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A new approach is present for concentration effects on ionic reactions in solutions of small electrolyte concentrations. It is 
assumed that the mutual Coulomb interaction is felt by an ion pair only when their separation is smalller than the “Coulombic 
horizon”, R.,, namely when there is no intervening ion. This leads to an approximate but simple and parameterless, formula for 
activity coefftcients, with a cube root dependence on concentration in this regime. Steady-state diffusional rate coefficients are 
calculated to and from the sphere at R,,. Comparison made with experimental activity coefticients of strong and weak electrolytes 
shows that the upper validity limit of the new formula exceeds that of the Debye-Htickel limiting law. The diffusional rate con- 
stant from R., gives a reasonable description of the concentration dependence of the ionic association rate coefficients, for con- 
centrations where the Bronsted-Bjerrum limiting expression ceases to apply. 

1. Introduction 

Due to the long range of the Coulomb interaction, 
both rate and equilibria of ionic reactions in solution 
are substantially influenced by ionic concentration 
[ l-151. In very dilute solutions, one obtains the 
Debye-Hilckel limiting law [ 11. This is confirmed 
by statistical mechanics, which treats this many-body 
problem accurately in the asymptotic limit [ 6 1. The 
behavior is dominated by the long-range Coulomb 
forces even at finite small concentrations. However, 
the derivation of useful expressions at finite concen- 
trations is difficult, so that expressions with empir- 
ically adjusted parameters are commonly in use 
[ 2-51. At very large concentrations, the interaction 
is so severe that the short-range potential of chemical 
bond formation and dissociation is altered, and a 
treatment based on the Coulomb interaction alone is 
not applicable. 

In the present work a simple, approximate 
approach is suggested for medium-small (though not 
infinitely small) concentrations. In this regime the 
range of a binary Coulomb interaction is not inti- 
nite, but extends to some average distance, R,,, char- 
acterizing the nearest-neighbor ion of opposite 
charge. At distances larger than this “Coulomb hori- 
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zon” the interaction is completely screened by the 
oppositely charged ions. For a pure salt, dissociated 
to oppositely charged ions, the above statement is 
equivalent to the assumption that the dissociating 
ions separate to their average distance in solution. A 
similar assumption has recently been used for fluo- 
rescence quenching in solution [ 161. 

In the present picture rate and equilibrium coef- 
ficients for ionic reactions at finite concentrations 
are modulated by the Coulomb interaction at R,,. It 
follows that in this concentration range they scale as 
c”~ rather than c”~ [ 111. We demonstrate below that 
the resulting parameterless equations are in agree- 
ment with experimental activity coefficients and 
recombination rates at concentrations larger than 
those where the parameterless Debye-Hiickel lim- 
iting law [ l] applies. 

2. Theory 

2.1. A thermodynamic description 

Consider a molecule AB which dissociates into two 
charged particles (ions) A and B of charges zI and 
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z2, Their mutual Coulomb interaction at a distance 
r, V(r), is given by 

V(r) zlzd RO 
-=-EC- 

keT eksTr r . 

In the above equation k, is Boltzmann’s constant, T 
the absolute temperature, e the electronic charge, and 
e the dielectric constant of the solvent. Eq. (1) also 
defines the “Debye radius”, R,> 0, which deter- 
mines the extent of the Coulomb interaction. For 
singly charged ions in water at 25°C the dielectric 
constant is 78.3, and Rb=7.13 A. a=sgn(z,zz) is 
- 1 for oppositely charged particles and + 1 if both 
have the same charge. 

When only one AB molecule is present, we say that 
the dissociation occurs at infinite dilution. The free 
energy change in the dissociation process, AG,, is 
evaluated for A and B separated to infinity. When 
additional ions are present, there is a sphere of aver- 
age radius R,, which is free of ions. We assume that 
inside this sphere the A-B Coulomb interaction is 
the same as at infinite dilution, but outside it this 
mutual interaction is completely screened. Hence the 
free energy change is that for separation to R,, 

AG=AG, + okBTRDIR,, . (2) 

In eq. (2) only the free energy of A +B, but not that 
of AB, varies with concentration. This is approxi- 
mately true as long as the concentration is not too 
large. For such small concentrations one expects a 
dependence on the charges of the ions, but not on 
their specific chemical identity. 

AG- AG, is conventionally attributed to the “non- 
ideality” of the solution. For a symmetric electrolyte 
(lz,1=]z21, a=-1) the last term is equal to 
k,Tln ~4 , where y i defines the mean ionic activity 
coefficient [ 2-51. Therefore 

In y? = - fR,IR,, . (3) 

The definition of R,, is not unique R; For AB con- 
centration of c moles per unit volume, we choose to 
define R,, from the volume available per ion 

$tR,3,=(cNA)-‘ . (4) 

N, is Avogadro’s number. If c, and c_ are the total 
concentrations of positive and negative ions, respec- 
tively, then c=max(c+, c-): Suppose, for example, 
that c,. >c_, then R,, is the maximal radius of an 

ion-free sphere around a given anion. This definition 
covers the cases of both pure and mixed electrolytes. 

Alternative definitions of R,, are possible. For 
example, the nearest-neighbor distance [ 11,161 is just 
slightly smaller than R,, in eq. (4). It is indeed rea- 
sonable that the nearest-neighbor distance should be 
exceeded before the Coulomb interaction with the 
central ion is screened. 

Eqs. (3) and (4) predict a c”~ dependence for 
activity coefficients. Unlike earlier discussion [ 111, 
they involve no free parameters. It is interesting to 
compare eq. (3) with the Debye-Htickel (DH) lim- 
iting law [ l-61 

logy, =-fRD/Ri,=-AIzlz2 I$. (5) 

They have a similar form with the radius of the “ionic 
atmosphere”, R,,, in place of R,,. Ri, depends on 
I= {&r:c,, which is the ionic strength for the given 
concentrations c, and charges z,. Hence the depen- 
dence on the square-root of the concentration. The 
constant A is determined from the theory [I]: Its 
value at 25°C is 0.507 (Q/mole) 1’2. 

For an electrolyte that is not symmetrical, for 
example, the 2-1 electrolyte ZnI,, we consider each 
of the two dissociation steps separately. Denote by 
R $r ) and RJt) the values of the Debye radius and the 
“Coulombic horizon” for singly charged ions. The 
free energy for the first dissociation step (into ZnI+ 
and I- ) is given by eq. (2) with the above values for 
a l-l electrolyte. For the second dissociation step 
(into Zn2+ and an additional I- ) Rg) =2Rg) (be- 

cause of the double charge on the zinc) and the con- 
centration appearing in R!,Z) is twice that of R!t) 
(there are now twice as many iodines). From the sum 
of these two contributions, which is now related 
[ 2-51 to y:, one obtains 

lny, =-(1+2““)Rg)/3R(l) _ a” . (3’) 

2.2. A kinetic description 

The approximate limiting law, eq. (3), is a central 
result in this work. We rederive [ 171 it below using 
diffusional rate coefficients [ 181. This gives the con- 

centration dependence of reaction rates, without 
going through the assumptions of the older literature 
19,101. 

Consider the dissociation of AB into A and B which 
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are close together at the “contact distance” a. The 
“intrinsic” rate constant for this process we desig- 
nate by K,. The intrinsic rate constant for the reverse 
process of recombining from contact is designated 
4rru2rc,. From the above definitions it is clear that 
the equilibrium constant for dissociation to infinity 
must be 

K _Kd exp(uMa) 
m- ha2Kr (6) 

since this is just the intrinsic equilibrium constant at 
contact multiplied by the equilibrium constant for 
separating from r= a to infinity. (To convert to units 
of moles divide by NA.) Eq. (6) resembles a relation 
by Fuoss [ 81. An alternative derivation is given else- 
where [ 171. We assume that in the concentration 
range considered, K~IK, is independent of concen- 
tration. In this regime K, is indeed constant. This 
assumption is expected to break down at higher 
concentrations. 

When the concentration is finite, the dissociation 
is to R,, and the equilibrium coefficient becomes 

K( R,,) = K, exp( - oR,IR,,) . (7) 

Since K= exp( - AGIkaT), this is completely equiv- 
alent to eq. (2). For symmetrical electrolytes eq. (3) 
follows from y: s In [ K,IK( ItBY)]. 

The motion for IQ= a is assumed to be diffusional, 
and is therefore described by steady-state diffusional 
rate coefficients [ 181. This is divided into two parts: 
Free diffusion ( V(r) = 0) outside the sphere of radius 
R,, > a, and diffusion in the mutual Coulomb poten- 
tial inside the sphere. We denote the corresponding 
rate coefficients by k, and ki for the recombination 
direction, and by k_, and k_i in the dissociation 
direction. 

The steady-state on and off rate coefficients 
(namely, the steady-state recombination and disso- 
ciation fluxes, respectively) are given by 

ko,=kokil(k, Sk-,) 3 (W 

ko,=k_ik_,l(ki tk_0) . (8b) 

The equilibrium coefficient in the dissociation direc- 
tion is 

K(R,,) =k~~/k~, =k_ik_,lkiko . (9) 

The diffusional rate parameters are obtained in the 
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usual way [ 17,181 from the condition of a constant 
diffusional flux together with the appropriate bound- 
ary conditions at the inner and outer spheres. The 
result for bimolecular free diffusion from infinity to 
a sphere of radius R,, is well known: 

kc, = 41~ DR,, , (1W 

where D is the relative diffusion constant. The 
reverse, unimolecular separation rate coefficient is 
simply 

k_, =k,,lv , (lob) 

where v is the appropriate volume of reactants at 
r= R,,. One does not need an explicit expression for 
v, since it cancels in the subsequent equations. The 
above result now implies that the equilibrium coef- 
ficient depends only on the rates inside the sphere 

K(R,,)=K_ilvki . (9’) 

We are left with the need to evaluate ki and k-i. 
The process inside the sphere of radius R,, we divide 
again into two [ 181: Diffusion between R,, and a 
and the reaction at contact, r= a. At steady state one 
has 

(1 la) 

k_i=Kdk(U-tRa,)l[41rUZK,tk(U~R,,)]. (1 lb) 

The diffusional rates between the two spheres of radii 
r= a and r= R,, one evaluates [ 17,181 from the con- 
dition of a constant diffusional flux in a Coulomb 
potential, with absorbing boundary conditions at the 
products’ separation 

vk(R,,+a) = 
a4lcDR, exp(gRDIR,,) 

exp(aR,lR,,) -exp( aR,,fa) ’ (1W 

k( a+RaV) = 
a41cDR, exp(aR,/a) 

exp( oR,IR,,) -exp( aR&a) ’ (12b) 

By inserting eqs. (11) and (12) into eq. (9) one 
regains eq. (7) for K( R,,), and hence eq. (3) for the 
concentration dependence of the activity coefficient, 
Inserting these relations into eq. (8a) leads to an 
expression for the concentration dependence of the 
overall recombination rate coefficient k,,. In the limit 
of infinite dilution, k,, simplifies to the well-known 
result [ 181 
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ahDR, 
= 1 -exp(aR,la) +aa-‘DR, exp(aR,/a) rc;’ ’ 

(13) 

At small but finite concentrations, the dominant 
contribution to the concentration dependence comes 
from the term exp(aR,/R,,) in k(R,,+a), eq. (12a). 

The expression for k,, simplifies considerably for 

recombination of like charges (Q = + 1). These slow 
reactions have been investigated already at the 
beginning of this century [ 13,141, Due to the large 
Coulomb repulsion inside the sphere of radius R,,, 
the motion in this interior becomes rate limiting and 
independent of both k,, and K,. Eq. (8a) therefore 
simplifies to ken z vk( R,, <a). From eq. (12a) one 
has 

k wk, 
exp( R,la) - 1 

0” 
exp(&Ja) - exp(&K,] 

exp(&J&v]7 

(14) 

where k, is the infinite dilution limit of k,,, as given 
in eq. (13), with K,-PW. 

3. Comparison with experiment 

3.1. Equilibria 

First, let us compare the concentration depen- 
dence of the experimental activity coefficients for 
strong electrolytes [ 4,5], with the prediction of the 
parameterless equation (3) or (3’) and the param- 
eterless DH relation, eq. ( 5). 

Fig. 1 shows such a comparison for a strong l-l 
electrolyte (NaCl) in water. The DH limiting law, 
eq. (5), fits very well the points at the lowest con- 
centration (say, up to 0.005 M), but underestimates 
the experimental data at higher concentrations. Eq. 
(3) describes the observed behavior reasonably well 
almost up to 1 M. If data for other strong l-l elec- 
trolytes are considered [4,5], one notes that a uni- 
versal dependence of y+ on concentration for 
chemically different electrolytes holds approxi- 
mately to 0.1 M only. The experimental data are 
therefore best described by a c”~ behavior, eq. (5), 
up to about 0.005 M, and by the c”~ behavior, eq. 
(3), from 0.005 to 0.1 M. At concentrations larger 

100/R,, tR’ ) 
Fig. 1. Mean activity coefftcients for strong electrolytes in water 
at 2S”C, as a function of c”~. Data for NaCl (plus signs) from 
table 1, appendix 8.7 of ref. [ 51. (These data are at the freezing 
point of the solution, but the temperature effect between freezing 
and 25°C is too small to be noticed on the scale of the figure.) 
Data for ZnI, (circles) from table I3-3-3A of ref. [ 141. Dashed 
curves are the DH limiting law, eq. (5). Straight lines are from 
eq. (3)) with no free parameters. 

than 0.1 M, the chemical identity of the ions cannot 
be ignored. This means that for c> 0.1 M we expect 
KJK, to vary with c. 

One may question the use of the dielectric con- 
stant of the pure solvent (water, in this case) for 
evaluating RD, rather than the true dielectric con- 
stant of the electrolytic solution. The reason is that 
the dependence of the dielectric constant on the ionic 
strength is a macroscopic property. Here we are 
interested in a microscopic property, namely the die- 
lectric constant in a sphere of radius R,,, assumed to 
contain at most one ion. 

For a 2-l electrolyte, such as Zn12, the DH lim- 
iting slope is &4. Again, eq. (3’) describes the 
behavior over a larger concentration range than eq. 
(5), but only semi-quantitatively. Between 0.01 and 
0.1 M there is a region where the experimental points 
fall below the theoretical curve. This may be attrib- 
uted to some degree of association (especially for- 
mation of ZnI’ ). 

Next, let us consider the activity coefficients for 
HCl in mixtures of dioxane-water [ 41, as shown in 
fig. 2. Since dioxane has a very low dielectric con- 
stant (~=2.2), HCl, which is a very strong acid in 
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100/R,, (A 1 100/R,, (A’ ) 
Fig. 2. Mean activity coefficients of HCl at 25°C in different dioxane-water mixtures (top to bottom): 0% (crosses), 20, 45, 70 and 
82% weight of dioxane (circles). Data from tables 1 I-4-1A and 1 l-6-IA of ref. [ 41. Limiting DH slopes, A, and dielectric constants, t, 
from table l l-3-1A of ref. [ 41. Values of RD deduced from the experimental values of c are 7.14,9.22, 14.6,3 1.7 and 58.8 A, respectively. 
The dashed curves are the theoretical expressions for ya, and the full curves (for the three solutions with highest dioxane content) are 
the activity coefficients corrected for incomplete dissociation using the experimental dissociation constants of ref. [ 121, see text. Left 
panel uses-the DH limiting law, eq. (5). Right panel uses eq. (3). 

water, becomes .a weak acid in a solvent with high 
dioxane content. Its degree of dissociation is a < 1, 
and the theoretical activity coefficient, ya, is related 
to the experimentally observed y f by [ 2-51 

Ya=Y+I(Y. (15) 

Hence the observed y* falls below the theoretical 
values. 

The infinite dilution dissociation constant is given 

by 

K,=a2y~c/(l-a)=y2,C/(l-~). (16) 

This constant for HCl in 82% and 70% diox- 
ane-water mixtures has been determined [ 121 from 
ionic conductivities to be K, =2.0 x 10V4 and 
7.7~ 10m3 M, respectively. (Due to the difficulty of 
determining simultaneously both conductivity and 
dissociation constant at infinite dilution, the error 
bars are at least lo%.) By extrapolation on a In K, 
versus l/t plot (cf. eq. (6)) we have estimated 
K,=7.65x 10P2 M for the 45% mixture. The slope 
of the linear determines the contact distance, which 
is found to be u= 7.45 f 0.5 8, (The error bars are 
estimated from the error bars in the measured Km.) 
Fig. 1 of ref. [ 31 uses the experimental results for the 
activity coefficients as a demonstration for the valid- 
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ity of the DH limiting law, without correcting for 
association. This can be easily done by solving eq. 
(16) for (Y, while assuming the appropriate limiting 
law for ycu. The observed y k is then evaluated from 
eq. (15). 

Results for the corrected activity coefficients are 
shown as bold lines in fig. 2. The left panel shows the 
corrected DH limiting law, whereas the right panel 
shows the results of eq. (3). In both cases it is only 
the dielectric constant of the solvent that varies from 
one curve to another. It is that eq. (3) is valid for 
larger concentrations than eq. (5). Even better 
agreement with experiment can be obtained if we 
allow a lo-2096 variation in the K, values. At high 
dioxane contents a considerable degree of associa- 
tion is predicted, much larger than what is implied 
from eq. ( 5). The dependence of the degree of dis- 
sociation on concentration as deduced from eqs. (3), 
(15) and (16) is shown in fig. 3. Evidently, these 
results are not reliable for concentrations above 0.1 
M. 

3.2. Kinetics 

The reaction of bromoacetate and thiosulphate ions 

113,141 
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0.8 

0.6 

a 

0.4 

100/R,, tk’ 1 

Fig. 3. The degree of dissociation of HCI in dioxane-water mix- 
tures, as deduced from the right panel of fig. 2. Results are not 
reliable beyond 100/R., = 5 A- ’ . 

BrCHzCOO- +S,Oi- -&03CHzC002- SBr- 

in the presence of Na + (the anions were prepared by 
dissolving their monovalent salts), has been consid- 
ered [lo] as an ideal example of the Brlinsted- 
Bjerrum catalytic law [ 9, lo], 

log k,,, = log km t 2 AZ, z2 8 (17) 

as derived from the DH limiting law. A more mod- 
ern approach to the concentration dependence of 
ionic bimolecular reactions is found in ref. [ 151. 

Fig. 4 compares the experimental results [ 13,141 
of this very slow reaction with eqs. (14) and (17). 
The latter is applicable only at extreme dilutions (as 
is the DH limiting law). Eq. (14) contains an addi- 
tional parameter, but with a reasonable choice 
[ 17,191 of a between 7 to 8 A, it is possible to tit 
experiment over a much larger concentration range, 
A more meaningful comparison can be obtained 
when the parameters a, D and K, are determinable 
from independent measurements. 

The explanation for the “catalytic” effect of 
increasing concentration is simple: The larger the 
concentration the smaller R,,, so that the two neg- 
atively charged ions at their equilibrium separation 
are higher up on their repulsive Coulombic barrier. 
In contrast, the recombination rate of oppositely 

0 2 4 6 8 

100/F&, tk’ 1 

Fig. 4. The concentration dependence of the rate coefficient (in 
M-’ min-‘) for the reaction of bromoacetate and thiosulphate 
ions (introduced as their sodium salts). Experimental data from 
ref. [ 131 ( + ) and ref. [ 141 (0). In all cases the initial concen- 
tration of both reagents was equal, except for the data at 0.02 N, 
where the concentration of the other ion was 0.01 N [ 141. It falls 
on the line when R,, is calculated from the larger ofthe two ionic 
concentrations involved. The dashed curve is the 
Bronsted-Bjerrum limiting law, eq. (17). The full curves are cal- 
culated from eq. ( 14) for two different values of the contact dis- 
tancea (in A). 

charged ions decreases with increasing concentra- 
tion: A smaller “Coulombic horizon” R,, implies that 
diffusion inside the sphere r,<R,, begins at a lower 
point on the attractive Coulomb potential. Ref. [ 171 
shows that the present theory compares favorably 
with the very fast recombination of protons with the 
four times charged anion of hydroxypyrene trisul- 
fonate in its ground electronic state [ 191. 

The dependence of rate coefficients on concentra- 
tion is by no means unique to ionic reactions. A 
recent work [ 161 attributes the c”~ dependence of 

the Stem-Volmer quenching rate coefficient to the 
same effect namely, quenching by diffusion from the 
finite donor-acceptor separation in solution. 

4. Conclusion 

In this work we have suggested a new approach to 
rate and equilibria of ionic reactions in solution, and 
to activity coefficients in particular. The resulting 
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parameterless approximation is valid in the concen- 
tration range 0.005-o. 1 M, just above the upper limit 
for the validity of the asymptotic DH law. In this 
range, which is of practical importance in laboratory 
work, it seems justified to assume that the dominant 
effect on the Coulomb field of a central ion is from 
its nearest-neighbor ion. Hence the screening of the 
central ion varies more sharply with distance than in 
the DH asymptotic regime [ 11: There is nearly no 
screening for distances closer than those of the near- 
est neighbor, and virtually complete screening fur- 
ther away. 

At concentrations higher than about 0.1 M, we 
expect such an intense Coulomb interaction that the 
chemical bond formation and dissociation rate con- 
stants, K, and Kd are no longer constant. Transient 
kinetic experiments may provide independent infor- 
mation on these parameters, which determine the 
concentration effect on steady-state rates and chem- 
ical equilibria in this regime. 
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