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The equilibrium constant of the chemical reaction in solution is formulated by means of the distri-
bution function at the semiclassical level. The equivalence of the present expression and the traditional one
that is based on the standard chemical affinity is proved. The changes of the thermodynamic quantities
(enthalpy, entropy, and volume) at constasnt temperature and pressure are expressed on the basis of the
present formulation. They are composed of the following three terms: (i) the internal change, (ii) the transla-
tional change, and (iii) the solvation change. Each term is evaluated for the dimerization of nitrogen dioxide.
It is shown that the volume change is a good measure for the solvation change because it does not contain

the internal change.

Since the solvation change is explicitly expressed by means of the radial distribution

function and its temperature or pressure derivative in an explicit manner, it is useful for discussing the
solvent effect on the chemical reaction from the point of view of the liquid structure.

Our molecular understanding of chemical reactions
is much less advanced in the liquid phase than in the
gas phase because of the presence of many-body
interactions characteristic of the liquid phase; most
fundamental theories have been developed primarily
for the gas-phase reaction which is free from
complicated intermolecular interactions due to sol-
vent. It is desired to improve the situation by
applying statistical thermodynamics of liquids to
reacting systems. We concentrate on the molecular
interpretation of the widely used thermodynamic and
activation parameters, such as enthalpy, entropy, and
volume changes accompanying the chemical reaction
in the condensed phase; these parameters are
obtainable from the application of thermodynamics
and transition state theory to the experimental study
on the effect of temperature and pressure on the
equilibrium and rate constants for the liquid-phase
reaction.?  We take advantage of the present
knowledge of the liquid state at equilibrium in order
to provide a theoretical framework or perspective for
the molecular interpretation of the thermodynamic
and activation parameters which have been used to
characterize the mechanism of the reaction in
solution.

It is still an open problem how the liquid structure
of solvent influences the thermodynamic and activa-
tion parameters associated with chemical reactions in
solution. When we consider this problem, it is of
primary importance to clearly define what we mean by
the solvent liquid structure. The radial distribution
function 1s meaningful in this respect. In the previous
papers,2:® we have successfully applied the distribu-
tion function theory of liquids to the problem of
reaction and activation volumes to unveil the
molecular aspects of the volume properties. This
potential approach is extended here to apply to
enthalpy and entropy changes to have an insight into
the solvent effect on these macroscopic quantities

from a molecular point of view; this kind of
generalization is not yet completely fulfilled after such
a new direction has been suggested by Chandler and
co-workers4=® and followed by some others.2:3:7 In
the present work we intend to examine the
macroscopic reaction parameters mentioned above
beyond the primitive view that their changes are
nothing more than a difference between the reactant
and the product (or transition) states.

One of the merits of the distribution function theory
is the capability of continuously treating a reaction
process starting just from the reactant state as in the
MO calculation of the potential energy supersurface.
In the present approach, the transition and product
states are represented by the configuration where the
coordinates of the atoms involved in the reactants are
specified. Thus we can regard the chemical reaction
as a continuous variation of the distribution
(configuration or arrangement) of constituent atoms
or groups composing the reactant molecules; in the
liquid-phase reaction, not only the reactants but also
the third bodies like solvent molecules have to be
included in the definition of the distribution. In the
distribution function theory, we define a probability
(density) of finding a configuration that varies with
the extent (or coordinates) of a reaction, and its
equilibrium and rate constans are given in terms of
such probabilities. Since the distribution function
theory is applicable to both the liquid and the gas
phases, it enables us to disclose the key role of solvent
molecules in differentiating the liquid-phase reaction
from the gas-phase one.

Molecular Model for Association
Reaction in Solution

Consider a reversible association reaction in solu-
tion at infinite dilution where two spherical
molecules A and B form the adduct C in an excessive
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Fig. 1. Model of the bimolecular association reaction
in solution illustrated in a two-dimensional way. The
white circles denote the solvent molecules and the
black the reactants.

amount of solvent as shown in Fig. 1. The potential
energy @ of the reaction system is assumed to be giv-
en by the pairwise additive intermolecular potentials
Ui as

D=3 uy, 1)

where the pair potential w; is assumed to act only in
the short range between the ith and jth species. The
pair potential between the reactants A and B
corresponds to the “potential energy supersurface” of
the association reaction.

In the present paper, we neglect the quantum effect
on the intramolecular behavior of the product
molecule C because it is not easy to incorporate this
effect into the distribution function formalism; the
system is described here at the semiclassical level in the
sense that the difference between the energy states is
small enough compared with the thermal energy.

The behavior of the model system in the
semiclassical limit can be predicted when we specify
the form of the potential energy functions in the above
scheme; here, however, we are concerned not with the
numerical calculation but with the formalism. There
remains another fundamental problem as to how to
identify the product molecule C. There can be two
ways to define C. One may define the product C as a
molecular pair when the distance r between A and B
lies between [ and [+¢; here [ and ¢ can be defined in an
arbitrary manner independent of the environments,
and [ corresponds to the “bond length” when ¢ is in a
sufficiently small range. The other may define C as a
molecular pair which has the highest population at a
value of r in the ensemble. We take the former defini-
tion for the sake of convenience.

Equilibrium Constant in Terms of
Distribution Function

Expression for Equilibrium Constant. Since the
total number N¢ of the product C is the number of the
molecular pair A-B which lies between [ and l+¢ as
described above, it is evaluated by using the radial
distribution function gg(r) as?

Ne=V f nanngan(r)- 7 (r)4mridr, @)
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where V, na, ns, and x(r) denote the volume of the
system, the number densities of A and B, and the
characteristic function for identifying C, respectively.
The explicit form of x(r) is given here as

1 ISr<i+ ¢

3
0 r<lorr>l+e, 3)

X = {
where ¢ is the distance in the range of which the
molecular pair is recognized as the product C. When ¢
is small enough, Eq. 2 is written as

ng = nanpgas(l)-9, 4)

where nc is the number density of C and 6 is 4nl2e.
Since the concentrations of the reactants are at infinite
dilution, nc is negligibly small compared with na or
ns, and hence the equilibrium constant X is given as

K = nc/nang
= gas(l)-6. (5)

This simple expression is important because the
molecular nature of solvent and solute molecules is
taken into account in a natural manner.8.9

Equation 5 can be easily extended to the association
between the same molecules, i.e., A=B, or the

aggregation among a number of molecules. In the
former case, Eq. 5 is rewritten as
K = ng/n}
1
= gg“(l) -6, (6)

where the factor 1/2 is necessary to avoid the double
counting of the molecular pair in Eq. 2.

Radial Distribution Function in Terms of Cavity
Distribution Function. Since the potential energy of
the system is pairwise additive, the radial distribution
function is expressed as the product of the Boltzmann
factor for the “bond energy”’ uas(l) at a fixed distance [
and the cavity distribution function yag(l) which is
defined as?®

gas(l) = exp (—ups()/kT) - y,5(1), (7)

where k& and T are the Boltzmann constant and the
temperature, respectively. The solute-solvent interac-
tions are included in the cavity distribution function;
the cavity distribution function is the radial distribu-
tion function between the hypothetical molecules
which have no interactions between themselves and
have interactions as usual with the solvent molecules.
The cavity distribution function is introduced to
represent the indirect interactions between A and B
through the solvent molecules. The direct interaction
uas(l) between reactant molecules is separated
unambiguously from the radial distribution function
so that we may abstract the effect of the solvent-
solvent interaction on the thermodynamic quantities
of our interest.
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L =kT1 —————hz > 0 11
Comparison of Distribution Function and Ha = n [( 2nmAkT) ¢ ] + o an
Partition Function Expressions k2 3/2
ui = AT (o) ] + o (12)
Standard Chemical Affinity. The traditional M
scheme for treating the changes in the thermodynamic #s = —kTInZpy,
quantities is based on the standard chemical affinity [( h? )3/2
. . . I =
A°.19 The standard chemical affinity is defined as +kIn 2n(my+ mp)kT @)+ oo (13)

A = =X v, (8

where u0 is the standard chemical potential of species
1; ¢ runs for all the reactants (»,<0) and the product
(v>0); the symbol ° denotes the standard state. The
equilibrium constant K is related to the standard
chemical affinity as follows:

A = kT In K — 33 vkT In ¢, 9)

where ¢? is the concentration of the standard state that
is conventionally taken to be unity in most cases. The
thermodynamic changes, such as enthalpy, entropy,
and volume are derived by differentiating the standard
chemical affinity. Furthermore, the standard chemi-
cal affinity is expressed by the partition functions Zg?
and Z° for the reactants and products, respectively, as

A° = kT In (Zp%/Z30). (10)

Thus we can diagnose the changes in the thermody-
namic quantities by dividing into the contributions
from each degree of freedom as shown below. How-
ever, the traditional treatment does not tell us the
significance of the liquid structure on the chemical
reaction. In this chapter, we try to find a relationship
between the present and traditional schemes based on
the distribution function and the partition function,
respectively; remember that the liquid structure of
solvent is taken into account in an explicit manner in
the former approach.

Components of Standard Chemical Affinity. The
standard chemical affinity of the model association
reaction 1s composed of several factors, such as the
translational, rotational, and vibrational degrees of
freedom of the molecules involved in the reaction and
the solute-solvent interactions. First, we briefly
review the traditional formulation of the standard
chemical affinity in terms of partition functions. The
contributions of the solute-solvent interactions to the
standard chemical potentials of A, B, and C in
solution are considered to be expressed by the
corresponding standard chemical potential for the
process of their transfer from the ideal gas into the
solvent. These are called the solvation free energies,
and denoted as aa, as, and ac for A, B, and C,
respectively. The internal degrees of freedom are
assumed here to be unperturbed by this process. In
consequence, we have the following expressions of the
standard chemical potentials for species A, B, and C:

where h, and ma, and mp are Planck’s constant and
the masses of A and B, respectively, and Zin is the
partition function for the internal degree of freedom.
Using Eqgs. 11—13 we have the standard chemical
affinity in the form

A = — pg + (ui+us)

= kT In Zyy, + AT In (A%9) — Ae, (14)
where
A = (B)2nm kT2, (15)
my = mymg/(my +mg), (16)
A = ag — (2 +ap). (17)

Here we call the first term in Eq. 14 the internal
contribution, the second the translational contribu-
tion, and the third the solvation contribution. Such a
simple expression for the chemical affinity comes
from the fact that the translational contribution is the
same in the gas and liquid phases at the semiclassical
level and the assumption that the internal structure of
the molecule is unchanged by the solvation.
Comparison of Distribution Function and Partition
Function Approaches. Although at first sight, Egs. 5
and 14 seem to have no relation, the semiclassical
expressions for the internal partition functions lead to
a simple relation between them. The first term on the
right-hand side of Eq. 14 comes from the following
three factors; the rotational and vibrational degrees of
freedom of the associated molecule C and the
difference in the zero point of the energy between
reactants A and B and product C. The last factor is
equal to the bond energy uas(!) that is negative in sign
contrary to the convention. Hence it follows that

kTIn Z,, = kT In Z™t + kT In Z°'® — u,5()), (18)

where Zrot and Zvib denote the partition functions of the
rotational and vibrational motions of C, respectively.

The rotational partition function in the semiclas-
sical approximation is written as

Zrot = —:-1-2-47:12, (19)

where s is the symmetry number of the associated
molecule C, and the vibrational partition function as

AL (20)

In the semiclassical approximation, the rotational
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partition function is equivalent to the partition
function of the two-dimensional translational motion
for the particle of the mass m: in an area 47{2 (which is
the surface area of the sphere of the radius [), and the
vibrational partition function is equivalent to the
partition function of the one dimensional transla-
tional motion of the particle in a length ¢. Thus the
internal partition function is written as

1
Zlnt = —3—1_3475128'3)(;) (—uAB(l)/kT) . (21)

When Egs. 18—20 are used in Eq. 14 the standard
chemical affinity is written as

A% = kT In (0-4nl%e) — kT'Ins — uy(l) — Ax.  (22)

This equation can be interpreted thermodynamically
by considering a process by which the associated
molecule C is formed. Suppose a gas mixture of the
reactants A and B at the standard state the
concentration of which is ¢. The first term on the
right-hand side of Eq. 22 is the change due to the
compression of reactant A (or B) from the free space to
the concentration 1/(47l2%¢) in the restricted space
around B (or A); 4ml2¢ is the volume where one of the
reactants can move in the neighborhood of the other.
If A and B are the same, only either A or B is involved
in the initial gas mixture at the standard state (the
concentration ¢?), so that the concentration of the
resultant C is one half of ¢0. Therefore, it is necessary
to add kTlIn 2 to bring the product gas C into the
standard state. This correction is made through the
symmetry number s=2. Finally, the reversible work
Aa accompanying the transfer of the product from the
gas phase into the solvent is added as shown in Eq. 22.

According to Eq. 9, the equilibrium constant is
expressed by the standard chemical affinity and the
sum of the stoichiometric number —1 (—va=—vp=
vc=1). Putting Eq. 22 into Eq. 9 we obtain

= ;l‘- exp (— (uas(l) + Ax) /kT) - 4nl2e. (23)

Comparison of Egs. 5 and 23 leads to the following
equation:

as(l) = exp (—Ao/kT). (24)

This equation is also derivable from the fact that
—kTIn yas(l) is equal to the reversible work
accompanying the approach of A and B at a large
separation to the distance [9; this is called the
potential of mean force by the solvent molecules and
equivalent to the difference of the solvation free
energy Aa. In the classical scheme, the change Aa due
to solvation 1s treated as the standard chemical affinity
associated with the formation or the destruction of the
solvation shell. This 1s contained naturally in the
cavity distribution function treated here.
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Free Volume Theory vs. Distribution Function
Theory. Let us inspect the relation between the
present framework based on the distribution function
theory and the old one based on the free volume
theory. It has been asserted by some authors!®:19 that
the difference in the equilibrium constant between the
gas and the liquid phases arises from the restriction of
the translational freedom in the liquid phase, and that
the “free volume” is useful as a measure of the
restriction. In this framework, the chemical potential
change is simply written as

A° = A°(ideal) + kT In (s%%/v 0}), (25)

where A9ideal) is the standard chemical affinity
without the solute-solvent interaction that is equal to
the standard chemical affinity in the ideal gas, and v°
and v are the volume per particle 1/¢? and the free
volume per particle X, respectively. Although the free
volume is often claimed to be ambiguous, its concept
can be made clear by the present molecular approach
as shown below.

According to Eq. 25, the reversible work ax in-
troduced into Egs. 11—13 is expressed as

ay = — kT In (vi/u°)" (26)

Putting Eq. 26 into Eq. 24, we obtain the relation

Yas(l) = v%0¢[vivg (27)
= po/pabs, (28)

where px is the ratio of v to v°. Suppose dissolution
of solute X into the solvent. The probability of the
allowed occupation of an arbitrary place in the solvent
is assumed to be equal to the ratio px of the free
volume to the total volume. The cavity distribution
function at a distance [ is the ratio of the probability of
finding the A-B pair at the distance [ to that of finding
the pair without correlation between A and B; the
former and the latter probabilities are given by pc and
paps, respectively. Thus we can explain Eq. 25 in the
probabilistic manner.

Components of Changes in Thermodynamic
Quantities and Their Significance

The formulation in the previous section enables us
to divide the changes of the thermodynamic quantities
into the following three terms in an additive manner:
(1) the change due to the direct interaction between the
reactants which brings about the internal degree of
freedom of the product (called the “internal change”’),
(i1) the change due to the translational motion (called
the “translational change”), and (ii1) the change due
to the indirect interactions between the reactants
through the solvent molecules (called the ‘“‘solvation
change”). The term “solvation” is used here in a
broad sense, whereas it is often used for strong
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solute-solvent interactions. In this section, we clarify
the significance of each component of the enthalpy,
entropy, and volume changes accompanying the
association reaction proceeding under isobaric condi-
tions. Numerical value for each component in an
actual system is shown in the Appendix to see the
relative importance.

Internal Contribution. The internal change in the
chemical potential is represented by the first term in

Eq. 14. Differentiation of the term leads to the
following expressions:
AFP(int) = usa(D) + T, (29)
AS(int) = kln (A-2-4nl%) + %k, (30)
AV°(int) = 0. (31)

The internal changes are the same both in the ideal
gas and in solution according to the present model.
The first term in the enthalpy change is the pair
potential change between the reactants. And the
second term due to the energy of the internal degree of
freedom of the associated molecule that is equal to
(3/2)kT as expected from the equipartition law of
energy.1?

Different aspects are shown by the internal enthalpy
and entropy changes. While the enthalpy change
depends on the strength of the bond, uas(l), the
entropy change depends on the “‘softness’ of the bond,
&. Though the semiclassical term (3/2)kT in the
enthalpy change arises from the internal motion
which is attributed to the “softness’’ of the A-B bond,
the contribution of the term is wusually small
(3.7kJ mol-1 at 25°C) compared with the bond
energy. Thus the standard chemical affinity is
meaningfully split into the enthalpy and the entropy
changes.

It is interesting that the internal contribution does
not appear in the volume change. The present result
discloses that whatever the internal change takes place
the volume change is not observed without the sol-
ute-solvent interactions not the direct interaction
betwee the solute and the vessel. Thus the “intrinsic
volume change” has no real physical meaning, as
referred to previously.?

Translational Contribution. The translational
chemical potential change is represented by the second
term in Eq. 14. Differentiation of this term leads to
the following expressions:

AH(trans) = — -g—kT — apkT?, (32)
AS(trans) = kIn (13:%) — %k — oapkT, (33)
AV(trans) = —&kT, (34)

where a; and kr are the isobaric expansibility and the
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isothermal compressibility of the solvent, respectively.
Since these translational changes are determined not
only by the momentum of the molecule but also by the
direct interaction between the molecule and the
container’s walls,1? these equations contain the
response function of the volume of the system with
respect to the temperature (o) or the pressure (kt) as
shown by the last term on the right hand-side of each
equation.13:19 These terms have been treated as the
“correction term” in calculating the change of the
thermodynamic quantity from the equilibrium con-
stant expressed in molarity.1? The role of the last
terms in Eqgs. 32—34 was pointed out in a different
manner in the ‘“‘noninteracting solution”’? where the
solute molecule had only the translational degree of
freedom in the container. We have previously
elucidated the significance of the translational volume
change on the basis of the virial theorem.3:19

Solvation Contribution. The solvation contribu-
tion to the standard chemical affinity is represented by
the third term in Eq. 14. Differentiation of this term
leads to the following expressions:

AH(solv) = kﬂ(i%ﬁﬂ)’,, (35)

AS(solv) = kln yap(l) + k ﬂ%ﬂ)—){ (36)

AP (so0lv) = — kT(_““_a-’;Eﬂ) : (37)
T

These formal expressions tell us that the solvation
changes are determined by the liquid structure
through the temperature or pressure derivative of the
cavity distribution function. Comparison of Egs. 29—
37 reveals that the volume change is a more direct
measure of the solvent effect than are the chemical
affinity, and the entropy and enthalpy changes
because the volume change is independent of the
internal structure of the associated molecule C except
for the bond length which is assumed to be unaffected
by the environments.

The nature of the solvation change is more
complicated than that of the internal of the trans-
lational change, which results from the fact that the
cavity distribution function is determined by
multibody interactions among the molecules. If the
density of the solvent is small enough, the expansion
of the cavity distribution function in powers of density
can be truncated to the first several terms and served
for a rigorous discussion of their explicit form of Eqgs
35—37, an example is shown elsewhere® for the
volume change in the dilute gas. But such a
treatment breaks down in usual liquids where
multibody interactions are dominant. Hence we
should explore the liquid structure in a more
sophisticated manner to establish a solid basis for the
treatment of the solvation effects on the chemical
reaction; e.g., such “extra-thermodynamic” relation-
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ships as linear free energy relationship and the
entropy-enthalpy compensation may be obtained
along this line. The present-day liquid theory!® will
be useful for justifying the extra-thermodynamic rules
empirically found. Our work along this line will
appear in near future.

Appendix

Evaluation of the Internal, Traslational, and Solvation
Contributions in an Actual System. Although the theo-
retical framework presented here is insufficient for under-
standing the molecular nature of the chemical reaction
because of the complexity of the internal structure in the
actual reaction system, at least, the translational and
solvation contributions can be elucidated. The relative
weights of the internal, translational, and solvation
contributions vary from one thermodynamic quantity to
another. Here, we show the significance of the three
components in the changes of the thermodynamic quant-
ities, enthalpy, entropy, and volume in an association
reaction.

The dimerization of nitrogen dioxide in solution

9NO, = N,0,, (38)

is a prototype association reaction studied experimentally!7-20
and theoretically*:® in both the gas and liquid phases.
Although this reaction is complicated enough as referred to
above, the translational and solvation contributions can be
estimated by applying the experimental imformation in the
present formulation.

We adopt the experimental data for the enthalpy and
entropy changes in carbon tetrachloride which are obtained
by measuring the solution susceptibility,!® while there
exists a discrepancy in the experimental data.l8:19 The
isothermal compressibility and the isobaric expansibility are
taken from Ref. 21. »

The evaluated values for the three components at 25°C
and 1 atm (1 atm=1.013X105 Pa) are summarized in Table 1.
The largest contribution to the entropy change comes from
the translational change. If the internal freedom exists only
in the associated molecule as in the present model, the

Table 1. Values of the Components of Changes of the
Thermodynamic Quantities Accompanying the
Dimerization of Nitrogen Dioxide in Carbon
Tetrachloride at 25°C and 1 atm®:»

Internal Translational Solvation

AH® (kJ mol-) —50.9 —4.6 —5.6
AS° (JK-'mol-!) —28 —116 +11
AV?® (cm?® mol-1) 0 -3 —20

a) The standard state is taken to be 1moldm-3. b)
The internal changes of the enthalpy and entropy,
which are assumed to be the same in the gas and the
liquid phases, are calculated from the data of the
gas-phase reaction!” by subtracting the translational
changes which are obtained from Eqs. 34 and 35.
The experimental data of the volume change is
obtained from Ref. 20.
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internal entropy change is expected to be positive. However,
since both nitrogen dioxide and dinitrogen tetroxide
molecules have the internal freedom, the dimerization
reaction may have the negative internal entropy change as
shown in Table 1; the largest contribution to the internal
entropy change comes from the rotational entropy change
that is calculated here as —55 J K-!mol-!. The internal
contribution plays the most important role in the enthalpy
change. The volume change is dominated by the solvation
change, and the translational volume change is rather small
in solution, though the translational contribution to the
volume change is dominant in the gas phase where the
volume change amounts to —24 dm3 mol-!.

The entropy change has been used in the characterization
of the chemical reaction in solution with such a view that
the entropy change (activation entropy) reflects the
“softness” or “randomness”’ of the product (transition state).
As shown here, however, the entropy change accompanying
the association reaction contains a large amount of
translational contribution which is independent of the
molecular parameters except for the mass. Thus we must
subtrac the translational contribution before discussing the
mechanism of the association or addition reaction in terms
of the entropy change.
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