg + 247f “ C,; 2 + 24f Z
(39)

Recall thatx depends on the total concentration of ions in the

system through eq 9. The above expression is used for the plot

of the solid curve of Figure 3b, where the pH of the plateau is
shown as a function of the effective ionic strenggh defined

in eq 9. In this regime, the difference betwesf andc is a
small correction of the order 26—PH,

Equation 39 exhibits three different regimes depending on
the relative importance of the various contributions to the
logarithmic term. In each regimey has a different power-law
dependence on the total ionic strength= ¢, + f A(1 — A)Cn,
leading to different slopes in Figure 3. At low ionic strength,
the second term dominates andl] ce*2 (long dashed line in
Figure 3b). At intermediate ionic strength, the last term
dominates anady O ce? (short dashed line). Finally, at high
ionic strength (beyond the experimentally accessible values),
cq O Cer 12

In Figure 4 the effect of polymer concentration and ionic
strength orS(q) is shown. The structure function is calculated
at the plateau regime where = 1. The dependence on the
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Figure 4. The structure functior{q), as function of the wavenumber
g. The structure function is calculated at the plateau of the titration
curve whereA = 1. The physical parameters used in the calculation
area=5A, v=25A3 w=100 A5, N=10%, f = 1/3 and K. = 4.5.
The monomer concentration &, = 1 mM, and the effective ionic

controlled system parameters (the pH; the salt concentration;sirength iscer = 0.01 mM (solid line),cer = 10 mM (dotted curve),

and the degree of neutralizatiop) is taken implicitly into
account incesr. At low values ofcer, the structure function
exhibits a peak at finitg] corresponding to the most favorable
density-density fluctuations. Ase increasesyg—0) increases

and cer = 100 mM (dashed curve). In the inset, the effective ionic
strength is fixed ater = 1 mM, whereas the polymer concentration is
varied: ¢, = 1 mM (solid line),cn = 10 mM (dotted curve), and
Cn = 100 mM (dashed curve).

until the peak af| > O disappears. This increase is accompanied numbers (smaller length scale) at higher concentrations, similar

by an increase in the osmotic compressibility of the solution. to the correlation length of polymer solutions that decreases
The effect of varying the polymer concentrationat a fixed with increasing polymer concentration. A similar behavior has

Ceif is depicted in the inset. The peak is stronger at lower polymer been observed in scattering experiments performed on a

concentrations, indicating that fluctuations become considerably polybase derivative of poly(thioethe®.

stronger at lower concentrations. This effect agrees well with ]

the titration curves shown in Figure 1. Indeed, at low polymer V- Conclusions

concentrations the shift in the titration curve is stronger than at We have presented an experimental study of the titration of

high concentrations. The peak position shifts to higher wave- weak polyacids by a strong base. Our experimental findings,
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