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ABSTRACT

Strong self-association of hydrophobic solutes takes place in water. However, solute self-
association has often been neglected in understanding the aqueous solubility of drugs as well
as their solubilization by excipients, cosolvents and hydrotropes. Based on a rigorous statistical
thermodynamic foundation, here we show how to estimate the contribution from solute self-
association to solubility and solubilization, based on experimental data such as solubility and
the osmotic second virial coefficients. Such data show that solute self-association can indeed
be negligible in most common cases of hydrotropic solubilization, Setschenow coeffficients

and the hydrophobic hydration.
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1. Introduction

Poor solubility of drugs poses a serious challenge to drug development. However, this problem
can be overcome by the use of weakly amphiphilic organic molecules called hydrotropes [1—
5]. Hydrotropes, when added to water, increase the solubility of hydrophobic drug molecules
up to several orders of magnitude [6—8]. Yet how hydrotropes work on a molecular level long
remained a puzzle, until a rigorous statistical thermodynamics theory has rationalized the
increase of solubility in terms of the interplay between solute-hydrotrope affinity (which
increases solubility) and bulk-phase hydrotrope self-association (which reduced the per-solute

solubilization efficiency) [9—13], solving this long standing problem.

Due to the extremely low solubility of hydrophobic solutes, the statistical thermodynamic
approach to hydrotropy initially focused at the infinite dilution of solutes, neglecting solute-
solute interactions [9-13]. However, uses of hydrotropes are not limited to solutes with
extremely low solubility; they are also used with concentrated solutes. For high solute
concentrations, “pre-structuring” (or hydrotrope self-association in the bulk solution) was
proposed to promote solubilization, in stark contrast with our statistical thermodynamic theory
[14—18]. According to the pre-structuring hypothesis, solubilization inefficiency is the artefact
of infinite dilution limit [17]. However, a subsequent generalization of our theory to
concentrated solutes has shown that the original conclusion is valid regardless of solute

concentration and the degree of hydrotrope pre-structuring; hydrotrope self-aggregation still



makes solubilization inefficient [19]. However, the theory of hydrotropy incorporating solute-

solute interaction is still qualitative [19].

The importance of quantifying solute self-association has wider ramifications outside of
hydrotropy, because solubility and solubilization is crucial universally, to answer questions in
wide-ranging problems:

a. How salts and electrolytes affect the solubility, which can be quantified via the

Setschenow coefficients [20-22]. These have been correlated to other physical properties
of drugs such as partition coefficients towards their prediction [23-25].

b. How partition coefficients (log P) of amino acids, peptides, and hydrophobic drugs,
between water and hydrophobic solvents or membrane, serve as a quantitative basis for
hydrophobicity scales and membrane permeability, these are determined with the utmost
care, in purpose to prevent self-aggregation of solutes [26—29].

c. Solubility determinations of drugs, amino acids and peptides, for which quantitatively
dissecting solute-solvent and solute-solute interactions is crucial for their uses in
estimating solvation contributions in biomolecular stability and drug binding as a key

step towards prediction.

Thus, this paper aims to establish
1. the contribution of solute’s self-aggregation to solubilization;
2. how I. can be estimated based on experimental data.
Theoretical analysis, based on the first principles of statistical thermodynamics, will lead to
establishment of a simple criterion upon which the negligibility of solute self-association on
solubilizaiton can be determined, which, despite extensive studies conducted on solute self-

association in binary and ternary mixtures [30-33], has not been addressed previously. We will



show that the solute’s self association indeed makes negligible contributions in the hydrotrope
solubilization of hydrophobic solutes studied in our previous papers [9—13], while it may not

be negligible in less hydrophobic solutes, such as caffeine [23,34,35].

2. Quantifying solute self-association

Consider a solute molecule (denoted by i = u) in a mixture of water (i = 1) and cosolvent (i =
2). The cosolvent can be hydrotrope (Section 3) or salts (Section 4), or can be absent (Section

5).

According to the inhomogeneous solvation theory [12], the chemical potential of a solute fixed
in its centre-of-mass position, u,,, can be expressed under constant pressure ( P) and
temperature (T') in the following manner:

—duy, = Li({N; )y — (N;) dpy (1)
where y; is the chemical potential of the species i and (N; ),, and (N;) respectively express the
average numbers of the species i in the presence and absence of a fixed solute. In the
inhomogeneous solvation theory [36—38], the fixed solute molecule acts as the source for an
external field for all the species in solution [12], in contrast to the standard statistical
thermodynamics of solutions, referred to as the homogeneous theory, in which the solute
molecule can freely move around [12]. The advantage of the inhomogeneous solution theory
over the homogenous theory is its ease in establishing a link between the solution structure
around the solute and the free energy of solvation [38]. Note that the inhomogeneous and
homogeneous theories give equivalent results; Eq. (1) can also be derived from the
homogeneous theory based on a pair of the Gibbs-Duhem equations, one around the solute, the

other far away from the solute in the bulk region. See Refs [39,40] for such an alternative



derivation and Ref [12] (Appendices B and C in that paper) for the demonstration of the

equivalence between the two.

When interpreting solubility data in terms of the affinity between different molecular species,
it is convenient to introduce the Kirkwood-Buff integrals (KBIs) between the species i and j

V((N;)i—(N}))

where V is the volume of the system. KBIs have an interpretation of the net excess distribution
of the species j around i relative to the normalized bulk concentration. The equivalence

between the inhomogeneous (Eq. (2)) and homogeneous definitions of KBI are shown in

Appendix A.

Via KBI thus defined, Eq. (1) can be rewritten for the three-component mixture as

—Adpy = C1Gudiy + CGurdpy + CyGuy dity, 3)
where ¢; = (N;)/V is the bulk number density of the species i. Eq. (3) can also be derived from
the homogeneous theory by a pair of Gibbs-Duhem equations, one around the solute, the other

in the bulk phase [41], which underscores the equivalence between the inhomogeneous (Eq.

(2)) and homogeneous (Ref [12], Eq. (23)) definitions of the KBIs.

Our goal is to express how the solvation free energy of a solute, y;,, is affected by the addition
of hydrotropes and by the self-association of solutes. To do so, we use the following rigorous

relationships to supplement Eq. (3). The first is the relationship between p;, and u,, [38],
dp, = dpg, +—dey
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where R is the gas constant. Eq. (4) expresses the free energy of liberating a solute molecule
from a fixed centre-of-mass position. The second is the Gibbs-Duhem equation [12,38]
Cudiy, + crdpy + cdp,; =0 (5)
First, eliminating dy, from Eq. (3) using Eq. (5), we obtain

—du;, = ¢3(Gyp — Gu)diy + ¢y (G — Gur)dity (6)
Using Eq. (4), Eq. (6) can be rewritten as

—[1 + cu(Guu — Guldw;, = ¢2(Guz — Gyur)du, + RT(Gyy — Gyddey, (7)
A straightforward algebra leads to

¢2(Guz—Gu1) RT (Gyyu—Gu1) dc (8)
1+cy (Gyu—Gu1) 2 1+cy (Guu—Gu1) u

—dpy, =

which serves as the foundation of all our subsequent discussions.

Eq. (8) is the generalization of our previous theory of hydrotropy derived at the infinitely
dilute limit of the solute [9—13]. Our previous theory can be derived straightforwardly from Eq.
(8) at the ¢,, = 0 limit. The new insights that Eq. (8) provides are:

1. solute self-association, G,,,, contributes to increase solubility (du;, < 0);

2. solute self-association, G,, , weakens the contribution from preferential

hydrotrope-solute interaction (G,, — G, ) to solubilization.
Indeed, 1. can be understood by noting that a larger positive G,,,, makes the second term of Eq.
(8) larger, which drives —du;, towards a larger positive, which means the solvation free energy
of the solute, u;,, becomes more negative and the solubility is increased. Point 2. can be
appreciated in a similar manner by looking at the first term of Eq. (8); a larger positive G, in
the denominator works to reduce the positive contribution from G,, — G,; which would
contribute to increase solubility. Both contributions can be estimated quantitatively using the

experimental data for G,,,,, as will be demonstrated in the subsequent sections.



3. Estimating solute self-association contribution to hydrotropy

Here we estimate the contribution from solute self-association to solubilization based on Eq.
(8) and the experimental data available in the literature. Due to their low solubility in water,
experimental data on solute self-association have limited availability. However, we have
obtained the examples tabulated in Table 1. To estimate the solute self-association contribution
to solvation free energy p,,, we first approximate the total differentials in Eq. (8) by differences

denoted by &, such that

—Sut = €2 (Guz—Gy1) RT (Guu—Gu1) EY 9
u - _ 2 _ Cu ( )
1+cy(Gyu—Gu1) 1+¢y (Guu—Gui)

which is valid over small differences 6u, and &c,,. The contribution due to solute self-
association arises in the denominator of the first term, as well as the second term. When the
solute concentration changes by é6c,, = c,, from ¢,, = 0, the second term of Eq. (9), can be
simplified as

(Guy — Gu1)Scy = Gy

(10)

because |G, | is one order of magnitude larger than G,; =~ —V,, [39,42], where V, is solute’s
partial molar volume [43,44]. Such an approximation made in Eq. (10) can be justified in the
following manner. Firstly, the subsequent tables will show that G,,,,(= —2B,,,,) is in the order
of 103 cm® mol!, whereas the majority of the solutes have 1}, between 50—150 cm® mol’
according to the extensive compilation [43,44]. Secondly, shows that G,,; = —V,, comes from
a rigorous relationship, G,,; = —V,, + RTkr, where Kt is the isothermal compressibility of
water. Using kr = 0.45 x 107° Pa™?! for pure water at 298 K [45], we obtain RTk; =

1.2 cm3mol~! which is indeed much smaller than V, [39,42].



Hence the contribution from solute self-association to solvation free energy can be estimated
using Eq. (10). For G,,,, we use (i) the well-known relationship between G,,,, and the second
virial coefficient By, G, = —2B,,,, [46] and (ii) B;,, at the infinite dilution limit, as the
upper limit of B,,,,, because solubility increase by hydrotrope means favourable solvation of

the solute, which reduces its self-association [39,40]. Thus a comparison between the

* max
Suy Cy

maximum solubilization — —r = In max

versus —2B;,6¢,** (where ¢*** is the maximum

ey
solubility attained by hydrotrope addition) in Table 1 shows that the latter is much smaller than
the former. This means that solute self-association contributes negligibly to solubilization by
hydrotropes, supporting our previous theory [9-13] and underscoring the approximation taken

in Eq. (10). And indeed, the errors arising from Eq. (10) does not change the conclusion that

solute self-association is negligible.

Note that our theory assumes that the solute-solute self-association in the presence of
solubilizers (hydrotropes and salts) remains as strong as in pure water. However, in the
presence of solubilizers, solute-self association can be weakened dramatically. This is why the
B, at c, = 0, By, is the upper bound of solute-solute interaction. It follows that when the
upper bound evaluation of solute-solute interaction is negligible, then solute-solute interaction

at finite ¢, is automatically negligible. However, in the case of riboflavin in the presence of

nicotinamide [47], not previously analysed statistical thermodynamically, —2B,5,dc;/*** is
su; . L . : o
about a quarter of — RMT”, meaning that solute self-association still makes a minor contribution.

Yet due to the exceptionally high self-aggregation and solubilization exhibited in this case, a
precise quantification of solute self-aggregation would require a direct evaluation of G,,, in the
presence of nicotinamide instead of its upper limit. This can be achieved by a rigorous

evaluation of KBIs using in ternary mixture [48]. However, in the cases of benzene,



ethylbenzene and cyclohexane, the negligibility of —2B,;,6c;;*** will simplify the inversion

process of KB theory drastically (Appendix B).

4. Solute self-aggregation in Setschenow coefficients for salting-in and -out

Estimating contributions from solute self-association can be made more straightforward when
the free energy of hydration, u,,, increases linearly with the concentration of cosolvents, such
as salts, still in dilution [20-22,49]. This linearity is related to the Setschenow coefficient

[20,23-25] defined as

In2 = sc, (11)

)
where the superscript 0 in ¢ signifies the value at ¢, = 0. Note that s, when defined in terms

of log, can be converted straightforwardly to Eq. (11) by multiplying 2.303. Using Eq. (11),

. . . 5}
together with the diluteness of cosolvents leading to (ﬁ

RT
acz)T,P,c2—>0 - E [12738]7 Eq (8) can be
simplified as

— (Gu2—Gu1) (Guu—Gy1) dcy (12)
1+cy (Guu—Gu1) 1+ ¢y (Guu—Gyi) de;

By differentiating Eq. (12), % = sc,, which transforms Eq. (12) into the following form
2

__cu(Guu—Gu1) ] _ _ (Guz—Gy1)
s [1 1+cy (Guu—Gui) N 1+ ¢y (Gyuu—Gy1) (13)

This reduces back to the infinite-dilution expression of the Setchenow coefficient, s = G, —
G4 [20,40], under the condition that
|(Guu - Gul)cul = |G$LC19.| <1 (14)

in which we have used G5, as in Section 3 and by the use of its upper bound G,;,, as has been

done in Section 2.



Table 2 demonstrates that Eq. (14) is satisfied for common hydrophobic liquid solutes, which
means that the solute self-association contribution to the Setschenow coefficients is negligible.
Note that caffeine is the only solute which is in crystalline form (hence Ay;, cannot be
calculated) and for which Eq. (14) is not satisfied due to their strong self-association. To deal
with the dissolution of caffeine, previous studies used the isodesmic model for caffeine
aggregation [34,35,50,51] or a direct calculation of caffeine-caffeine KBI [52]. However, we
emphasise that all the other solutes in Table 1 (n-alkanes, cycloalkanes and aromatic
hydrocarbons) exhibit G2, c2 negligible compared to 1, increasingly so for longer n-alkanes
much more than cycloalkanes and aromatics. This conclusion our conclusion again shows that
the Setchenow coefficients can be attributed entirely to the competition between solute-salt and
solute-water interactions, s = G,, — Gy, and a direct link between solubility measured under
in isothermal-isobaric conditions and G,; and G, can be determined from a simpler inversion

process in Appendix B.

5. Hydrophobicity scales and solute self-aggregation

The effect of solute self-association on solubility and partitioning has long been considered
crucial [53-58] and solubility and partitioning experiments have been conducted extensively
due to the need for accurately quantifying solute-solvent interactions [59—63]. To this end, we
consider a binary mixture consisting of solute and solvent, by eliminating the cosolvent from

Eq. (6) by putting ¢, = 0. This yields the following:

—du, —Mdcu (15)

- 1+cy (Guu—Gu1)
Now we apply Eq. (15) to evaluate the contribution of solute self-association on the free energy

of solvation, for which we must calculate the free energy difference arising from 8¢, = c,,

10



which is the difference between the infinite dilution of solute (¢, = 0) and the finite,
experimental concentration, c¢,,. Since we mainly deal with dilute solutes, we take up to the first
order of ¢, to obtain
Sty = RT(Gyy — Gua)cy = RT Gyyy

(16)

in which we have used G,;;, as an estimate of G, and the small contribution, G,;, has been

neglected.

Whether self-association is negligible can now be examined quantitatively by comparing the
solvation free energy Au,, and the self-association contribution RT Gy, c,, which has been
carried out in Table 3 for common hydrophobic solutes frequently used in solubility and
partitioning measurements. For all aliphatic, cyclic and aromatic hydrocarbons in Table 3
(except caffeine), RT G.5,c,, is negligibly small compared to Ay;,, and is particularly the case
as the aliphatic chain length increases. For benzene, RT G,j;,c,, is larger than other hydrocarbons
but is still negligible. For caffeine, for which Au;, cannot be determined due to its solid form
at room temperature, RT G, c,, is much larger than hydrocarbons, supporting again the
significance of its self-aggregation in water. Thus, the comparison in Table 3 shows that the
infinite dilution approximation for the hydrocarbons, which neglects the contribution of solute-

solute interaction on solvation free energy, is an excellent approximation.

6. Conclusion

Aqueous solubility of hydrophobic solutes, and their solubilization in the presence of
hydrotropes and salts, so far have been rationalized and analyzed under the infinite dilution of

solutes, neglecting the contribution from solute-solute interactions. However, different views

11



on the origin of hydrotropy, arising from the realm of concentrated solutes, prompted

evaluation of solute-solute interaction on solubility and solubilization [14,17-19].

We have developed a simple theoretical framework upon which the contribution from solute
self-association can be estimated. The only required information is solubility and the osmotic
second virial coefficient. Our analysis have shown that hydrophobic solute self-association
indeed contributes negligibly to solubility and solubilization, thereby providing a strong
support for the infinite dilution approximation adopted throughout in the study of hydrophobic
drugs [9—-13]. These conclusions advocate the unified picture of hydrotropy, driven by the
balance between solute-hydrotrope affinity as the dominant contribution and hydrotrope self-

association as the source of per-hydrotrope inefficiency [19].

Appendix A

Here we briefly show that the definition of KBI via the inhomogeneous solvation theory (Eq.
(3)) is equivalent to the standard definition, i.e., via the homogeneous theory. A full discussion
is found in a recent paper by one of us [38]. Let us focus on the solute-solute KBI, which, in
the inhomogeneous solvation theory, involves a solute molecule, whose centre of mass position

has been fixed, which makes the fixed solute distinguishable from the rest. The KBI, according

to Eq. (3), is
_ V((Nu )u_(Nu))
Guu - (Nu> (Al)

where (N, ), and (N,) express the ensemble averages in the inhomogeneous and
homogeneous systems, respectively [12,38]. Through the following relationship that links the
homogeneous and inhomogeneous ensemble averages, the difference in solute

distinguishability [12,38] can be taken into account

_ Ny (Ny=1)
(Ny by = =505 (A2)

12



Combining Egs. (A1) and (A2), we obtain

G = V((NZ)—(Ny,)2—(Ny))
we (Ny)?

(A3)

which is the well-known definition of KBI in the homogeneous system [12,38].

Appendix B
Here we discuss the implication of our present paper to the inversion of the KB theory
[19,30,64,65]. The inversion procedure determines the KBIs through the elements of matrix B,
B;j = ¢iciGy; + ¢;6y;
(BI)
which can be determined from the following matrix inversion
B=4"1 (B2)
in which the elements of A, defined as
it
(B3)
can be accessible from thermodynamic measurements [19,30,64,65]. Note that the right-hand
side of Eq. (B3) cannot be evaluated directly from the experimental data taken in isothermal-
isobaric ensembles and a cumbersome change of variables is required to process the

experimental data [19,30,64,65].

We have established in this paper how the condition |c, G| < 1 for dilute hydrophobic
solutes can be guaranteed using the experimental data. Under this condition, the KB inversion
procedure for the determination of G,;; and G,,, can be drastically simplified and can be linked

directly to experiments under the isobaric-isothermal conditions [19,39,40] through a simple

13



matrix transformation [38]. This well-established procedure have been applied successfully to

protein stability [40,42], hydrotropy [9-11,13], kosmotropy and chaotropy [20].
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Table 1

Solute Gy Best cex | cmaxgh, | e
cm®mol~! | hydrotrope | mol cm™=3 c0 n c0
benzene 662° urea® 7.7%x107%¢ | 6.9 | 5.1 x 1072 1.9
ethylbenzene | 1244° sodium 43x10759¢ [ 289 | 54x 1072 3.3
salycilate?
cyclohexane | 1192° urea® 84x107%¢ |21° | 1.0x 107! 3.0
riboflavin 1.25% 103f | nicotinamide | 8.0 X 1072 | 36.2 1 3.58

#Data taken from Liu & Ruckenstein [66], Wood and Thompson [67], “Marimuthu et al.[68],
dMorais et al.[69], Jayakumar and Gandhi [70], Baranovskii and Bolotin [71], and #Coffiman

& Kildsig [47].
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Table 2

Solute c? mol cm™3 By cm3 mol™! G2
n-pentane 5.3x 1077 —1276.4 1.3x1073
n-hexane 5.5%x 1077 —1620.8 1.8x 1073
2,3-dimethybutane 3.8x 1077 —1306.3 1.0 x 1073
n-heptane 29x10°8 —1968.9 1.2x107%
n-octane 5.8 % 107° —2477.9 2.9 x107°
n-decane 6.1x107°°? —3407.2 41 x1075
n-dodecane 2.9 x 107102 —4533.6 2.7 x107°
cyclopentane 2.2x10°° —833.5 3.7x1073
cyclohexane 6.5x 1077 —997.1 1.3x 1073
cycloheptane 3.1x1077 —1094.7 6.7 x 1074
benzene 2.3x1075 —331.0 1.5 x 1072
toluene 5.6 X 107° —471.0 53x 1073
ethylbenzene 1.4 x107° —672.6 1.9 x 1073
caffeine 1.1 x1074° —4500 © 1.0

Osmotic second virial coefficient data are taken from Liu & Ruckenstein [66] and solubility
data are from McAuliffe [72], except for *Goral et al. [73], °Cesaro et al. [50], “Zétkiewski

[52].
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Table 3

Solute By cm® mol™! | ¢, molcm™3 | RTGS,c, ] mol™? Ap;, ] mol™?
n-pentane -1276.4 5.3x 1077 3.4 2.4 x 10*
n-hexane -1620.8 5.5x 1077 4.5 2.8 x 104
n-heptane -1968.9 29x 1078 0.29 3.1 x 10*
n-octane -2477.9 58x107° 0.071 3.4 x 10*
cyclopentane -833.5 2.2x 107 9.2 2.1 x 10*
cyclohexane -997.1 6.5 x 1077 3.2 2.3 x 10*
benzene -331 23x107° 37.4 1.4 x 104
caffeine -4500 * 1.0 x 1074? 2510.8 -

Osmotic second virial coefficient data are taken from Liu & Ruckenstein [66] solubility data
are from McAuliffe [72], and liquid — water transfer free energy are from Ben-Naim [74],
except for *Zotkiewski [52], ®Cesaro et al.[50].
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