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Abstract

The concept of solvation was originally studied within thermodynamics. This may be
referred to as the macroscopic approach to solvation. It involved the transfer of solute from
the gaseous phase into the solvent under well-specified thermodynamic conditions. In 1978,
anew definition of the solvation process was introduced. This new definition may be referred
to as the molecular or the microscopic approach to the study of solvation. Once the new
definition was introduced and shown to be advantageous, all the traditional definitions
were rendered obsolete. With this new definition, a host of difficult problems in chemistry
and biochemistry could be studied, including the mystery associated with the entropy of
solvation of inert gases in water, the problems associated with protein folding, and protein
self-assembly.

Keywords: solvation; solvation thermodynamics; solvation entropy; solvation Gibbs
energy; solvation of inert solute; self-solvation; solvation of proteins

1. Introduction

The study of solvation has quite a lengthy history. Its history is almost identical with
the history of physical chemistry. The term solvation is a generalization of the term hydration,
which was used for the specific case when the solvent was water. The earliest “definition”
of the concept of solvation is probably due to Gurney [1], who wrote in his book, Ionic
Processes in Solutions, the following:

“The interaction that takes place when an ion is introduced into a solvent is called the solvation
of the ion.”

Of course, the concept of “solvation,” as used today, does not apply only to ionic
solutes, but to any solute in any solvent. Indeed, the concept of solvation involves the
interaction of the solute with the solvent, but it includes all the effects that result from
these interactions. Finally, the process of introducing the ion (or any other solute) into the
solvent was not specified in Gurney’s definition. This led to multiple measures of solvation
quantities based on different processes of solvation.

In the early history of physical chemistry, the process of solvation was studied exclu-
sively within thermodynamics. This may be referred to as the macroscopic approach. It
involved the transfer of solute from the gaseous phase into the solvent under well-specified
thermodynamic conditions. We shall describe three of those “conditions” in Section 2.
Within the macroscopic approach, it was not possible (in fact, it is impossible) to tell which
of the various measures was the best one to convey the “interaction” between the solute
and the solvent. All this changed when a new definition of the solvation process was intro-
duced in 1978. This new definition is now referred to as the molecular or the microscopic
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approach to the study of solvation. This approach is discussed in Section 3. Once the new
definition was introduced and shown to be advantageous, all the traditional definitions
became obsolete. We shall describe the advantages of the microscopic approach in Section 4
and demonstrate why this approach became the only valid definition in studying solvation
phenomena. In Section 5, we present a few examples of the application of solvation to spe-
cific problems, problems which could not have been dealt with within the old macroscopic
approach to solvation thermodynamics.

2. The Traditional or the Macroscopic Approach

Traditionally, solvation phenomena were studied within thermodynamics of solution.
Since most of the experimental work was performed on systems at room temperature (fixed
temperature T) and atmospheric pressure (fixed pressure P), the natural thermodynamic
quantity used to study such systems was the Gibbs energy (previously referred to as “free
energy”). The process of solvation was described in terms of transferring one mole (or one
molecule) from the gaseous phase (normally being an ideal gas mixture) into the liquid
phase. The two phases were supposed to be at the same temperature T and total pressure
P. The Gibbs energy change for such a process is written as follows:

g—1
AG 1
(g cé) g

where ¢§ and ¢! are the concentrations of the solute s in the two phases, gaseous (g), and
liquid (I), respectively. To “standardize” the process of solvation, people chose to transfer
the solute from g to [ in which the solute concentrations are equal, i.e., ¢ = c.. Therefore,
the standard Gibbs energy change for this transfer process is written as follows:

oc — 1
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where the Gibbs energy change AG was replaced by the difference in the chemical potential
of the solute in the two phases. The superscript “o,c” was used to indicate the choice of a
specific standard process of transferring the solute between the two phases, using a specific
concentration scale.

The chemical potential was introduced by Gibbs and is defined as the “derivative”
of the Gibbs energy with respect to the number of particles of the species s, at constant
temperature, pressure, and the numbers of molecules of all the other species present in the
system, i.e.,

oG(T,P,Ny,...,N;)
o= ONs T,P dall N;, i
,P, and all N;, i#s

©)

Note that in the very definition of the chemical potential, it is assumed that the variable
N; is a continuous one. For details on the justification of this assumption, see Ben-Naim [2].

So far, the standard Gibbs energy of solvation does not specify the choice of the
“concentration” scale used for ¢f and cl. It is at this point that different scientists had
different preferences for the concentration scales. The three most common concentration
scales were as follows:

1.  The molar concentration is defined as follows:

_Ns
pS_V

where N; is the number of solute particles, and V is the volume of the system.
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2. The mole-fraction concentration is defined as follows:
N; Os
Xs = = )
i1 Ni Xiqpi

3. The molar concentration, denoted by 15, is the number of moles of the solute s in one
kilogram of the solvent.

In this article, we shall discuss only the first two concentration scales, which were most
commonly used in the study of solvation. The molality and the related “aqua-molality”
were rarely used.

Once the concentration scale is chosen, one can define the so-called standard chemical
potential corresponding to each concentration scale.

As we noted above, the solvation thermodynamics was studied only for very dilute
solutions of the solute s in the solvent [ in the macroscopic approach to solvation. For
such solutions, it was known that the chemical potential of the solute s has the following
general form:

Hs = U™ 4+ RTIn ¢, (6)

Thus, the standard Gibbs energy of solvation could be defined for each of the con-
centration scales. We shall refer to these as the p-process, the x-process, and the m-process.
These three quantities are defined for the process of transferring one mole of solute from
the gaseous to the liquid phase, as in notation (2), but for the chosen concentration scales
Cs = Ps, Xs, or mg. Thus, the standard Gibbs energy of solvation for the p-process is defined

I 1 0
Alrl 87 _ L opdl 0P8
& ( =l ) T

= ué(T,P,pé) - y?(T,P,pé’) @
— 2P = S ¢ [RTINE]
ok

Os

by the following:

—o8

i.e., transferring of one mole of solute s from g to /, at constant T and P, and p§ = pé.

For the x-process and the m-process, the corresponding standard Gibbs energy of
solvation is defined similarly to Equation (7) except for the condition of equal mole fractions
and equal molality, respectively.

In this article, we shall discuss only the first two concentration scales, which were most
commonly used in the study of solvation. The molality and the related “aqua-molality”
were rarely used. We shall not discuss in this article any details regarding the relationship
between the various standard Gibbs energies of solvation based on the different scales.
The details may be found in Ben-Naim [3]. We emphasize here that all the conventional
standard quantities were defined for very dilute solutions of the solute s in the solvent /.
More importantly, no one really knew what these standard quantities actually measure.
In fact, it was demonstrated in Ben-Naim [3] that the standard Gibbs energy of solvation
based on the mole fraction diverges to minus infinity for a solvent with a density that tends
to zero. This means that Au* (x — process) cannot be used as an adequate measure of the
“interaction” between the solute and the solvent (Gurney [1]).

This situation led to the “revolution” in the field of solvation thermodynamics in 1978.
It started with a new definition of the solvation process, for which all the thermodynamic
quantities could be defined on a molecular level. This new, or microscopic approach, will
be discussed in the next Section.
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3. The Microscopic Approach to Solvation

The microscopic approach to solvation starts with the general expression for the chemical
potential for any species i in any system:

i = i +kTinp; A} )

This is similar to the expression for the chemical potential for extremely dilute solu-
tion of a solute s in a solvent /, which we quoted in Equation (6). Here, the expression
is much more general, and is valid for any concentration of the species i. Unlike the
standard chemical potential, which is independent of the concentration s, the quantity u7
referred to as the pseudo-chemical potential may depend on all the concentrations of all the
species in the system. The quantity A? is referred to as the momentum partition function,
or the thermal de Broglie wavelength. It will not be involved in the definition of the
solvation quantities.

The term pseudo-chemical potential was given to u; to emphasize that this quantity
is not the chemical potential of s in any specific (standard) state. The significance of the
general split of the chemical potential into two terms is that it corresponds to introducing
the solute s (or any species i) into the solution in two steps:

First, introduce the particle (which can be any atom or a molecule) s at a specific
location R;, and then release the particle into the solvent /, Figure 1.

Solvent /

o+ Hs O,

pst kT In psA3

R

Figure 1. The chemical potential of a molecule s is split into two terms: First, the work associated

with placing the molecule at a fixed position (R;) in the solvent <y§l> , and second, the change in

Gibbs or Helmholtz energy for releasing the molecule from the fixed position: (kTIn p5A2> .

We now define the process of solvation as the process of transferring a single particle of
any species «, not necessarily a solute in a dilute solution, from a fixed position in an ideal
gas phase (or in vacuum) to a fixed position in a solvent (I); see Figure 2. The solvent may
be characterized either by the variables T, V, Ny, ..., N; or by the variables T, P, Ny, ..., N.

The pseudo-chemical potential of a molecule of species « in an ideal gas is simply:

4a® = kTlng,~ ' 9)

It is assumed that the internal partition function g, is independent of the thermody-
namic variables (either T, V,N or T, P, N).
The pseudo-chemical potential of the same molecule in the liquid phase is as follows:

pil = kTing,~ ' — kTIn(exp( — BB,)) (10)
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Ideal-gas
___ phase
(a)

Liquid
phase

Figure 2. Definition of the process of solvation: A molecule of species « is transferred from a fixed
position in an ideal-gas phase, into a fixed position in the liquid phase.

Here, B = % and B, is the total binding energy of the molecule of species « to the rest
of the system. Note that the average, in the last term on the right-hand side of Equation
(10), is taken either in the T, V,N or T, P, N ensemble.

Since we usually assume that the internal partition function g, is unchanged in the
process of solvation, the corresponding “free energy” change (either the Helmholtz or the
Gibbs energy) is given by the following:

Apt =il — i = — KkTin(exp| — BB,]) (11)

For a dilute solution of « in the solvent, the quantity Ay, becomes identical to the
standard “free energy” of solvation for the p-process. See Ben-Naim (1987) [3] for details.

Ap — AGY(p — process) (12)

Note, however, that although numerically Ay becomes identical with AGY (o — process),
in the limit of very dilute solutions, these two quantities pertain to two different processes.
This brought about the confusion between the solvation free energy (Helmholtz or Gibbs
energy) Ay, and the standard solvation free energy.

4. Advantages of the New Process of Solvation

In this section, we will briefly discuss the advantages of the new measure of solvation
thermodynamics over the conventional ones. This was discussed in great detail in Ben-
Naim [3].

The main advantage of Ay}, which was also the motivation for seeking a new process
of solvation, is that it is a genuine measure of the effect of the solvent on the thermodynamic
behavior of a single molecule. In the conventional approach, it was impossible to decide,
within thermodynamics, which one is the best to use.

The second important advantage is that Ay; may be applied to any molecule in any
solvent at any concentration of the solute . The conventional solvation quantities were
defined only for dilute solutions of « in the solvent. Within the new definition of the
solvation process, there is no need to make a distinction between a solute and a solvent.
In fact, the new quantity Au; may be applied even to a pure liquid. This led to the new
concept of “self-solvation,” i.e., the solvation of a molecule in its own liquid. Such a study
could never be achieved with the standard approach to solvation.
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Finally, we note here that all the thermodynamic quantities associated with the solvation
process could be derived from the Gibbs or Helmholtz energy of solvation, by the standard
relationships. For example, the entropy, enthalpy, and the volume of solvation can be
obtained from the standard thermodynamic relationships:

oA, A,
ASy = —| —==% | ,AH, = A, + TAS,, AV, = — =52 1
Si=—(Tgpe) ;- oweTasiavi=—(%h) a9

Thus, AS;, AH}, and AV}, are the entropy, enthalpy, and the volume changes for the
same process of solvation defined in this Section. Such simple relationships for the entropy,
enthalpy, and volume could not be obtained for the solvation quantities based on “standard
states.” Examples are discussed in detail in Ben-Naim [3].

5. Some Specific Applications of the Molecular Definition of the
Solvation Process

In this section, we survey a few specific problems that could not have been stud-
ied within the old macroscopic approach but that were successfully treated and solved
within the new molecular approach to solvation. These are the following: (1) Solvation
of water in water: a study led to a molecular definition of the structure of water and a
better understanding of the anomalous properties of liquid water. (2) A study of hydropho-
bic interaction led to an experimental measure of the hydrophobic interaction and later
revolutionized the whole field of the so-called hydrophobic effect. (3) Solvation of inert
gases: the mystery of the large and negative entropy of solvation of inert solutes in water.
(4) Solvation and protein: this led to the understanding of a few mysteries in protein chem-
istry, such as the large solubility of globular proteins in water, the protein folding problem,
and the self-assembly of proteins in aqueous solutions. To the best of our knowledge, these
are all the problems that were studied and that reached a reasonable solution within the
microscopic theory of solvation. More details can be found in the work of Ben-Naim and
Sordo [4].

5.1. Solvation of Water in Water and the Molecular Definition of the Structure of Water

As we have pointed out in Section 4, within the old approach to solvation thermo-
dynamics, only extremely dilute solutions could be studied. However, within the new
definition of the solvation process, there are no restrictions on the concentration of the
solute. This has opened the way for the study of “self-solvation,” i.e., the solvation of a
molecule in its own liquid. Such a study could never be carried out within the standard
approach to solvation. The most important liquid is, of course, liquid water. The study
of the self-solvation of water in pure liquid water led to a new definition of the structure
of water (SOW), as well as improved our understanding of the outstanding properties of
liquid water (Ben-Naim [5]). Preceding the definition of the SOW, it was necessary to define
the specific pair potential for a pair of water molecules. This was achieved in the mid-1970s
(Ben-Naim [6]).

Let us denote by X; the configuration (i.e., location and orientation) of the ith water
molecule. The pair potential between two water molecules at a configuration (X;, X3) is
supposed to have at least two components:

U(Xl, X2) = UL](Rlz) +€HBG(X1, Xz) (14)

where U} is a Lennard-Jones pair potential which is conveniently taken as the pair poten-
tial for two neon atoms. The second term on the right-hand side of Equation (14) is referred
to as the hydrogen-bond (HB) part of the pair potential. It has two factors: ey, which
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measures the strength of the HB between two water molecules, and G(Xj, X), which is
referred to as a geometrical function. This function is defined as follows:

1 whenever 1 and 2 are hydrogen bonded (15)
0 otherwise

G(Xy, Xp) = {

Without going into any details about its definition, it is clear that the geometrical
function can be used to define the number of HBs in which the ith water molecule is
engaged, giving a configuration XV of all the molecules in the system, i.e.,

gi(XV) = 10, G(Xi X)) (16)

Clearly, if we use the step function in Equation (15), then ¢;(XY) simply counts the
number of water molecules which are hydrogen bonded to the ith molecule at the configu-
ration XN of the system. The average of the function ¢;(X") over all the configurations
in either the (T, V, N) or (T, P, N) ensemble will depend on the index i and is defined by
the following:

() = / aXNPr (XV) ; (XV) (17)

It is easy to show that the quantity (¢) is related to the average number of HBs in the
system, i.e.,

= LN axNPr(xN )y (xV) (1)
= §N<E’)>

The factor % enters because in carrying out the summing over i and j we count each
pair twice. Clearly, either (¢) or (Nyp) may be used to define the SOW.

We now briefly mention an approximate measure of the SOW based on the knowledge
of the Gibbs energy of solvation of water in water. For details, see Ben-Naim [5,6].

We start with the definition of the self-solvation Gibbs energy of water:

AG}, = — kTIn{exp| — BBol)1 p N (19)

Here, the average is taken in the T, P, N ensemble. The SOW is now approximately
defined in terms of the difference in the self-solvation Gibbs energies of water and of
heavy water:

AGp,0 — AGp,o

€D — €H

(Yr,0)0 =2 (20)

where ep and e are the energy parameters epyp for D,O and H»O, respectively.
Thus, we obtained a measure of the structure of water based on experimentally
available solvation quantities.

5.2. Study of Hydrophobic Interaction Leading to an Experimental Measure of the
Hydrophobic Interaction

Consider the process (co — Ryy) of bringing two simple solute molecules from infinite
distance to some final distance R1y, as shown in Figure 3.

https://doi.org/10.3390/e28101050
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' Ideal gas
AG'Y9(Ry; = 0)

O———

A A

—Apy —Ap;
fuiz(Ry2 = 0) Liquid

AG'(Ry; = 0)

Figure 3. The process of bringing the two solute particles 1 and 2 from infinite separation (Rjp = o0)
to some finite distance Rj; = o¢. The same process is carried out in an ideal-gas and in a
liquid phase.

In this figure, we carry out the same process in an ideal gas phase and in water. The
difference in the work of the same process in the two phases is as follows:

AG!(c0 = R) — AG8(c0 — R) = 6G(co — R)

21
IA"M*Z(R> _ Ay*l(oo) ( )

This is easy to prove by merely looking at Figure 3. The Gibbs energy change for the
entire cyclic process must be zero. Hence, we must have the following equality:

AG'(co — R) — Au*!(R) — AG (00 — R) + Au*!(c0) = 0 (22)

Using the statistical mechanical expression for the solvation Gibbs energies on the
right-hand side of Equation (21), we obtain the following:

6G(oo — R) = A (R) — Ap*! (o0)
= kTln (exp[—BB12(0)]) — kTIn{exp[—pB12(R)]) (23)
= —Apj' — Ay’ + Ap*(R)

Next, we note that Ap*! (R) does not contain the direct interaction energy between the
two solute particles. This fact was exploited to construct a measure of the strength of the
hydrophobic interaction between two real solute molecules.

In order to do this, we consider two methane molecules at infinite separation. We
bring these two molecules to any distance R = 1.53 A. This process led to the following
measure of the hydrophobic interactions. We first bring the two methane molecules to the
distance R = 1.53 A. The solvation Gibbs energy of the pair of these molecules is denoted
by Au*! (R = 1.53 A ). Next, we replace the two methane molecules with one real ethane
molecule. From the point of view of the solvent, the binding energy of the two methane
molecules at R = 1.53 A is approximately the same as the binding energy of one real ethane
molecule; hence, we write the following:

Ap! (R =1.53 A) ~ Ap* (ethane) (24)
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Using this approximation, we can obtain the required measure of the strength of the
hydrophobic interactions between two methane molecules at the distance of R = 1.53 A;
i.e., we write the following:

oG (oo — R =153 A) = Ap*(ethane) — Ap™ (methane) (25)

This measure, and numerous generalizations of it, was very useful in the study of
the hydrophobic interaction and later led to a revolution in the understanding of protein
folding; see Section 5.4 below.

5.3. Solvation Thermodynamics of Inert Gas Solutes in Water

The anomalous values of the thermodynamic quantities of solvation of inert molecules
or atoms were known long before the solvation process, and the corresponding thermo-
dynamics were well defined. In the 1930s and the 1940s, it was well known that argon
or methane dissolve quite sparingly in water. It was also known that the temperature
dependence of the solubility of argon in water was larger than the corresponding curves
for argon in some other non-aqueous solvents; see Ben-Naim [5,6].

Translating these facts into solvation thermodynamic quantities, the solubility turns
into solvation Gibbs energy, and the temperature dependence of the solubility turns into
the entropy and the enthalpy of solvation. In present-day terminology, we can say that
the Gibbs (or Helmholtz) energy of solvation of, say, argon in water is large and positive,
and that both the entropy and the enthalpy of solvation of argon in water are large and
negative compared to the corresponding values for the solvation process in the typical
organic solvent. The latter facts were considered a great mystery. The first attempt to
interpret these findings was completed by Eley [7,8]. Eley’s interpretation was based on a
lattice model for liquid water, which today is quite obsolete.

Remember that during most of the last century entropy was considered as a measure
of disorder in a system (this interpretation still appears in today’s popular science books
and was proven to be baseless). Negative solvation entropy meant, for many, an ordering
effect of the inert atom or molecule on water.

Frank and Evans [9,10] attempted to interpret this phenomenon in terms of “increasing
the structure of water” (also known as the iceberg formation theory). Negative solvation entropy
meant that an inert solute, such as argon or methane, increases the order of water. This
mystery became even greater when the entropy of solvation of, say, argon in water was
found to be even more negative than the entropy of solvation of electrolytes such as KCI
in water. One could easily argue that the strong electric field around the charged ions
orders the water molecules around them. But how can an inert atom such as argon do
this ordering?

Once the new definition was introduced and shown to be advantageous, it led to a
modern view of the entropy of solvation of inert gases in water. In fact, the new definition
of solvation together with the Kirkwood-Bulff theory of solutions led to the answer to the
following question: “Why would an inert solute such as argon increase the structure of
water?” In other words, the mystery of the entropy of solvation of inert solutes in water
was resolved. For more details on this, the reader is referred to Ben-Naim and Sordo [4].
Other problems in which the new definition of the solvation process was found useful
are the problems associated with proteins, such as the solubility of proteins in water, the
problem of protein folding, and protein—protein association.

5.4. Solvation of Protein

The solvation of proteins cannot be studied experimentally. However, one can study
the solvation of proteins by theoretical methods. This has led to the understanding of a few
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mysteries in protein chemistry, such as the large solubility of globular proteins in water, the
protein folding problem, and the self-assembly of proteins in aqueous solutions.

We will start with a well-known experimental fact: the high solubility of globular
proteins, which for quite a long time was not considered a problem at all. For quite a long
time, the experimental fact about the large solubility of globular proteins in water was
“well understood.” It was known that a large number of hydrophilic groups are located
on the surface of the protein. Because of the strong interactions between these hydrophilic
groups and water, it was deduced that the solvation Gibbs energy of the protein must be
large and negative, which is equivalent to a large solubility.

However, in 1949, Hughes et al. [11] published an article in which they showed that
some proteins known to have a large number of hydrophilic groups were less soluble in
water. In fact, they showed that in some cases, making the surface of the protein more
hydrophilic causes a reduction in solubility. This fact was a mystery for quite some time
and was only resolved in the late 1990s upon the discovery of the role of the hydrophilic
interactions in the solvation of globular proteins. In a study by Wang and Ben-Naim [12], it
was concluded that indeed the high solubility of globular proteins in water is due to the
large number of hydrophilic groups on their surface. However, what is important is not
the number of hydrophilic groups, but their specific distance distribution on the surface of
proteins. As a simple example, demonstrating the distance dependence of the hydrophilic
groups on the solubility, consider the two isomers: maleic acid and fumaric acid. Their
solubilities in water are as follows: maleic acid: 78 gr/100 mL, at 25 °C; fumaric acid:
0.6 gr/100 mL, at 25 °C. These two isomers have the same number of hydrophilic groups,
but their solubility differs by a factor of more than 100. Similar differences are observed in
various isomers of dicarboxylic benzene.

Two more problems in protein chemistry, which were known for a long time as the
most difficult problems in biochemistry, are the protein folding problem and the self-
assembly of proteins. Both of these phenomena were known to occur in aqueous solutions.
For some time, it was believed that hydrophobic interactions were responsible for these
processes (Kauzmann [13], Tanford [14], Dill [15], Delvin [16], Voet and Voet [17], and
Whitford [18]). However, in the late 1990s, following the study of the solvation of proteins
and examination of the various solute-induced interactions between various hydrophilic
groups, it was concluded that the hydrophilic, not hydrophobic, interactions are probably
the most important factor in determining the Gibbs energy changes for these processes. For
more details on all these topics, the reader is referred to reference [4].
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