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Interpretation of activity coefficients

As we noted earlier, deviations from ideal behavior in
solutions arises from solute-solute interactions and
from disruption of the solvent structure by the solute
at sufficiently high solute concentrations. If the
solvent remains essentially intact, then Roault’s Law
is most likely still applicable, namely In a, = In x4, ya
= 1, except that x, = 1 — xg, rather than 1 — xg. In
other words, we use the true mole fraction of the
solute (or the osmotic molality) rather then the
stoichiometric mole fraction (stoichiometric molality).

Or, we must take into account solute-solute



interactions, or dissociation of the solutes, and so on,
before applying Roault’s Law for the solvent. Of
course, this means that for the solute, In ag = In ygXsp,
vg # 1, and RT In ygis the extra free energy arising
from the solute-solute interactions.

In the simple example that I have just outlined to
illustrate the stacking of nucleic acid bases, I noted
that In Y"g = my/m. Recall that I invoke the
following simple equilibrium to describe the

association process:

M1 + M1 A g Mz K
monomer dimer

M, + M, © M; K3

M3 + M 1 © M4 K4

Mn—l + Ml Ay Mn Kn

According to this model,



= my+ K (my)” + K K (m1)” + ... Ko KoKy Ko(m)®

m =m; + 2mp + 3mz + 4my +...om,
= my + 2K, (my)? + 3K; Kz (my)°  + ...
+nK, K:Kj...Ky(my)"
From these two relationships, it follows that
dm/dm; = m/m;
but since ¢ = m/m,
or ¢ dm+md¢ =dm=(m/m;)dm,
or ¢dlnm+d¢ =dInm,
and since dlnyg™=(¢-1)dInm+do
it follows that d In yg™ = d Inm; - d Inm = d In (m;/m)

m

or vg" =(m;/m)g !

In other words, for this simple association
equilibrium, the activity coefficient is just the fraction

of the solute existing as the monomer!



This is an important and general result. Of course,
molecular aggregation constitutes only one (extreme)
way of describing solute-solute interactions (an
extreme situation that has led to complex formation,
but the strength of the interaction is measured by the

equilibrium constant).

How to deal with solute-solute interactions?

There are two ways to deal with solute-solute
interactions:

(1) indirectly using the activity coefficient;

(2) explicitly by invoking an equilibrium to
describe the interactions between the solute
molecules.

Suppose you have a solute B that dimerizes in
solution. If you didn’t know this, and measure the

chemical potential, you would express the result as

HB(T) = uoB(T) + RT In ag = HOB(T) + RT In 'YBc Cp



and vg <<l

Now, if you had taken explicit note of the
dimerization, and if both the monomer (M) and dimer
(D) actually forms Henry’s Law solutions, then you
can write
2M << D
and
um(T) =p°m(T) + RTInymem = pu°m(T) + RT In em
up(T) =p°p(T) + RTInypcp = u°p(T) + RT In ¢p
where M, %1
Comparing the results for pg and Ly, it is clear that
YB CB =Cm
or Yg° =cwm/cs

the identical result obtained earlier.

Moreover, in discussing the dimerization, one can

write the equilibrium constant as

K=ap/ax® = v en/(ym) e ~ cplen’



as Yp',ym* =~ 1 and there is no ambiquity.
It also follows that

uop(T) - p°m(T) = —RTIn K

Another example

Suppose the solute B in the above example
participates in the following reaction:

B + X & Y
Normally, one can simply write

K = ay/agax =1 ey /(8" eg 7x° cx)
It would have been OK to assume that x5,V ~ 1,
but because of the dimerization of B, ys‘<<1,i.e.,
Y8° deviates significantly from unity. So,
K = (ey/cg ex) « (1/75°)
On the other hand, if one takes explicit account of the
dimerization of B, one can also write
M + X © Y

and K = aylayax =y cy/(ym em Tx'© €x)

= Cy/ Cvm Cx



since vy ,vx",yM* ~ 1.
Comparing the two outcomes, it is clear that the
results are identical, since ¢y = Y™ ¢g. So, if one

knows what one is doing, there is no ambiguity.

Ys can be derived from a knowledge of U (r), the

Dotential energy of interaction between the solutes,

assuming pairwise interactions

Recall ue(T) =p°s(T) + RT In ag
If the solute behaves ideally, i.e., satisfy Henry’s Law
(condition of dilute solutions), then

us**(T) = u°s(T) + RT In cg

If the solute is not behaving ideally,
us™*(T) = u°x(T) + RT In ¢+ RT In Vg
or l.leal(T) _ uBideal(T) = RT In ,YBC

So RT In yg°is merely the reversible work (maximum)
that must be expended to take the solute solution

from the ideal to the real situation. Since v8° < 1



typically, this reversible work is negative, i.e., work

can be extracted from the process. In light of this, it

follows that

RTInRT In yg° =~ (1/2) N4 cp (ll‘zoluﬁon) (1/1000)
2 p(r) U (r) 4 nr? dr

where leuﬁm = volume of solution (in liters)

containing 1 mole of solute;

p(r) = radial distribution function giving
the probability of finding another solute molecule at
distance r and r + dr;
and U(r) = potential energy of interaction
between a pair of solute molecules.

So the problem reduces to knowing p(r) and U(r).



