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Abstract 

The effect of temperature on the effective charge numbers and diffusion coefficients of polyelectrolytes has not been dealt with in 
many studies. The present study concerns the temperature behavior of lignosulfonate. Lignosulfonate is a polydisperse polyelectrolyte 
whose molecules are compact spheres in aqueous solutions. One of its most remarkable properties is that it loses its charge in 0.1 M NaC! 
aqueous solution at about 40°C. In order to explain this charge-discharge transition, a theory for ion binding to spherical polyelectrolytes 
based on the relative population of two hydration states of the charged groups is presented. The water molecules adjacent to the charged 
groups are assumed to be arranged in two hydration shells, a tightly bound inner shell and an outer shell which is necessary for the group 
to keep its charge. The theory incorporates the ideas of the so-called "n-states" models employed in the study of biopolymers and 
membrane ionomers. The classical approaches describing ion association in electrolyte solutions consider the solvent as a dielectric 
continuum, and cannot explain the sharp transition of the charge number with temperature. Since many macromolecules of biological 
importance (e.g. globular proteins) behave as spherical polyelectrolytes, and since their effective charge numbers determine their 
physicochemical properties in solution, the theory considered here could also be of utility for describing temperature effects on counterion 
binding in spherical macromolecules other than lignosulfonate. 
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1. In t roduc t ion  

Knowledge of  the diffusion coefficients and effective 
charge numbers of  polyelectrolytes in solution is essential, 
for example for the design of  separation processes, for the 
understanding of  ion-binding phenomena, and for the de- 
scription of  polyelectrolyte adsorption to interfaces. The 
polyelectrolyte radius can be obtained from the measured 
diffusion coefficient and the Stokes-Einstein equation. 
Also, evaluation of  the zeta-potential from the surface 
charge density is possible after measuring the charge num- 
ber and the polyelectrolyte radius. 

The effect o f  temperature on the effective charge num- 
bers and diffusion coefficients o f  polyelectrolytes has not 
been dealt with in many studies. Most measurements have 
been conducted at room temperature, in spite of  the fact 
that many important polyelectrolytes such as proteins oper- 
ate at higher temperatures (i.e. at ~- 40°C). Lignosulfonate 
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is a polydisperse polyelectrolyte whose molecules are com- 
pact spheres in aqueous solutions [1], though the applica- 
tion of  external electric fields can transform these compact  
spheres into non-free unwinding coils [2]. A recent study 
[1] showed that lignosulfonate in 0.1 M NaCI aqueous 
solution lost its charge at about 40°C. The observed 
"charge -d i scha rge"  transition was reported to occur over 
a relatively small temperature range. A similar behavior 
was observed with cytochrome c (a globular protein) in 
0.1 M NaC1 aqueous solution [3]. The effective charge 
number of  cytochrome c decreased slightly in the tempera- 
ture range 10-30°C, but became suddenly zero at ca. 40°C. 
It must be stressed that cytochrome c is an interesting 
model compound because it is stable, its structure is well 
known, and it has an important biological function. 

The resemblance between the two charged macro- 
molecules mentioned above is not very remarkable except 
for their similar conformational structure. Since other lin- 
ear polyelectrolytes (such as polystyrene sulfonate) having 
an unwinding coil conformation do not lose their charge at 
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this temperature [4], the charge-discharge transition might 
have something to do with the spherical conformation. 
This observation led to extensive experimental studies of 
the effect of temperature on the effective charge number of 
lignosulfonate [ 1-4]. Lignosulfonate was chosen as a model 
substance because of its polydisperse nature, and informa- 
tion on the conformational structure was obtained from the 
exponent b in the Mark-Houwnik equation D = KM -b, 
where D is the diffusion coefficient, K a constant charac- 
teristic of the macromolecule, and M the molar mass of 
the macromolecule [1,2]. For a compact (Einstein) sphere 
b = 1/3, while b = 1//2 for a non-free unwinding coil. 

To elucidate the loss of charge of the spherical poly- 
electrolyte at elevated temperatures, the effects of the 
following system parameters were studied: counterion na- 
ture (charge number, hydration properties, etc.) [ 1,4], con- 
centration of supporting electrolyte (sodium chloride) [4], 
solvent dielectric constant [5], pH [6], and external electric 
field strength [2]. Effective charge numbers and diffusion 
coefficients were measured in a convective diffusion pro- 
cess through a porous membrane, as described in detail 
elsewhere [1,6]. The effective charge number is smaller 
than the stoichiometric charge number because of the 
counterion association phenomenon [1]. 

Despite the thorough experimental studies carded out 
during recent years [1-6], a quantitative theory capable of 
describing the charge-discharge transition of lignosul- 
fonate and suggesting new relevant experiments is still 
lacking. We have addressed this question here, convinced 
that giving a general theory could also be of utility in the 
study of ion association in other spherical charged macro- 
molecules. We propose a simple physical model based on 
the relative population of two hydration states of the 
polyelectrolyte which aims to explain the following experi- 
mental observations (see Refs. [1-5] as well as the new 
additional experimental results reported in this paper. 

(i) The effect of  temperature (t): 
The polyelectrolyte charge number (absolute value) zp 

decreases slightly with temperature in the range 10-30°C 
(except for the lowest molar mass fraction, M -- 5000) but 
suddenly becomes zero at some transition temperature t t in 
the range 35-50°C, the temperature transition region being 
of some 4-8°C. The classical theories for ion association 
(e.g., Bjerrum and Fuoss theories [7]) cannot explain this 
sharp charge-discharge transition. 

(ii) The effect of  supporting electrolyte concentration (c): 
The higher the sodium chloride concentration, the lower 

the transition temperature (t t = 35°C for c = 1 M, t t = 40°C 
for c -- 0.1 M, and t t > 45°C for c = 0.01 M). 

(iii) The effect of  solvent dielectric constant (e): 
At a given temperature, Zp decreases when E decreases. 

Furthermore, there is no charge-discharge transition when 
heavy water (D20) is used as solvent. 

(iv) The effect of  conformation: 
Macromolecules with a compact sphere conformation 

do exhibit a charge-discharge transition, but macro- 
molecules with a non-free unwinding coil conformation do 
not. No conformational changes which could affect the 
diffusion coefficient were observed under the experimental 
conditions responsible for the transition (except when an 
external electric field was applied). 

(v) The effect of  counterion: 
The charge-discharge transition is observed for differ- 

ent electrolytes. No particular counterion appears to be 
responsible for this phenomenon. 

(vi) The effect of  aggregation: 
Surface tension measurements at different temperatures 

and gel chromatography gave strong evidence against ag- 
gregation [4]. Therefore, the possibility of polyelectrolyte 
aggregation as an explanation for the loss of charge must 
be ruled out. 

Before giving the theoretical model, we present a brief, 
intuitive reasoning which could explain the charge-dis- 
charge transition. Later, we derive the basic equations of 
the model, and compare them with the experimental obser- 
vations. Finally, the achievements, weaknesses and limita- 
tions of the theory are discussed. 

Many macromolecules of biological importance (e.g. 
proteins) behave as charged polyelectrolytes when in aque- 
ous solution [8], and their effective charge numbers deter- 
mine their physicochemical properties. In this sense, the 
physical model considered here can also be of utility for 
spherical macromolecules other than lignosulfonate. 

2. Intuitive explanation of the charge-discharge transi- 
tion 

Let us introduce the following plausible assumption in 
order to explain the effect of temperature on the effective 
charge number. At a certain temperature, a significant past 
of the coordination water surrounding the polyelectrolyte 
charged groups (sulfonate groups in this case) is lost. This 
coordination water can be assumed to be distributed in one 
or two hydration shells around the charged groups. The 
shells prevent the contribution of the low dielectric medium 
formed by the polyelectrolyte body. The thermal energy 
kT is smaller than the electrostatic energy e I associated 
with the water molecules adjacent to the charged groups of 
the polyelectrolyte (first hydration shell) 

e 
e I =pwEl =pw 4¢rs°61r 2 ~ 10 -20 J > kT (1) 

but greater than the electrostatic energy ell associated with 
the water molecules in the second hydration shell 

e 
10-21 ell = Pw Ell = Pw 4~o8ii r~ J <~ kT (2) 
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where r I = 4 ,~ and r .  -- 7 A (see Fig. 1). The estimations 
in Eqs. (1) and (2) assume that the main contribution to the 
energies e~ and % results from the electrostatic interaction 
between the water molecules and the charged group. Here 
E I and E n denote the electric fields created by the charged 
group in the first and second hydration shells, respectively, 
Pw is the electric dipole moment of the water molecule, k 
is the Boltzmann constant, T is the absolute temperature, 
and e is the elementary electric charge. The values e I ~ 6 
and % = 40 used in the previous estimations are typical 
values for the first and second water layers at the surface 
of charged interfaces respectively. 

Consequently, thermal energy can destroy the second 
hydration shell but not the first hydration shell. When this 
destruction occurs, the counterion sees a low dielectric 
medium (since e I << %)  and then association takes place. 
The fact that the charge-discharge transition is observed in 
a relatively small temperature range AT centered at a 
given temperature T t could be due to the existence of some 
cooperative effect [9] in the transition: 

charged group with charged group with 
two hydration shells " one hydration shell + qH20  

where q is the number of water molecules in the second 
hydration shell. 

It should be mentioned in this context that two kinds of 
water molecules associated with proteins have been identi- 
fied when studying protein-water interactions by dielectric 
methods [10]: internal water (a strongly bound hydration 
layer which extends no more than one to two water 
molecule diameters beyond the protein surface), and pe- 
ripheral, not so tightly bound, water. A critical hydration 
level [ 10] appears to be required to establish, for example 
enzymatic activity. Here, a second hydration shell is pro- 
posed to be critical for the polyelectrolyte to keep its 
charge. Note also that the existence or not of this charge 

r 0% 

Fig. 1. Schematic view of a polyelectrolyte charged group and the water 
molecules around it (hydration shells I and II). 
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Fig. 2. Polyelectrolyte radius vs. temperature. The radii were estimated 
from the Stokes-Einstein equation and the diffusion coefficients of 
lignosulfonate in 0.1 M NaCI aqueous solution. The experimental points 
correspond to the molar masses 50000 (O),  40000 (El), 30000 (<>), 
201300 (X),  10000 (+) ,  and 5000 ( a )  g mol -I  . 

will determine the behavior of the polyelectrolyte in solu- 
tion. 

The loss of the second hydration shell is not just a 
reasonable assumption to explain the transition observed 
experimentally. It becomes an experimental fact if we 
estimate the polyelectrolyte radius R from the diffusion 
coefficient D measured at several temperatures by means 
of the Stokes-Einstein equation: 

kT 
R = ~ (3) 

6~rr/D 

where r/(T) is the solution viscosity, assumed to be that of 
pure water since the solution is very dilute with respect to 
polyelectrolyte. Fig. 2 shows the effective polyelectrolyte 
radius as estimated from Eq. (3). The new measurements 
were carried out following the procedure stated in Ref. [1]. 
Four regions can be distinguished in this plot. 

(1) Before the transition region (t < 32°C). Point(i) in the 
previous section stated that ion binding increases with 
temperature in this region. This binding between a hy- 
drated counterion and a charged group with two hydration 
shells takes place with sharing of the second hydration 
shell (see states ~ and (~) in Fig. 3), and therefore it 
produces an increase of 3 -4  ~, in the radius of the group. 
However, since only a small number of groups become 
associated, the effective radius of the polyelectrolyte only 
increases by 1 or 2 ,~ (see Fig. 2). 

(2) Just before the transition temperature (32°C < t < 
35°C). The radius of the polyelectrolyte decreases sharply 
by about 3 A (i.e. one water molecule diameter, see Fig. 
2). This suggests the loss of the second hydration layer in 
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Fig. 3. The proposed scheme for hydration-mediated ion binding to the 
charged groups of lignosulfonate. Two possible hydration states are 
considered for the charged groups: state (~ with two hydration shells, 
and state (~) with only the primary hydration shell. The criterion for ion 
binding is the sharing of the (primary) hydration shell of the counterion 
with the outer hydration shell of the charged group (states (~) and (~)). 
The distances shown in the figure indicate roughly the size of the charged 
and uncharged groups. 

most of the charged groups (see states C)  and (~) in Fig. 
3). 

(3) Just after the transition temperature (35°C < t < 38°C). 
The radius of the polyelectrolyte increases sharply by 
about 2 - 3 / k  (see Fig. 2). This suggests that the binding of 
the hydrated counterion with the (singly hydrated) charged 
group takes place with sharing of the first hydration layer. 
In principle, this binding should imply an increase in 
radius of some 3 -4  A (see states (~) and (~) in Fig. 3). 
However, it must be noted that the (dramatic) loss of the 
surface charge implies some shrinking of the macro- 
molecule as a consequence of the elastic forces. This 
shrinking should be more noticeable for the larger macro- 
molecules. Fig. 2 shows indeed that the difference in the 
radii corresponding to 32°C and 38°C increases signifi- 
cantly with the molar mass of the macromolecule. 

(4) After the transition region (t > 38°C). The radius of the 
polyelectrolyte increases smoothly, which could be at- 
tributed to a thermal expansion of the polyelectrolyte as 
well as to the fact that the solution viscosity could deviate 
from that of pure water at these temperatures. 

The interpretation of the results in Fig. 2 on the basis of 
the crude model in Fig. 3 could give additional credit to 
the assumption of the loss of the second hydration shell as 
being the responsible for ion binding. However, we should 
recognize the speculative nature of the above ideas, which 
were motivated by the absence of direct evidence about the 
structure of the polyelectrolyte charged groups. In particu- 
lar, detailed information on the water molecule-charged 
group interaction is lacking. 

It has been confirmed experimentally from dielectric 
studies of proteins [10] that the extent of association of the 
bound water is such that it can be considered as a shell that 
contributes to the protein effective radius of rotation when 

an external electric field is applied. Therefore, the water 
shells should also affect the effective transport radius 
given by Eq. (3). (Note that the hydrated charged groups 
are located at the external polyelectrolyte surface.) 

3. Theoretical model 

The theoretical model considered here ignores the elec- 
trostatic interaction between neighboring charged groups at 
the polyelectrolyte surface. The basis for proceeding in this 
way can be found in Appendix A, where the problem of 
distributing N point charges homogeneously on the sur- 
face of a sphere of radius R is analyzed. It is concluded 
there that the distance d between the charged groups is of 
the order of the polyelectrolyte radius (d  ~ R = 15 to 35 
A) since most of the experimental situations dealt with 
here have N ~ 10 (see Table 1A in Appendix A). This 
means that the charged groups at the protein surface can be 
effectively screened by the surrounding electrolyte aque- 
ous solution except for very low electrolyte concentrations 
(see Ref. [11] in this context). Moreover, it seems clear 
from the preceeding section that the charge-discharge 
transition is related to changes in the hydration shells of 
the charged groups with temperature rather than to some 
particular electrostatic interaction between these groups. In 
this context, the experimental fact that the surface charge 
density is independent of the polyelectrolyte molar mass 
[1] could also give support to the assumption of ignoring 
the electrostatic interaction between the polyelectrolyte 
charged groups for the whole range of molar masses 
studied [1,4]. Let us mention finally that if the (repulsive) 
electrostatic interaction between the charged groups at the 
polyelectrolyte surface were important, an increase in the 
electrolyte concentration would act to suppress this interac- 
tion, and then higher temperatures would be required for 
the charged polyelectrolyte to become unstable [12]. This 
trend is just the opposite to that observed experimentally 
[1,4]. 

According to the above ideas, any attempt to explain 
the temperature behavior of the polyelectrolyte must ac- 
count for the changes in the hydration shells of the charged 
groups. Also, it must incorporate the fact that the polyelec- 
trolyte is a compact sphere [1] under our experimental 
conditions. The above questions make difficult the applica- 
tion of the classical concepts of the Debye-Hiickel theory 
[13] as well as the existing models for ion binding to 
homogeneously charged chains and rod-like polyelec- 
trolytes [14] to our problem. It would be possible, how- 
ever, to employ the classical theories of ion association in 
electrolyte solutions [7], and describe the changes in the 
hydration shells by means of a particular temperature 
dependence of the dielectric constant 6 of the medium 
where association occurs. This procedure has been fol- 
lowed in complex solvents where ion binding is strongly 
affected by, for example, a polymer matrix environment 
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(see Ref. [15] and references cited therein for a critical 
examination of the procedure as well as for alternative 
theories). If we describe the ion association between two 
ions of charge numbers zl = 1 = - z2  by means of an 
association constant of the form [7,16] 

K a --~ exp(e2/47reo eakT)  (ha) 

where a is the distance of closest approach between ions, 
then 

d In K a e 2 d ( e T )  

d------~- 47rroak(rT)  2 dT (4b) 

Eq. (4b) allows for describing the observed changes in the 
association constant K a with temperature through the tem- 
perature dependence of the dielectric constant 8(T). In 
particular, this equation predicts an increase of association 
with temperature if the product eT  decreases with T, 
which is the case for many liquids at room temperature. 

Although it is in principle possible to describe the 
changes in the hydration shells (and then the experimental 
results) from a particular adjustable curve e(T), we have 
followed here a different more definite approach based on 
the relative populations of the different hydration states 
assumed for the charged groups. This approach is consis- 
tent with the experimental results presented in Fig. 2, and 
incorporates the basic ideas of the so-called "n-states" 
models employed in the study of biopolymers and mem- 
brane ionomers [17]. 

Let us consider the following scheme for the ion associ- 
ation reactions: 

R-  (II) # R-  (I) + q H 2 0  (5a) 
nil nl 

R - ( I )  + C + ~ CR(I) + p H 2 0  (5b) 
n I Cl n01 

R - ( I I )  + C + ~ CR(II) + P H 2 0  (5c) 
nli Cll n01 [ 

In Eqs. (5a)-(5c), C +, R-(I) ,  R-(II),  CR(I), and CR(II) 
denote the counterion (sodium ion), the charged (sulfonate) 
group with one hydration shell, the charged group with 
two hydration shells, the ion pair (sodium sulfonate) with 
one layer of water in between, and the ion pair with two 
layers of water in between respectively. Also, q ,  c n, n~, 
n~, no[, and non denote the concentrations of C ÷ in the 
vicinity of R-(I) ,  C + in the vicinity of R-(II),  R-(I),  
R-(II),  CR(I) and CR(II) respectively. Ion binding in steps 
(5b) and (5c) takes place with sharing of the hydration 
shells and unbinding of a number p of water molecules. 
Fig. 3 can be considered as a crude, schematic representa- 
tion of the previous steps. In particular, step (5a) implies 
the change from state C)  to state (~) in Fig. 3; step (5b) 
implies the change from state (~) to (~); and finally step 
(5c) implies the change from state (~) to (~). 

According to the assumptions introduced in Section 2, 
the forward rate constant of step (5a) is much greater than 

the backward rate constant at high enough temperatures 
(T>_. Tt), and thus almost all of  the R-(II)  groups become 
R-(I )  groups in a narrow temperature range AT<< T t 
centered at T t. However, step (5b) is so fast (see below) 
that the concentration of the R-( I )  groups remains much 
smaller than the concentration of R-(II)  groups at all 
temperatures. Therefore, we could say that almost all of 
the R-(I )  become CR(I) in a very small temperature range. 

At T < T t virtually no R-(I )  group is formed (see Fig. 
2) and ion binding takes place through step (5c). The 
resulting association constant is then very small, because 
the counterions " see"  the charged groups separated by 
two hydration layers, and then most of the R-(II)  groups 
remain dissociated. At T > T t the situation is very differ- 
ent, however. In this case, the counterions can "see"  
almost immediately any R-( I )  group recently formed, and 
thus ion binding increases considerably (step 5b). (Note 
that this group is attached to the low dielectric medium 
formed by the polyelectrolyte body, and separated by only 
one hydration shell from the counterion.) The scheme 
formed by steps (5a)-(5c) can thus provide a reasonable 
explanation for the temperature dependence of the charge 
number of the polyelectrolyte in a wide temperature range. 

Let us put the above ideas on a quantitative basis. First, 
we consider steps (5a) and (5b), which are responsible for 
the charge-discharge transition. (Later on, step (5c) will 
be employed to account for the ion binding at lower 
temperatures, T < Tt.) Let e I be the total energy needed to 
remove the second hydration shell from a charged group. 
From Eq. (5a) we can write 

n l /n  u = exp( -- E1/kT ) (6a) 

where e I = qEll < qkT t according to the assumptions intro- 
duced in Section 2. Step (5b) leads to 

nol/n , = a exp( - ez /kT  ) (6b) 

where the constant A should be proportional to the counte- 
rion concentration c~ (and then to the bulk electrolyte 
concentration c), and e 2 >> kT t is the (electrostatic plus 
hydration) energy associated with the ion pair formation 
given by step (5b). From Eqs. (6a) and (6b), 

1 - 0 n01 + n011 not exp( - ~2/kT) 

0 n 1 + n n n 1 + nil 1 + e x p ( e l / k T )  

= A exp[ - ( , ,  + , 2 ) / k T ]  (7) 

where 0 = (n I + nl ) / (nol  + n011 + n I + nil) is the fraction 
of charged groups at the polyelectrolyte surface. Note that 
both ~l and e 2 are positive. By defining the transition 
temperature T t from the condition O(T = T t) = 0.5, Eq. (7) 
can be rewritten in the form 

;)) 0 =ex p  -~t -- (8) 

Finally, the absolute value of the effective (as obtained 
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from transport measurements [1,4]) polyelectrolyte charge 
number can be expressed as 

Zp -- OZm -- Z m /  1 + exp kTt (9) 

where Zm is the absolute value of the polyelectrolyte 
charge number at a reference temperature lower than T t. 
Note that Zm increases with the molar mass M of the 
polyelectrolyte [1]. Eq. (9) is formally similar to that 
characteristic of the folded-unfolded transition in proteins 
[18], and can now be compared with the experimental Zp 
vs. T curve for each polyelectrolyte fraction, i.e. for each 
value of the average molar mass M. It should be stressed 
that the theory predicts that both T t and (e t + e 2) should 
be independent of M. Indeed, the theory deals with iso- 
lated charged groups at the polyelectrolyte surface, and 
these must have similar values of (e t + e2) and T t regard- 
less of the molar mass M of the polyelectrolyte. Fig. 4 
shows that this is indeed the case. Eq. (9) gives a quantita- 
tive agreement between theory (continuous lines) and ex- 
periment (points) when T t = 307.6 K and (e ! + e2)/k ~ -- 
257. The free energy of hydration [16,19] of sodium ion at 
25°C is 375 kJ mol-~ = 145kT t, and though the latter 
value could be modified in our case because of the low 
dielectric constant of the polyelectrolyte and the corre- 
sponding image charge effects [20], the result obtained for 
e I n L e 2 is still very large. In particular, the energy e 2 
describing the counterion binding is of the order of those 
characteristic of a covalent bond (see Nagasawa [13], 
covalent bonds have energies in the range 100-1000 kJ), 
which means that the binding is very strong. Also, the 
energy e I could be greater than estimated because of the 
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Fig. 4. Effective charge number (absolute value) vs. temperature corre- 
sponding to iignosulfonate in 0.1 M NaCI aqueous solution. The experi- 
mental points are those included in Fig. 2. The theoretical (continuous) 
lines correspond to F_.q. (9) in the text. 
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Fig. 5. Zra vs. polyelectrolyte radius at 20°C. The Zm values were 
obtained from Fig. 4 and Eq. (9) for the different radii (molar masses) in 
Fig. 2. Note that Zm/R 2 is approximately constant with the molar mass 
of the polyelectrolyte fraction. 

interaction between the hydration water molecules and the 
polyelectrolyte. Indeed, in spite of the large differences in 
hydration energy, the characteristics of the charge-dis- 
charge transition were essentially the same for several 
monovalent counterions [4], and this supports the idea that 
e~ is markedly influenced by the interaction between the 
hydration water molecules and the polyelectrolyte. Finally, 
we must mention the entropy effects associated with the 
loss of the second water shell. Every water molecule 
leaving this shell and being incorporated to the bulk 
solvent has additional translational degrees. However, the 
entropic contribution to the free energy change of the 
charge-discharge transition has not been explicitly ac- 
counted for, and should therefore be included in the value 
of the adjustable parameter (e I + e2). When an ion pair is 
formed, there is an important rearrangement of solvent 
molecules around the new electrical structure created, and 
this should impact on both energy and entropy changes. 
Unfortunately, the lack of information on the structural 
properties of the ion pair makes it difficult to evaluate 
explicitly the above changes. 

The results in Fig. 4 show an increase in the proportion 
of polyelectrolyte neutral groups when the number of 
water molecules at the charged groups diminishes, which 
agrees with the experimental findings in membrane 
ionomers [17]. Fig. 5 shows the charge number Zm as a 
function of the polyelectrolyte radius at 20°C [4]. The 
surface charge density is approximately constant with the 
molar mass of the polyelectrolyte, which agrees with pre- 
vious observations (see e.g. Table 3 of Ref. [1]). 

Note finally that step (5c) has been ignored in the above 
treatment because the association constant corresponding 
to step (5b) is much greater than that corresponding to step 
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(5c). Also, we see from Eq. (6a) that most of the charged 
groups are in the R-(II)  form at all temperatures. How- 
ever, when one of these becomes an R-(I)  group (owing 
to a thermal fluctuation, for instance), ion association 
occurs almost immediately because of the large value of 
energy e2. 

4. Discussion 

The theory presented here, though admittedly crude and 
speculative, can explain a number of experimental results 
for the temperature behavior of lignosulfonate. In particu- 
lar, the temperature dependence of the effective charge 
number, including the charge-discharge transition, has 
been satisfactorily accounted for from a reduced number of 
assumptions. The classical theories describing ion associa- 
tion in electrolyte solutions [7] consider the solvent as a 
dielectric continuum, and cannot thus explain this sharp 
transition. There is some experimental evidence [3] that the 
theory could also be of utility for other spherical macro- 
molecules. 

Some limitations of the theory and important questions 
not dealt with in detail here are the following. 

(i) Cooperativity. Since the charge-discharge transition 
occurs in a temperature range of a few degrees, a coopera- 
tive effect [9] between the water molecules at the charged 
groups could be responsible for the loss of the second 
hydration shell. The sharp increase in the forward rate of 
step (5a) at a given T t (i.e. the rapid destruction of the 
second hydration shell) closely parallels the all or none 
behavior characteristic of cooperative transitions [9]. How- 
ever, this cooperativity has not been explicitly introduced 
in the model. Again, the lack of detailed information on 
the water molecule-charged group interaction in complex 
systems (polyelectrolytes, charged membranes, etc.) 
[15,17,19,21] makes it difficult to propose a particular 
cooperative mechanism. Finally, although we have consid- 
ered the loss of the second water shell, it should be noted 
that a change in the dielectric properties of the water shells 
[10] (not involving necessarily the loss of the second water 
shell), might also explain the increase in ion binding. 
However, the observed change in the diffusion coefficient 
of the polyelectrolyte (see Fig. 2) would then remain 
unexplained. 

(ii) Concentration effects. The effects of concentration on 
the ion association are accounted for in the model through 
the relationship between T t, (e I + a 2) and A (a constant 
proportional to electrolyte concentration c, see Eqs. (5b) 
and (6b)), namely 

a = exp[( e I -I- 62)/kTt] (10) 

Therefore, the electrolyte solution concentration c does 
not enter explicitly in Eq. (9). If we assume that (a t + a2) 
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Fig. 6. Effective charge number (absolute value) vs. temperature for 
T < T t under the same experimental conditions as for Fig. 4. The molar 
masses are those of Figs. 2 and 4. The theoretical (continuous) lines 
correspond to Eq. (13) in the text. 

should not change very much with c, then the only param- 
eter in Eq. (9) which depends on concentration is the 
temperature T t (see point (ii) in Section 1). In the classical 
theories for ion association, the concentration c appears as 
a factor multiplying the exponential factor in the denomi- 
nator. If we particularize Eq. (10) for two concentrations c 
and c', we can readily obtain the relationship 

c'  , , + , 2 (  I 1 ) 
In-- = - -  (11) 

c k r , (c ' )  r , (c)  

which predicts the transition temperature Tt(c') from a 
known value Tt(c). We have from Fig. 4 that Tt(0.1 
M) -- 307.6 K, and then Eq. (11) gives Tt(1 M) --- 304.7 K 
and Tt(0.01 M) = 310.2 K. These values follow the experi- 
mental trends [4], though the latter temperature seems to be 
lower than the observed value. Note however that T t 
corresponds to 0 = 0.5, and not to 0 --- 0. Bearing in mind 
this fact, the agreement between Eq. (11) and the experi- 
mental values in Table 5 of Ref. [4] is reasonable. 

(iii) Polyelectrolyte behavior at T < T r The mechanism 
(5a)-(5b) is not important in this temperature range, and 
ion binding should follow step (5c) (or a similar mecha- 
nism). Yet, the classical Bjerrum and Fuoss theories [7] do 
not apply either, since Fig. 6 shows that K a increases with 
temperature for the polyelectrolyte fractions of higher mo- 
lar masses while it decreases with temperature for the 
fractions of lower molar masses. This "size effect" could 
suggest that the counterion "sees" the polyelectrolyte 
body (and not only a particular charged group). Indeed, if 
we describe step (5c) quantitatively by 

nOll/nll = n exp( - ~3/kT) (12) 
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and 

0 =  
n I + n H 

n01 + n011 + n I + n u 

1 

1 + B exp( - e3/kT ) 

nil 

n011 + nll 

(13) 

where B is a constant proportional to Cll (and then to c), 
the following values are obtained for the electrostatic plus 
hydration energy ~3: 3.0kTt (M = 50000), 4.2 kT t ( M =  
40000), 4.8 kT t ( i  = 30000), 5.6 kT t ( m =  20000), 2.0 
kT t (M = 10000), and - 2 . 4 k T  t (M = 5000). As expected, 
these values are of a few kT t units. The increase in ion 
binding with temperature observed for the larger polyelec- 
trolyte fractions could be attributed to the fact that the ratio 
(water bound to the surface)/(volume of the low dielectric 
body of the polyelectrolyte) decreases with the size of the 
polyelectrolyte [10], which should enhance ion binding. 

Note finally that the different signs of energy ~3 can 
arise from the dominant term (hydration or electrostatic) in 
this energy. In this context, a local maximum has been 
obtained for the counterion concentration near a charged 
pore wall [22] just before the zone where hydration effects 
dominate over the electrostatic effects. (To bring two small 
ions of different sign into contact, one must remove the 
accompanying layers of solvent, and this process may 
require a considerable amount of energy, see e.g. Fig. 11 
in Ref. [23].) Close enough to the charged pore wall, 
however, electrostatic attraction prevails again, and larger 
counterion concentrations are obtained [22]. Hydration 
forces can also dominate over coulombic and Van der 
Waals forces for small enough distances in the case of 
macroions in solution [24]. Therefore, the above values of 
e3 could be related to the different hydration and electro- 
static energies characteristic of each polyelectrolyte frac- 
tion. This result emphasizes again the different nature of 
step (5c) when compared with steps (5a) and (5b), and can 
be clearly seen when comparing Figs. 4 and 6; the same 
value of (e 1 + ¢ 2) applies to all molar masses in Fig. 4. 

(iv) Compact sphere vs. non-free unwinding coil. It has 
been shown experimentally [4], using the Mark-Houwnik 
equation, that the charge-discharge transition occurs only 
when the macromolecule is a compact sphere. It seems 
quite plausible that the penetration of the solvent inside the 
polyelectrolyte body should be much easier in a non-free 
unwinding coil than in a compact sphere. Furthermore, 
some solvent can be trapped into clusters in the coil, and 
step (5a) would perhaps need much higher temperatures to 
occur in this case. 

For the case of a compact sphere in solvents other than 
pure water [5], steps (5a) and (5b) could still apply, but 
now the energies el and ~2 involved must change accord- 
ing to the solvent dielectric constant. In particular, a 
decrease in the dielectric constant should promote ion 
binding because of the corresponding increase in energy 

e 2. Also, step (5a) could be inhibited in a highly structured 
solvent (D20, for example), which should impact in turn 
on the energy e~. Therefore, other experimental results 
[2,4,5] could also be rationalized from the basic ideas 
included in the model. 
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Appendix A: homogeneous distribution of N point 
charges on a spherical surface of radius R 

In general, a given number N of point charges cannot 
always be distributed homogeneously on a spherical sur- 
face. The homogenous distribution is only possible for 
N = 2, 3, 4, 6, and 12. For all the other cases, the distance 
between charges will differ slightly from one pair to 
another. However, we can estimate the average distance 
between charges by assuming that they are homogeneously 
distributed. In this case, three neighboring point charges 
would define a regular spherical triangle of inner angle A 
and side angle a (see Fig. 1A). The number of such 
triangles could be obtained either from the number of point 
charges per triangle 

No. of spherical triangles 

Total no. of point charges N 

No. of point charges per triangle 3A/27r 

Fig. AI. Three neighboring point charges defining a regular spherical 
triangle of inner angle A and side angle a on the surface of a sphere of 
radius R. 

or from the area of the triangle [25] 
No. of spherical triangles 

Total area 47r R 2 

= Area of the triangle (3 A - 7r) R 2 (A2) 

Therefore, the inner angle can be related to N through 
,r N 

A = (g3)  
3 N - 2  

The distance between neighboring charges is given (see 
Fig. 1A) by (cosA) 
d=aR=arccos 1 - c o s  A R (A4) 

where the cosine theorem of spherical trigonometry [25] 
has been used to relate a and A. Table 1A shows some 
values of the ratio d/R as a function of the number of 
charges N. From this table, it can be concluded that d = R 
for N-~ 10. 

Table A1 
d / R  as a function of the number of changes N 

N 4 6 8 10 15 20 30 40 
(A1) d / R  1 .91  1.57 1.36 1.21 0.99 0.86 0.70 0.60 


