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Abstract: There is a remarkable wealth of thermodynamic information in freely accessible databases,
the LSER database being a classical example. The LSER, or Abraham solvation parameter model, is a
very successful predictive tool in a variety of applications in the (bio)chemical and environmental
sector. The model and the associated database are very rich in thermodynamic information and
information on intermolecular interactions, which, if extracted properly, would be particularly useful
in various thermodynamic developments for further applications. Partial Solvation Parameters (PSP),
based on equation-of-state thermodynamics, are designed as a versatile tool that would facilitate
this extraction of information. The present work explores the possibilities of such an LSER-PSP
interconnection and the challenging issues this effort is faced with. The thermodynamic basis of the
very linearity of the LSER model is examined, especially, with respect to the contribution of strong
specific interactions in the solute/solvent system. This is done by combining the equation-of-state
solvation thermodynamics with the statistical thermodynamics of hydrogen bonding. It is verified
that there is, indeed, a thermodynamic basis of the LFER linearity. Besides the provenance of the
sought linearity, an insight is gained on the thermodynamic character and content of coefficients and
terms of the LSER linearity equations. The perspectives from this insight for the further development
of LSER and related databases are discussed. The thermodynamic LSER-PSP interconnection is
examined as a model for the exchange in information between QSPR-type databases and equation-of-
state developments and the associated challenges are examined with representative calculations.

Keywords: Abraham LSER model; hydrogen bonding; molecular descriptors; Partial Solvation
Parameters

1. Introduction

Solute-solvent interactions are, essentially, omnipresent on Earth and, as W. Ostwald
mentioned in 1860, “Almost all the chemical processes, which occur in nature, whether
in animal or vegetable organisms or in non-living surface of the Earth ... take place
between substances in solution”. The interest, then, in solvation phenomena, solute trans-
fer/partitioning, solvent screening, activity coefficients of solutes at infinite dilution, or in
the design and development of solvent polarity scales and Quantitative Structure—Property
Relationships (QSPR) and related databases is understandable. In this regard, and for
decades now, the scientific community has enjoyed the remarkable success of the Abraham
solvation parameter model or the linear free energy relationships (LFER) as a predictive
tool for a broad variety of chemical, biomedical and environmental processes [1-18]. Nu-
merous other Polarity or Acidity/Basicity scales and QSPR-type approaches are widely
used in a variety of applications [19-24]. A very rich body of information on intermolecular
interactions is, thus, available in the open literature.
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To a great extent, all of the various databases and scales mentioned above were devel-
oped independently, and it is not always easy to compare their corresponding quantities.
There is nothing absolute or universally accepted as regards the division of intermolecular
interactions into various classes on the basis of their strength, and therefore, some degree
of arbitrariness is unavoidable in and inherent to these developments. This is particularly
important to keep in mind when the compared quantities are thermodynamic ones. This
difficulty significantly impedes the safe exchange of the above-mentioned rich body of
information between these databases and the extraction of this information for use in other
developments and approaches in molecular thermodynamics [25].

In a series of papers [26-34], an effort was made to design and develop a thermo-
dynamic framework that could facilitate the above exchange of information. This led to
the concept of Partial Solvation Parameters (PSP). The development of PSPs has passed
through various stages. Initially, they were heavily based on the COSMO-RS model [35-39],
but since the LSER database became freely accessible [16], they have mostly been based
on it and on the LSER molecular descriptors. The key feature of PSPs is their equation-of-
state thermodynamic basis, which permits their estimation over a broad range of external
conditions. There are two hydrogen-bonding PSPs, o, and oy, reflecting the acidity and
basicity characteristics, respectively, of the molecule. The weak dispersive interactions are
reflected by the dispersion PSP, o4, while the remaining Keesom-type and Debye-type polar
interactions are, collectively, reflected by the polar PSP, 0. The hydrogen-bonding PSPs are
used to estimate a key quantity: the free energy change upon formation of the hydrogen
bond, AGMP. Their equation-of-state characteristic permits also the estimation of the change
in enthalpy, AH"®, and the entropy change, AS"® upon formation of the hydrogen bond.

Progress in the development of PSPs is rather slow, primarily because the correspond-
ing information from the existing polarity scales and databases in the open literature cannot
easily be used. It is not always simple and easy to reconcile information from quantum
chemical (dft) calculations, molecular dynamics simulations, LSER molecular descrip-
tors [1-18], or Gutmann donicities [20] with equation-of-state properties and solubility
parameters [24].

In the LSER model [1-18], free-energy-related properties of a solute are correlated
with its six molecular descriptors, Vy, L, E, S, A, and B, corresponding to the McGowan'’s
characteristic volume Vy, the gas-liquid partition coefficient L in n-hexadecane at 298 K,
the excess molar refraction E, the dipolarity/polarizability S, the hydrogen bond acidity A,
and hydrogen bond basicity B, respectively. These correlations are performed, in practical
applications, through two basic LFER relationships that quantify solute transfer between
two phases. The first relationship, Equation (1), quantifies solute transfer between two
condensed phases [2-12]:

log (P) = cp + epE +spS +apA +bpB + vpVy (1)
and the second LFER, Equation 2, describes solute transfer from the gas phase [2-12]:
log (KS) =c +eE+ Sks + akA + ka + lkL (2)

P, in Equation (1), is the water-to-organic solvent partition coefficient or alkane-to-
polar organic solvent partition coefficient, and K° is the gas-to-organic solvent partition
coefficient.

The remarkable feature in Equations (1) and (2) is that the coefficients (lower-case
letters) are solvent (phase or system) descriptors and are not influenced by the solute. They
are referred to as LFER coefficients and are, usually, determined by fitting experimental
data. They are considered to correspond to the complementary effect of the phase (solvent)
on solute—solvent interactions and contain chemical information on the solvent/phase in
question, and hence can be given specific physicochemical meanings [2-14]. However, their
determination remains a fitting process via multiple linear regression at this point [2-18].
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As a consequence, they are known only for solvents, for which extensive experimental data
are available with a variety of solutes.

Solvation enthalpies are handled by LSER in a similar manner, through a linear
relationship of the form [40]

AHS =cy +eyE + SHS + aHA + bHB + IHL (3)

or with a similar equation using McGowan volume instead of the L descriptor. Only the
solvent is assigned different LFER coefficients for solvation free energy (Equation (2)) and
solvation enthalpy (Equation (3)), while the solute is represented by the same set of LSER
molecular descriptors.

A major challenge is now to extract valid thermodynamic information on intermolec-
ular interactions of solute/solvent systems for which both LSER descriptors and LFER
coefficients are available. Equation (2), as an example, may be used to estimate the hydro-
gen bonding contribution to the free energy of solvation of solute (1) by solvent (2) from
the products Aja and Bby. The key question is how this “solvation” information could be
used for a valid estimation of the free energy change upon formation of these acid (1)-base
(2) and base (1)-acid (2) hydrogen bonds. Similar questions apply to the estimation of
hydrogen bonding change in enthalpy on the basis of Equation (3), which is consistent with
the information obtained from Equation (2).

Before addressing the above challenges, we must answer the question as to why
free energies and free-energy-based properties obey the linear Equations (1) and (2)? The
existence of such a linearity even for the strong specific hydrogen bonding or acid-base
interactions is particularly puzzling [15]. The answers to the above questions are of central
importance for reaching our major task: the safe extraction and transfer of information via
PSPs for use in various applications of molecular thermodynamics.

Similar challenges are encountered in the transfer of thermodynamic information
from other analogous QSPR databases and polarity scales [19-24,41-43]. For the LFER
approach, it is worth mentioning that, in the older but still widely used Kamlet-Taft
LFER version [41-43], the symbols & and 3 are used for the acidity and basicity molecular
descriptors, respectively, of the solvent molecule, and thus there is some correlation between
the two LFER sets of scales of hydrogen bonding parameters [44]. In this spirit, van
Noort [13,14] developed correlations between descriptors A, B and the corresponding
coefficients a, b by hypothesizing that the solvent (system) describing coefficients a and b
was dependent on both Abraham solute solvation parameters, A and B, and should obey
the following equations for the solvent/air partitioning:

a=1m Bsolvent(1 - n3Asolver1t) (4)

b =n2Ago1vent(1 — N4Bgolvent) ®)

The unknown coefficients, n;, of these equations are determined by fitting to the
available experimental data for several solutes. All of these interesting correlations are
useful in practice, but do not explain, at the fundamental or thermodynamic level, the
observed linearity of Equations (1)—(3) and do not facilitate the above-mentioned extraction
of thermodynamically meaningful information.

From the above exposition, it is clear that the LSER database and the related work in
the literature constitute a truly rich source of information that is deserving of our attention
regarding its appropriate extraction and use. This is the central theme in this series of
papers. In the present work, we will discuss some key aspects related to the connection of
LSER and PSP approaches and will examine the basic (LFER) Equations (1) and (2) from
a thermodynamic viewpoint. The solvation thermodynamics will be the basis, and the
emphasis will be on the contributions of hydrogen bonding. Examples of calculations
will be given in order to show what and how it may be calculated from the current LSER
database, as well as what cannot be obtained from it, or which should only be obtained
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with caution. These examples and the exercise with the LSER database may act as a model
for analogous explorations of other databases in the literature.

2. The Thermodynamic Framework

In order to address the challenges and answer the questions mentioned in the previous
section, we will need a thermodynamic framework with the quantities to be compared.
For this purpose, in this section, we will recall some basic elements from solvation ther-
modynamics and from the equation-of-state approach explicitly handling the hydrogen
bonding contribution.

2.1. Solvation Thermodynamics

In this sub-section, we will briefly recall the basics of solvation thermodynamics
and the working equations, which will facilitate our discussion. Details may be found
elsewhere [45-49].

The solvation free energy of a solute, 7, in a mixture of composition {N} = {N1, N,
..., N}, at temperature, T, and pressure, P, is given by the following defining equation in
Ben-Naim’s mole/mole convention [48]:

AG}(T,P,{N}) = u;(T,P,{N}) — uj°(T,P,{N}) + RTInZ (6)

where y; is the chemical potential of component 7, superscript IG denotes the ideal gas state,

and Z is the compressibility factor,
PV

= NRT @)

Equation (6) is a general one and holds true for mixtures, as well as for pure fluids

(self-solvation). In the limit at infinite dilution of solute 1 in solvent 2 (subscript 1/2),
Equation (6) leads to the following highly useful working equation [11,47]:

s 0p0 0
AG3 ), —In 1P Vi Y75

RT RT

®)

Vimz in Equation (8) is the molar volume of component 2 and 77}, is the activity
coefficient of solute 1 at infinite dilution in solvent 2. P is the vapor pressure of the solute
at temperature T, and ¢! its fugacity coefficient (typically set equal to 1 under ambient
conditions). In order to proceed, we need an expression for 1), with explicit contributions
from weak and strong intermolecular interactions, including hydrogen bonding ones, and
this necessitates the adoption of an appropriate thermodynamic model. For this purpose,
we will adopt here a statistical thermodynamic model, the basic elements of which are
presented in the next sub-section.

2.2. The Equation-of-State Model

A simple equation-of-state model, meeting the above requirements, is the widely
tested LFHB (Lattice Fluid with Hydrogen Bonding) model [50-53]. In this sub-section, we
will confine ourselves to the essentials and the working equations of the model. Details
may be found elsewhere [50-58].

In the frame of LFHB model, each fluid of molar mass, M, is characterized by two
scaling constants, vs,* and €*, and one hydrogen bonding parameter, AGfﬂjb, for each type
of hydrogen bond, i-j, in which it may participate. The specific hard core volume, vsp*,
of the fluid provides with two key molecular parameters, the molar hard core volume,
V* =M vgp*, and the number, r, of molecular segments of a constant hard core volume equal
t0 9.75 cm?/mol, or r = V*/9.75. Each segment interacts with its neighbors via segmental
interaction energy, e*. Thus, the molar interaction energy is given by E* = re*, while the
scaling temperature, T, and pressure, P*, are defined by the central lattice-fluid equation:
e*=RT*=9.75P*.
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The reduced quantities of temperature, pressure, and volume (or density, p) are defined

as follows:
- T -~ P _ v 1 * 1
I S S S o
T pr U P PP
When LFHB is used over a broad range of external conditions, a temperature depen-
dence is often assumed for ¢* and less often for vs,*, as follows:

¢ =g, + (T —298.15)¢; and v5, = 05,0 + (T — 298.15)0, (10)

The fluid volume is calculated via the lattice—fluid equation of state, which, for non-
hydrogen-bonded systems, is:

ﬁ+ﬁ2+f{ln(l—ﬁ)+ﬁ<l—1>} =0 (11)

The scaling constants for pure fluids ae, typically, obtained from correlation of experi-
mental information on orthobaric densities, or on vapor pressures, heats of vaporization,
supercritical-fluid densities, second virial coefficients, thermal expansivity or compressibil-
ity [50-54].

In systems interacting with strong specific intermolecular forces, such as acid/base or
hydrogen-bonding interactions [31-34,45-47], one must account for the number of donor
and acceptor sites, d; and aj, respectively, for each component 7, as well as for the number
of hydrogen bonds, Nj;, between donors i and acceptors j in the system, or for the reduced
ones, v;; = Njj/rN. Each type of interaction i-j may be viewed as a quasi-chemical reaction of
an acidic site (Acid;) and a basic site (Base)), of the form Acid; + Base; = ABcomplex;;,
and is characterized by the corresponding free energy change upon formation of bond i-j,
AGlhjb = —RT InKjj, and the equilibrium constant, Kj;. This free energy change may be split,
in the classical manner, into enthalpic and entropic components, AGf’jb =AH lh-b - TASZ-[’ .

In a binary mixture of mole fraction, x; = N; /(N7 + N3) = N;/N =1 — xp, and total
number of segments, ¥N = r{Nj + 7Ny, in which the molecules of componenti (i =1, 2)
have d; donor sites and a; acceptor sites of type 1, the reduced number of free donor sites
(non-hydrogen bonded) is given by:

x1dq
Vio = —— — V11— V12 (12)

and the reduced number of free acceptor sites is given by:

X1dq
Vor = — = — Vi1~ 121 (13)

For the purposes of the present work, we will apply the LFHB model in the limit at
infinite dilution.

2.3. The Equation-of-State Model at Infinite Dilution

In hydrogen-bonded systems and in the limit at infinite dilution of solute 1 in solvent 2,
LFHB leads to the following equation for the solvation free energy in the molar/molar
convention [48]:

AGS e o
1/2 1 1 _ _ €,
=In— —rIn(1— —2r1pp== —diInFp —a;InF, 14
RT w1 11n( 02) 102 RT 1 12 1 1 (14)
where

= Tim 490 — i B9 M0 i

Flz - xlllgo V10 - xlllglo xldlirvllfﬁ/lz 7
and (15)

: Vi . x1d1—rv —1V.
F21: hmM: hmw

x;0 V01 x50 X¥1d1—rvin—rvi
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The reduced numbers with subscript ij,0 in Equation (15) correspond to the refer-
ence non-hydrogen-bonded system of the same composition [45,57-59]. The simple ge-
ometric mean mixing rule is used for the non-hydrogen-bonding interaction energy, or
€ = Venty:

Equation (14) may be written in the following more illustrative form:

AG? w T
S 1/2 1 ~ ~ 22
InK® = ——2= = 1anG +r1In(1 —p2) + r14/€5, <2szT +diInFp +a;InFy (16)

The first term on the right-hand side of Equation (16) is the conformational contribution
term and accounts for any conformational changes and molecular restructuring on transfer-
ring the molecule from the isolated ideal gas (IG) state to the solution. It is an “internal”
non-configurational term and, as such, thermodynamics cannot tell us much about it. It
also accounts for conformer distribution, flexibility, symmetry, shape, or changes in the
internal degrees of freedom of the solute molecule, upon solvation. Quantum mechanics
calculations could be more helpful in quantifying this term [45]. Typically, this term is
simply neglected in solvation thermodynamics or absorbed in cavitation terms.

The reduced density of the solvent (molecule 2), 0, = V;'/V};, corresponds to the
probability of finding a site occupied by the solvent molecule. Consequently, 1 — py,
is the probability of finding an empty site in the solvent phase. If the solute molecule
consists of 1 segments, the logarithm describing the probability of finding r; consecutive
empty sites for its accommodation is given by the second term in the right-hand side of
Equation (16). Thus, this second term is the cavitation term and reflects the difficulty of
creating a cavity in the solvent volume in order to accommodate the solute molecule. The
remaining terms are the charge terms of the solvation equation. e;‘j is the interaction energy
for the contact of segments i and j. This refers to the non-specific or weak types of van
der Waals (dispersion, and those arising from molecular polarizability and Keesom-type
or Debye-type polarization) interaction. The contribution of strong specific (hydrogen
bonding) interactions is accounted for by the last two terms in Equation (16).

Equation (18) can be used once for the mixture and once for the self-solvation of the
solute, and the following equation can be derived for the activity coefficient at infinite
dilution of solute component 1 in solvent 2, 7%, [27-34,45-47]:

(1)

Inv{y, = ln% —r1ln (1=p2) _ 1y 201

{ (1-p1) 1102
+{d1 In FlZ + a1 In F21}xl:0 — {d] In F11 + | h‘lFl]}Xl:l

D, + 25, 1L
2r1p2 g7 + 201 7 (17)

Fy1 in this equation is obtained from Fj, (cf. Equation (15)) by replacing subscript 2
with 1.

Solvation studies are associated with solute transfer and partitioning between phases
or with partition coefficients, which in turn are intimately associated with activity coef-
ficients at infinite dilution. Thus, the partition coefficient of solute 1, between phases of
solvent 2 and 3 at infinite dilution, is given by

®, AG,—AG} Vv
InKl, = In /3 _ 1 ’Ylo/z _ 1/2RT 1/3 lnviz
X1/2 Y173 m3

(18)

This equation is widely used for solute partitioning in octanol-water systems (partition
coefficient, Kow).

Solvation enthalpy and solvation volumes may be obtained from Equation (16) for
solvation free energy, through the classical defining Equations (19) and (20), respectively:

3(AGS,/T)

S 2
AH},, = T s

(19)
P

and
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a(ac5),)
AVS, = (ap/ (20)
T

All terms in the above equations can be calculated with the LFHB equation-of-state
model, except for the terms with the w;s. As observed in Equation (16), the cavitation
term (second term on the right-hand side of the equation) and the first charge term (third
term in the equation) are “linearity” terms, that is, they are products of solute parameters
with quantities (in parentheses) dependent exclusively on solvent properties. It is not clear,
however, whether the two hydrogen bonding terms (last two terms in Equation (16)) are
also “linearity” terms. This is examined in the next sub-section.

2.4. On the Linearity of Hydrogen Bonding Contribution to Solvation Free Energy

Now we will examine the full analytical form of the last two hydrogen bonding terms
in Equation (16) at the limit of infinite dilution as described by Equation (15). The general
form of the limiting Equation (15) was described recently [56], and is recalled briefly in
the Supplementary Materials (SM). It should be noted also that in the LFER approach, the
molecules are considered to be mono-segmental and the liquids incompressible. For the
purposes of our comparison, we will also adopt these assumptions in order to make the
arguments and the presentation more lucid. The full equations are provided in the SM.

At the infinite dilution limit, Equation (15) takes the following analytical form [56], SM:

Vo _ di—cipp

0 V10 dicp
and (21)
Yoo _ M1~ %1p0
x1—0 Vo1 M=ty
where
—_ 27
e = d; 1/Kpn (2+1/I§22) 4
1/Kp—/(2+1/Kp)*~4-2/Ky,
2 ~
1 = 1/Kypp— (2+1/I§22) —4 (dz =a; =1 =p;= 1) (22)
1/Koo—/ (241/Kpp > —4—2/Kn
Vv5-1

€120 = €210 = 511

In addition, for pure solvent (component 2) and, practically speaking, for our infinitely
diluted solution:

2
1 1
o2t (2+4;) -4

Substituting in Equation (21), the contribution of hydrogen bonding to the solvation
free energy is obtained as follows:

v 2+1/Kp)?—4—-1/K
d1 11’1 F12 = ln ﬂ - 11'1 2 + K12 \/( 22) - (24)
V10 1++5 1++5
and
Voro 2 V@+1/Kn)* —4—1/Kn
a1lnF; =In——= =1n + Ky (25)
Vo1 14++/5 14++5

These equations may be written in the following alternative and useful form:

V@+1/Kn)* —4—1/Kp

=InKy, + ¢ 26
Y 12+¢ (26)

v
111(10’0 — 0.618) =InKjpp +In
V10
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and

V@+1/Kn)* —4—1/Kp
1++5

The constant ¢, in these equations is an exclusive property of the solvent (component
2). As canbe observed, the hydrogen bonding contribution to solvation free energy depends
only on the equilibrium constants Kj; for the quasi-chemical reactions of hydrogen bonding
between the proton donor (or acidic site), i, and the proton acceptor (or basic site), j.

In the case of self-solvation, the solute is identical to the solvent, and thus
K1 = K31 = Ky = K. In this case, Equations (24) and (25) become identical, and the acid-base
and base-acid contributions are equal, regardless of the validity or invalidity of linearity.
Whether this central result conforms with the LSER model will be determined below.

In self-solvation (one single equilibrium constant, K), the use of Equations (24) and (25)
for equal acid-base and base—acid contributions gives

Vo1,0 /
ln<’ - 0618) =InKp; +In =InKpy + ¢ (27)

Vo1

00 _ 1 Y010 _ 1 1K V(24 1/K) o4 142V
Ingy =y = 1+v5 =In 1+V5  (self — solvation) (28)
~In % = —048+05InK

2
In(42 —031) = In( 22 —031) = In K2 VEH1/Kn) 4
n( 0 ) n( Vo1 ) 1 1+v/5 (self — solvation) (29)
~n2K — 0484+ 05InK

Or, alternatively:

2VK

log(Fi2 — 0.31) = log(F>; — 0.31) ~ log WA —0.21 + 0.5log K (self — solvation) (30)

++/5

The approximation in the second row of Equation (28) holds true for values of K
that are not too low or for hydrogen-bonding interactions that are not too weak. It will
be retained, just for the sake of discussion. We will come back to Equation (29) or to the
alternative Equation (30).

The LFER approach does not provide any direct information on the equilibrium
constants Kj;. It only gives the final form of the hydrogen bonding contribution in the form
of the linearity sum (cf. Equation (2)), Ajap + B1by. If there is a thermodynamic basis to this
linearity sum, Equations (24) and (25) should lead to it. The very form of the products in
this sum indicates that the equilibrium constants, or the corresponding free energy changes
upon hydrogen bond formation, should be expressed in terms of the acidity and basicity
the LSER molecular descriptors, A; and B;.

Thus, in order to proceed, we must express AGlhjb in terms of the molecular descriptors
A; and B;. We do not know anything about this expression a priori. Common practice in
solving such problems in physics is to make plausible assumptions, starting from those with
the greatest simplicity, and focusing on the consistency of their implementation. Whatever
assumption is made, it should also apply to self-solvation of hydrogen-bonded compounds,
like alkanols, water, etc.

In LSER model, the acid (1)-base (2) interaction occurring upon self-solvation leads to
the acidity-basicity product A(1) x a(2) or to the product denoted by the term Aja;. Thus,
apart from a constant, the /[nK term in Equation (28) should be of the form [nK = A1f(By, ... ),
with the function f being an exclusive function of the solvent—component 2. Similarly, the
acid (2)-base (1) interaction leads to the term B;b; or to the product B(1) x b(2). Thus, again,
apart from a constant, the /[nK term in Equation (28) should be of the form [nK = B1f(A,, ... ),
with the function f being an exclusive function of the solvent—component 2. However,
upon self-solvation, A; = A, and By = By. All of these requirements are met by the following
simple and plausible assumption:
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Ghb

i _
o = —kAiB; (31)

where k is a constant. Indeed, replacing in Equation (28), we obtain:
In(Fp) ~ —0.48 + A(kB) = —0.48 + B(kA) ~ In(F,) (self — solvation) (32)

Equation (32) also provides important results. As can be observed, the hydrogen
bonding contribution does indeed possess a linear form, ¢ + Aa or ¢ + Bb, where a = kB
and b = kA. Although the essence of this result does not change, it should be recalled that
Equations (29) or (30) are much better approximations than Equation 28. Based on these,
Equation (32) takes the following form:

In(Fj, —0.31) >~ —0.48 + A(kB) = —0.48 + B(kA) ~ In(F,; — 0.31) (self — solvation) (33)
In the general solute-solvent case, substituting Equation (31) into Equations (26) and (27),
we obtain:
In(Fjp — 0.62) = A1(kBy) + ¢y = Ayah + ¢ (34)
and
In(Fy — 0.62) = By (kAz) +¢h = Biby + ¢ (35)

It can be observed that the LFER linearity form is preserved not only for self-solvation
but also for the general solute—solvent case. Thus, indeed, there is a thermodynamic basis
for LFER linearity, even for strong hydrogen bonding contributions. There is, however,
a noticeable difference: the hydrogen bonding functions Fj; are reduced by a constant,
which depends on the number of donor and/or acceptor sites of the hydrogen bond (see
Supplementary Materials (SM)); it is therefore indicative of these aspects of hydrogen
bonding. For solute-solvent systems with one donor and one acceptor each, the constant is
equal to 0.62. For the self-solvation of such compounds, the constant becomes 0.31 = 0.62/2!,
indicating that acid-base interaction is indistinguishable from base—acid interaction upon
self-solvation.

The linearity in Equations (33)—(35) is preserved for the logarithm of the reduced
Fj; quantity, which is split into an LFER product (Aja; or B1by) and a solvent-dependent
constant, cp. It should be pointed out, again, that the hydrogen bonding contribution
contains a constant solvent term. This is crucial to remember if we want to extract the
hydrogen bonding information from the corresponding LFER terms (disregarding the LFER
constant coefficient).

2.5. The Essentials of the Partial Solvation Parameter (PSP) Approach

As mentioned in the Introduction, PSPs [26-34] were designed as a simple QSPR-type
scheme to facilitate the exchange of information on intermolecular interactions between
diverse polarity scales and databases rich in thermodynamic content. The initial incentive
arose from a specific practical problem when modeling the equation-of-state behavior of
systems of molecules interacting with strong specific forces, in a variety of applications.
These studies would have been very much facilitated information being more readily
available, especially information on strong acid-base or hydrogen-bonding interactions.
It may appear surprising, but such thermodynamically valid information is not readily
available in the open literature. As a consequence, modeling continues to be performed
using the convenient engineering method with adjustable parameters of questionable
physical meaning. Therefore, for historical reasons, PSPs were developed with equation-of-
state applications in mind. For this purpose, it was convenient to define PSPs as cohesive-
energy density or solubility parameters.

In the present work, we will confine ourselves to the interconnection between PSP
and LSER approaches. The existence of such an interconnection implies that PSPs can be
expressed in terms of LSER molecular descriptors. Thus, the first dispersion PSP, o, reflects
the weak intermolecular dispersive forces and is defined by the following equation:
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AV HE 1
%f,mwn—wo x+ m V*(4Vy + E) (36)

E} in Equation (36) corresponds to the molar interaction energy resulting from dis-
persive forces. As can be observed, the McGowan volume, Vy, accounts for the majority
of the contribution, and is weighted four times more heavily than the excess refractivity
descriptor, E. The molar volume, Vy,, and the hard core molar volume, V¥, are related
through an LFHB-type equation (cf. Equation (9)), V,, = V*/p. V* is closely correlated
with the van der Waals volume of the molecule. If the LFHB scaling constant, vg,, is
available, then V* = Muvg,. Alternatively, it may be estimated from V through the equation:
V*new = 11.357 + 99. 492VX, which is a linear fit of LFHB scaling constants to Vy, with
R? = 0.9991, as shown in Figure 1. At 25 °C, this PSP is very close to the dispersive Hansen
solubility parameter, 54 [24]. For non-polar compounds, this PSP is identical to the total
Hildebrand solubility parameter, 5.

600

400 +

V* / cm®mol™

200

100V,

Figure 1. The hard core molar volumes of the LFHB model as a function of the corresponding
McGowan volumes [16]. The straight line through the data obeys the equation V* = 11.357 + 99.49V
with R2 = 0.9991; standard errors: 0.4963 (intercept), 0.0023 (slope).

The second PSP, Op, reflects the weak and moderately strong polar interactions of the
Keesom and the Debye types. If the molecule does not have a non-zero acidity or basicity
LSER descriptor, this polar PSP is defined by the following equation:

E; S 100
~Ep ~
= — =1 — —VV* 7
Op o 004/p S (37)

Quite often, however, polar compounds also participate in hydrogen-bonding interac-
tions. Hydrogen-bonded compounds can be divided into two classes, the self-associated
and the heterosolvated (which cross-associate only). Upon self-solvation, heterosolvated
compounds do not contribute any hydrogen bonding terms to the self-solvation free energy.
They do contribute with such a term when solvated by another (heteron, in Greek) fluid
that possesses a complementary hydrogen bonding site. Obviously, these polar sites, when
hydrogen bonded, are not available for ordinary polar interactions, which are reflected by
the LSER polarity descriptor, S. They are available, when the compound is in its pure state,
or in mixtures with compounds not possessing complementary sites. In these cases, the
polarity PSP is augmented by a fraction of acidity /basicity descriptors of the compound
as follows:

;S +OA+E)

m

op =100 (heterosolvated compounds) (38)
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The typical value for 0 is 0.2. At 25 °C, this PSP is very close to the polar Hansen
solubility parameter, 6,, [24]. For polar and heterosolvated compounds, this PSP and the
dispersion PSP are related to the total Hildebrand solubility parameter as follows:

Uﬁp =07+ crrz, = 6 (polar/heterosolvated compounds) (39)

04y is also referred to as non-hydrogen-bonding PSP.

With information on these PSPs, it is possible to run equation-of-state calculations. In
the case of the LFHB model, the required scaling constants are V* and E*. V* is obtained as
shown in Figure 1. E* has two contributing factors—dispersion and polarity—as shown in
Equations (36)—(38), or E* = E;* + E,*. In practice, these are estimations, at first. If several
data points are available with respect to density, they are used in combination with the
equation of state, Equation (11), in order to refine the estimations.

The third PSP is the hydrogen-bonding PSP, o, which is defined as follows:

— N, AH!
Ohp = 7’15 “ (40)
m

Npp = rvyy is the number of hydrogen bonds per mol. It is worth mentioning that oy,
contains information not only for the hydrogen bonding enthalpy, AH, lhih, but also for the free
energy, AGZb , and the entropy, ASf‘ib , via the equilibrium constant, K;; (—RT In K;; = AGZ.b).
The equation-of-state approach, analogously to the plain Equation (23), includes infor-
mation on the density of the compound, as well as on its molecular size, by means of
the number of segments, . The number of hydrogen bonds is then obtained using the
following LFHB equation:

2
d+a+ﬁ§<\/(d+a+ﬁ§<) — 4da
2

th =1V = (41)
This equation is made identical to Equation (23) by setting d =a = r = p = 1. Equation
(40) calculates oy, over a broad range of external conditions. At 25 °C, this oy, PSP is often
close to the Hansen solubility parameter, &y, [24].
In self-associated compounds, the total Hildebrand solubility parameter is given by
the following equation:

03 + (T; + 0, = 6 (self — associated compounds) (42)

Information on the total solubility parameter is rather easy to obtain. If the required
hydrogen bonding information for AG! and AH! for the calculation of o, is available
from external resources, Equation (42) can be used to determine ¢,. When available, this
route is preferred over that of Equations (37) and (38), since quite often the descriptor S is
found to be given with relatively higher uncertainty [16].

In equation-of-state calculations, information for both AGf‘.h and AHl’fh is needed. Since
our interest is primarily in mixtures, it would be very much helpful to be able to obtain the
acidity and basicity parameters of the pure compounds, which could be combined to give
the required AGZ’?jb and AH Zh].b for the mixture. To this end, two sets of hydrogen-bonding
PSPs were defined. The first set of oy, and oy is used to obtain the change in enthalpy
upon formation of the hydrogen bond, as follows:

AH?]-b = —0Ha,i0Hb,j\/ Vin,iVin j (43)

Vi1 is the molar volume of compound i with the acidic site and V,,; is the molar
volume of compound j with the basic site.
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The second set of o, and oy, or simply, 0, and 0y, is used to obtain the free energy
change upon formation of the hydrogen bond, as follows:

AGf}b = —04,i%,j\/ Vin,iVin,j (44)

An interconnection of these hydrogen-bonding PSPs with the corresponding LSER
molecular descriptors runs as follows:

| A2 RT
m m
| B} | RT
_ J _

Combining the last three equations, we recover Equation (31):

and

hb

i
o = —kAB; (47)

If hydrogen-bonding PSPs are known from external resources, Equations (45) and (46)
can reverse their role and express the corresponding LSER descriptors in terms of the

PSPs, or:
Ai = Uu’i/1 / kRT/Vm,i and Bj = (Tb,j/ﬁ /kRT/Vm/]' (48)

There are no hydrogen bonding enthalpy LSER descriptors that can be used in a
similar manner to that in Equations (45) and (46). There are, however, LFER enthalpy
coefficients, as shown in Equation (3). It is, then, tempting to use hydrogen bonding
enthalpy PSPs and define the corresponding LSER descriptors, Ay; and By j, via equa-
tions analogous to Equation (47). However, it should be made clear that the enthalpic
descriptors are not independent, but are quantities derived from the corresponding free
energy ones. The same holds true for PSPs. In essence, if AGZ-b is known over a range

of temperatures, the corresponding derived quantity, AHZ.”, could be obtained from an
equation entirely analogous to Equation (19). Equivalently, one may obtain the entropy

change from AG/Y, ASZb = — (aAGZ-b / BT) , and the change in enthalpy from the classical

ij
equation, AHl’?].h = AGI + TAS?]-h. The reverse process may also be used if extensive data
on enthalpic hydrogen-bonding PSPs are available.
The above constitute a thermodynamic framework that is sufficient for carrying out
a coherent discussion on the exchange of information between diverse databases and, in
particular, between the LSER model and PSPs. This discussion will now continue, in the
next section, with some pertinent calculations.

3. Applications

A class of hydrogen-bonded compounds that has been extensively studied in the
literature is alkanols. Both LSER descriptors and LFER coefficients are available for this
class [16,60], and are summarized in the Supplementary Materials (SM). Thus, we may
compare the LSER predictions of solvation free energy with corresponding experimental
data [49], the results of which are shown in Figure 2.
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Figure 2. Comparison of the experimental [49] solvation free energies of 1-alkanols with the corre-
sponding LSER calculations as a function of carbon atoms in the molecule.

As shown in Figure 2, there is a good agreement between the LSER predictions of
solvation free energies and the experimental results. This is, then, directly exchangeable
thermodynamic information. Only the experimental data [49] obtained at 298.15 K are
shown in Figure 2. However, data on enthalpies and entropies of self-solvation of 1-alkanols
at various temperatures are also known [49], which can be converted to the free energies of
self-solvation at 298.15 K using the following equation: AG® = AH® — 298.15AS°. These
converted data are reported in Table S5 along with the original temperature, T,,, for which
the enthalpy and entropy data are known [49]. As shown in Table S5, the discrepancies in
the experimental data regarding the free energies of self-solvation of alkanols are almost
always less than 1%.

The constant LFER coefficients, c, are rather negligible for all 1-alkanols [16,60], and
each of the product terms is therefore considered to reflect the full corresponding contribu-
tion to the solvation free energy. Alkanols are self-associating compounds with a significant
hydrogen bonding contribution that deserve particular attention.

The five contributions to the equilibrium constant, —logK®, for the self-solvation free
energy of alkanols, as given by the five products of the linearity Equation (2), are reported
in Table 1. As shown, excluding cavitation contribution (/L), the main charge contribution to
solvation free energy is hydrogen bonding. As observed in columns 4 and 5, the acid-base
contribution, aA, is significantly different from the base—acid interaction, bB, for all alkanols.
The difference (log) is 0.93 % 0.06 for 1-alkanols and 0.65 for 2-alkanols. At present, there is
no explanation for this difference. Thus, this hydrogen bonding information is not directly
transferable at present.

The overall hydrogen bonding contribution, AG,fb, to the self-solvation free energy
(calculated as AG,fb = —2.303 x RT x (aA +bB)) is shown in column 7 of Table 1. In column 8,
the estimated hydrogen bonding contribution to self-solvation enthalpy determined on
the basis of experimental spectroscopic measurements and a set of assumptions regarding
the separation of the hydrogen bonding contribution from the rest of the contributions to
self-solvation enthalpy [61]. The reported values (on the order of —17 kJ/mol) are in rather
considerable disagreement with the widely accepted values reported in the literature (on
the order of —25 kJ/mol) [62-64]. In column 9 of the table, the hydrogen bonding entropy
change with self-solvation is reported. In contrast to enthalpy, the values reported for this
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change in entropy are in rather good agreement with the widely accepted values (on the
order of —25 J/K mol), with the exception of methanol and ethanol [54,62-64].

Table 1. The five contributions (cf. Equation (2)) to the equilibrium constant (flogKS ) for the self-
solvation free energy of alkanols [16,60]: the hydrogen bonding contribution, AGEb, to the solvation
free energy (in k] /mol); the experimental [61] hydrogen bonding contribution, AH,fb, to the self-
solvation enthalpy (in kJ /mol); and the calculated hydrogen bonding contribution to the self-solvation
entropy (in J/mol K) of alkanols.

Alkanol eE sS aA bB IL AGy,  AHY, ASy,

METHANOL ~ 0.095 0578 1645 0656 0747 —1314 151  —6.58

ETHANOL 0058 0363 1441 0572 1265 —1149 -169 1814
1-PROPANOL 0056 0314 1439 0516 1784 -11.16 -17.7  -21.93
1-BUTANOL 0063 0323 1365 0424 2312 1021 -177  -2511
1-PENTANOL 0035 0225 1392 0463 2793 -1059 —17.7  —23.85
1-HEXANOL  0.043 0245 1330 0432 3294 1006 —177  —25.62
1-HEPTANOL ~ 0.045 0234 1323 038 3837 -977  —17.7 26,61
1-OCTANOL 0043 0236 1283 0364 4349 -940 177 2784
1-DECANOL 0017 0150 1292 0354 5382 940  -177 2784
2-PROPANOL  0.068 0261 1237 0591 1571 1043 -173  —23.03
2-PENTANOL 0065 0182 1237 0573 2650 —1034 -173  —2336

The key point from the above exposition is that, even for the extensively studied
alkanols, there are notorious discrepancies in the open literature regarding hydrogen
bonding contribution. Since hydrogen bonding contributions constitute the main charge
contributions to the solvation free energies of these systems, it would be useful to see what
the above thermodynamic framework and analysis tell us.

First of all, although often minor, a distinction should be made between hydrogen
bonding solvation free energy, AGy,, and free energy change upon the formation of the
hydrogen bond, AGfljb , as well as for the corresponding hydrogen bonding enthalpies. The
latter quantity characterizes the average strength of a specific interaction, and is well suited
to carrying out modeling using explicit equations, like Equations (31) or (41). This quantity,
when used in a consistent thermodynamic framework, should lead to expressions (like
the above terms, Fy) for the former quantity, AGZb, which is part of the measurable overall
solvation free energy. The same holds true for the corresponding enthalpies, although the
difference in enthalpies is significantly reduced. As an example, in the case of self-solvation,
we may start from the simple Equation (32) and examine the above differences.

If the logarithm of Fy; in Equation (30) or (32) were written without the constant term,
as in the LSER model, this would imply than InF;, = —AGl’-“jb /2RT(cf. Equation (31)) and
the hydrogen bonding equilibrium constant, K;,, were identical to the hydrogen bonding
component of the solvation equilibrium constant, KS, as well as, of course, with Fy,. This
would simplify things, and the differences described above would be zero. The correction
constant to Fip, however, implies that the two Ks are conceived differently by the two
modeling approaches. Thus, the LSER quantity, —2.303RT(Ajay + B1by) = AGSb, cannot be
considered identical to AG/%. The way hydrogen bonding contributes to the solvation free
energy depends on the nature and multiplicity of the interacting sites, and this requires
some corresponding correction to the plain sum of the LFER products, Ajay + B1by. Neither
should Fj; be considered to be identical to Kyp. Similar concerns apply to all models based
on divisions of intermolecular interactions.
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By combining Equation (19) with Equation (28) or with Equation (29), we obtain the
following equation (the subscript 1 in Equation (49) should be taken as corresponding to
the acid site, while the subscript 2 corresponds to the base site):

3(AG}, 1,/RT) dIn(Fpp)
S _ AHS s _ 2 , — 2(9dln
AHjy, = AHjy 15 + AHj 5 = —2RT Kia b —2RT ( T ) b
_ o (9ln((1+2vK)/(1+V5)) | 2 ( 9In(1+2VK)
= —2RT ( . = —2RT?| ——5—* (49)
P P
- 9 RT2 K 3 AH{’%’—TAS&'S _ 2K AHhh
1+2vVK VK 9T RT p VK42K 712

Thus, at values of K that are not very low, the hydrogen bonding solvation enthalpy
may be considered to be close to the corresponding change in enthalpy upon the formation
of the acid-base hydrogen bond. In alkanols in which K is greater than 350, their difference
is less than 2%. Thus, information on this quantity would essentially be directly transferable.
As a consequence, the enthalpy described in column 8 of Table 1 should have been nearly
identical to the change in enthalpy AH{’S , which is not the case. This discrepancy highlights
the problem caused by the lack of consensus in the literature on the strength of hydrogen-
bonding interactions in alkanols. However, the PSP approach and the equation-of-state
model permit the estimation of this change in enthalpy on the basis of other thermodynamic
properties, as well.

The free energy and enthalpy data presented in Table 1 were used to correlate the
basic thermodynamic quantities of alkanols (vapor pressure, vaporization heat, den-
sity, and solubility parameters) [65] with those of the LFHB and the more advanced
NRHB [52-54,57,58] equation-of-state models. The LFHB scaling constants with which
the best correlations were obtained are reported in the SM. In Table 2, the LFHB scaling
constants are reported, along with the more widely accepted hydrogen bonding enthalpies
and entropies [50-54,56-58,62—-64] that were used to obtain the best correlations for the very
same set of thermodynamic quantities of alkanols [65]. Two sets of scaling constants are
reported for methanol, just to show how sensitive the scaling constants are to the adopted
hydrogen bonding parameters.

Table 2. The scaling constants and the hydrogen bonding solubility parameters of alkanols.

Solvent J me(:{*l g;fgllfll 033{51;13 Z;’g‘f k]AnI—lI(%,il JKfAls:rﬁ{*l kJAn?%il

METHANOL ! 4609 —0.117 1.165 2.5 —23.60 —28.0 ~15.25
METHANOL 4162 1.185 1.131 2 —26.00 —295 ~17.21
ETHANOL 4134 ~0.107 1.128 0 —24.05 —275 ~15.85
1-PROPANOL 4072 0.330 1.103 —1 —23.60 —26.5 —15.70
1-BUTANOL 4092 0.610 1.097 ~1 —23.40 —265 ~15.50
1-PENTANOL 4076 0914 1.088 -1 —23.38 —27.0 ~15.33
1-HEXANOL 4058 1.090 1.079 —1 —23.08 —26.5 ~15.18
1-HEPTANOL 4117 0.730 1.081 —1 ~23.10 —27.0 ~15.05
1-OCTANOL 4086 1.004 1.075 -1 ~23.10 —275 ~15.18
1-DECANOL 4095 1311 1.072 -3 ~23.10 —285 —15.05
ISOPROPANOL 3777 0.267 1.103 ~1 —23.50 ~265 ~14.90
2-PENTANOL 3784 0.949 1.072 -2 —23.50 —26.5 ~14.75

! Scaling constants for methanol accounting for 8y, [24].
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In Table 3, the calculated solubility parameters are compared with the two sets of
hydrogen bonding parameters described in Tables 1 and 2, as well as with literature data.
It can be observed that the hydrogen bonding data in Table 1 do not seem to be compatible
with the experimental data regarding total solubility parameters, especially in the case of the
lower (MW) alkanols, or with the Hansen solubility parameters for hydrogen bonding [24].
In fact, the large discrepancies for the later may be an explanation for the discrepancies
in the former. The discrepancies were somewhat larger, when using the NRHB [57,58],
rather than the LFHB, model. As shown by Equation (40), the change in enthalpy, AH/2,
strongly affects, in a direct manner, the hydrogen-bonding PSP and thus the corresponding
solubility parameter, dy,. Thus, the correlation of this parameter can be considered to
be a direct test of the accuracy of the proposed AH values. It seems that the hydrogen
bonding parameters reported in Table 1, which have apparently been adopted by the LSER
model [40], are not compatible with the corresponding solubility parameter data described
in the literature [24,61].

Table 3. The experimental and calculated total solubility parameters and hydrogen bonding solubility
parameters of alkanols. LSER and PSP calculations were performed using the hydrogen bonding
parameters presented in Tables 1 and 2, respectively.

5¢/MPa®%5 8pp/MPa%>
Solvent LSER calc o Exp [61] LSER calc Thb Exp [24]

METHANOL ! 27.8 30.2 294 17.9 22.8 22.3
METHANOL 27.8 304 294 17.9 244 22.3
ETHANOL 25.0 26.3 26.2 14.9 19.3 19.4
1-PROPANOL 23.8 243 24.6 13.3 16.9 17.4
1-BUTANOL 22.8 23.1 235 11.5 14.9 15.8
1-PENTANOL 219 22.6 224 10.5 13.6 13.9
1-HEXANOL 21.3 219 221 9.4 12.5 12.5
1-HEPTANOL 21.0 21.7 21.8 8.6 11.7 11.7
1-OCTANOL 20.5 21.0 21.0 8.6 11.0 11.9
1-DECANOL 20.1 20.4 20.2 7.0 9.8 10.0
ISOPROPANOL 22.8 23.6 23.8 12.6 16.4 16.4
2-PENTANOL 211 21.8 21.8 10.2 13.6 13.3

1 With scaling constants for methanol best accounting for 8y, [24].

So far, we have essentially confined ourselves to the self-solvation of alkanols. We
could further test the accuracy of the proposed hydrogen bonding energies by looking at
the solvation of various solutes in alkanol solvents. In this way, we could extract useful
conclusions, especially from solutes that form hydrogen bonds with alkanols. In essence, if
the true values of hydrogen bonding free energy and enthalpy of alkanols are significantly
more negative than what is estimated by the LSER model, then, in the solvation free
energies of various solutes in alkanol solvents, this would show up in the LSER model
estimations by being somewhat less negative than the corresponding experimental values.

In Figure 3, the LSER estimations of the solvation free energy of a variety of solutes
in 1-octanol are plotted as a function of the corresponding experimental data [49]. In the
same figure, alternative predictions are also reported in which the LSER hydrogen bonding
contribution to AG! (Table 1) is replaced with the corresponding LFHB contributions with
the above, more widely used, hydrogen bonding parameters (Table 2). It can be seen that
the two sets of predictions are practically identical, except for the notable case of water,
where the LSER estimation is significantly less negative than the LFHB one, while being in
rather good agreement with the experimental results. This picture is nearly the same for
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the solvation in all alkanols as solvents. Detailed tables with the data reported in Figure 3
are provided in the Supplementary Materials (SM).
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Figure 3. The LSER estimations of the solvation free energy of various solutes in 1-octanol, as a
function of the corresponding experimental data [49].

As can be observed in Figure 3, the scatter of the experimental solvation free ener-
gies [49] does not permit clear judgement regarding the accuracy of the alternative sets of
hydrogen bonding parameters used. The outlier in the LFHB correlation (water) is quite
interesting, and will be extensively discussed in a forthcoming paper dedicated exclusively
to water and aqueous systems.

All of the above indicate that the LSER estimations of hydrogen bonding contribution
to solvation free energies in alkanols raise several questions, and should probably be
reconsidered. However, if they were to be reconsidered, their reconsideration might affect
the other products of the LFER linearity Equations (1) and (2), and such structural changes
in the LSER database are not easy to make. In fact, the accuracy of the experimental results
for overall solvation free energies may not always be high enough to capture the differences
in hydrogen bonding parameters or, probably, the parameters of the other intermolecular
interactions. These obstacles are mentioned here, just to indicate the challenges faced by PSP
development. If these obstacles could be overcome, the transfer process described above
might be reversed, and information from PSPs could be used to enhance the LSER database.

Assuming that the values of 0, and oy, are known from other sources, say, from the
COSMO-RS model [35-39] or from molecular dynamics simulations, Equation (47) can
be used to calculate the hydrogen bonding LSER molecular descriptors. This particular
transfer, either from LSER to PSP or from PSP to LSER, is meaningful and useful when the
same constant k is used in the equation. This constant may be obtained using Equation (31)
if AGZ.Z’ is known. In Table 4, the estimations of this constant are reported for alkanols

based on the hydrogen bonding parameters, AGfljb , presented in the table. It can be seen
that k is nearly constant. In fact, on the basis of analogous calculations performed for other
solute—solvent systems, including aqueous ones, it seems that the values of k center around
k =33.9 or kR x 298.15 = 84,000 J/mol. The adoption of such a universal value for the
constant k would greatly augment the predictive capacity of LSER and PSP, as well as
other interconnected QSPR-type databases. However, the prerequisite for this remains the
agreement on the values of AG! or AH!} for several hydrogen-bonded compounds. In
fact, the adoption of such a universal value for k would also require a rather minor change
in the A and B LSER descriptors to A” and B’, as reported in Table 4, in order to obtain the
same solvation free energy as the product kRTA'B’.
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Table 4. The acidity and basicity LSER descriptors, A and B [16], the free energy change upon
self-association, AG;}Z’ , the corresponding kRT product, and the readjusted A’ and B” descriptors to be
used with a universal value of kRT = 84 kJ/mol.

Solvent A B k} if)zl;ﬁll k; ;I;ffl A B’
METHANOL 0.43 0.47 17.21 85.13 0.433 0.473
ETHANOL 0.37 0.48 15.85 89.25 0.381 0.495
1-PROPANOL 0.37 0.48 15.70 88.40 0.380 0.492
1-BUTANOL 0.37 0.48 15.50 87.26 0.376 0.491
1-PENTANOL 0.37 0.48 15.33 86.31 0.374 0.489
1-HEXANOL 0.37 0.49 15.18 85.15 0.370 0.489
1-HEPTANOL 0.37 0.48 15.05 84.73 0.369 0.485
1-OCTANOL 0.37 0.49 14.90 83.89 0.365 0.485
1-NONANOL 0.37 0.49 14.75 81.82 0.362 0.484
1-DECANOL 0.36 0.49 14.60 82.29 0.361 0.482
ISOPROPANOL 0.31 0.56 15.90 92.65 0.322 0.588
2-PENTANOL 0.33 0.56 15.60 85.38 0.329 0.565

Having agreed on the hydrogen bonding parameters, an agreement on the contribution
of hydrogen bonding to the solvation free energy is then feasible. Once this is done, the
exchange of information can be continued with the other descriptors. The contribution of
non-hydrogen-bonding interactions to PSPs can easily be obtained from the equation-of-
state scaling constants. Combining Equations (36)—(39), we get:

0§+0§:pdV7mP :pv—m (50)

The dispersive PSP, ¢, is mainly connected to the McGowan volume, Vy, and, to a
lesser extent, to the excess refractivity descriptor, E (cf. Equation (36)). Both V, and E
are rather clearly defined, and practically speaking, Equation (36) is always considered
to be valid. Since the total solubility parameter is very often known with good accuracy,
Equation (42) permits the estimation of the polar PSP, ¢y, or, equivalently, the LSER polarity
descriptor, S, or the interaction energy, E;*. The polarity descriptor S is not as clearly
defined as Vy and E. Thus, the above transfer of information from op may be useful for
verification or for a better estimation of S.

4. Discussion

There is no doubt that the LSER approach and database [1-18] are very rich in thermo-
dynamic content. For decades, now, the scientific community has used them in numerous
applications, with remarkable success. However, the question remains as to how this
content might be extracted and transferred for more extensive or specific advanced thermo-
dynamic calculations. In response to this question, an attempt was made in the previous
two sections to address some challenging issues related to the interconnection between
the LSER approach and database [1-18] and the equation-of-state approach and Partial
Solvation Parameters [26-34].

The three LSER molecular descriptors, Vx, E, and L, are rather clearly defined. The
remaining three descriptors for the polar and strong specific interactions, S, A and B, are not
as clearly defined and, to a great extent, their determination has been performed through
regression and fitting to experimental data. In this regard, the more specific question
is: how can hydrogen bonding or strong (Lewis) acid-base interactions, reflected by the
descriptors A and B, be separated from the remaining weaker polar interactions, reflected
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by the descriptor S? Furthermore, the even more specific question is: on what scale is acidity
or basicity expressed? This concept of “scale” is needed whenever aiming to perform a
quantitative comparison of similar properties or entities.

In the previous two sections, the focus was primarily on descriptors A and B, and
indirectly on descriptor S. The basis of the discussion was the very fact that thermodynamic
quantities such as solvation free energy can be estimated successfully using a simple linear
equation (Equation (2)). The obvious first step was to examine the thermodynamic basis
of this very linearity, especially for the hydrogen bonding contribution. The tool used for
this examination was a simple statistical thermodynamic model, able to handle simple
as well as complex hydrogen-bonding interactions, including intramolecular interactions,
cooperativities and three-dimensional networks [50-58]. The minimal features of the model
were used here, since the bulk of hydrogen-bonded solutes and solvents are attributed
one donor and/or one acceptor site when using the LSER approach, while densities or
external pressures are not explicitly taken into account. Even when considering temperature
variations, the bulk of the data are reported at a temperature of 25 °C. Thus, hydrogen-
bonding interactions could be handled as simple quasi-chemical reactions with a free
energy change upon formation and an equilibrium constant. For reader convenience, a step-
by-step derivation of the key equations with the corresponding assumptions is provided in
the SM, along with the implementation of the central simple assumption for this (hydrogen
bond) free energy change upon formation, namely, AG%’ = —kAB,.

With this exercise, it was verified that the hydrogen bonding contribution to solvation
free energy may indeed be expressed in a linear-like manner similar to the LSER, as shown
in Equation (2). This similarity is gratifying, but more interesting is the insight contained in
the new equations. In the main text, above, the case of molecules with one donor and/or
one acceptor was presented. The case of molecules with two donors and/or two acceptors
is presented in the Supplementary Materials (SM). The acid (1)-base (2) contribution to
solvation free energy is given by the following general equation:

In(Fiz — A) = A1 (kBy) + ¢y = Ay + ¢ (51)
and the base(1)—-acid(2) contribution by the following symmetric equation:
In(F; — A) = By(kAy) + Cé = Blblz + Clz (52)

The constant ¢, is an exclusive property of the solvent (component 2). The constant
A reflects the character of the hydrogen-bonding interaction. In one-donor-one-acceptor

solute-solvent systems, A =2/ (1 + ﬁ) and, upon self-solvation, A =1/ (1 + \/§> In the

case of two-donor-two-acceptor solute-solvent systems, A = 2/4 and, upon self-solvation,
A=1/4.

Due to their symmetric character, Equations (50) and (51) indicate that, upon self-
solvation, the acid-base and the base—acid contributions are identical, that is, F1» = F»; and
Aqay’ = B1by'. What is even more interesting, though, is that both solvent coefficients, a,’
and by’, are expressed explicitly by the plain relations, a,” = kB, and by’ = kA,.

It seems, however, that LSER was developed differently with respect to hydrogen-
bonding interactions. Linearity is obeyed, but upon self-solvation, Ajaj; is different from
Bib,. Apparently, one or both of these products also contains the information of constant
¢;'. The constant A does not show up when using the LSER approach, since it handles
solute—solvent interactions exclusively as a one-donor—one-acceptor interaction. Thus, at
present, the extraction of separate information on acidity and basicity contributions is not
quite straightforward. If this were possible, this information could be transferred to the
corresponding PSPs via Equations (45) and (46), and practically useful equation-of-state
calculations could be performed.

The overall hydrogen bonding LSER contribution seems easier to extract and transfer.
Even there, however, much care must be exercised. In the previous section, the example of
alkanol solvents was discussed, where the value of enthalpy-change upon the formation of
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OH-OH hydrogen bonds is still controversial today. The value adopted by LSER (on the
order of —17 kJ/mol) is rather drastically different from the more widely adopted value
(on the order of —25 kJ/mol), and this by itself remains a challenging issue in the literature.

If the above issues were clarified, the PSP approach could facilitate the determination
of the descriptor S once the hydrogen bonding contribution was known. As shown in the
previous section, the solubility parameter, and especially its hydrogen bonding component,
are sensitive to the value of the hydrogen bonding enthalpy. The overall solubility parame-
ter is a rather well-defined (and measurable) quantity. Thus, once the hydrogen bonding
contribution is known, it may be relatively easier to separate the remaining dispersion and
polar contributions.

It should be stressed, once again, that the above analysis is not a criticism of any
database or polarity scale reported in the literature. It is just an attempt to develop a
thermodynamic basis for the safe exchange of information between different databases.
The interconnection between LSER and PSP is just an example used to discuss some
problems associated with this effort. The above discussion was not exhaustive, by any
means, with respect to these problems, but their nature and key aspects have hopefully
been exposed.

The calculations in the present work were confined to systems of alkanols. Water and
aqueous systems will be discussed in a forthcoming manuscript. Systems of glycols will
also be discussed separately, since they possess two distant donor sites and two acceptor
sites in their molecules (cf. SM file). Heterosolvated compounds, possessing one type of
hydrogen bonding site only—donor or acceptor—are also a separate class of compound,
and will be discussed after self-associating or homosolvated compounds. These studies
will contribute to our understanding of the thermodynamic content of the LSER linearity
terms and the factors affecting them.

It should be stressed that the purpose of this manuscript was not to report a full new
database in place of the current LSER database. The development of such a full database is
not an easy task, and would require a concerted effort and wider collaboration. In this series
of papers, we discuss various classes of compounds (e.g., alkanols, water and aqueous
systems, heterosolvated compounds, etc.), but we are far from establishing a full database.
We hope that this manuscript will stir broader interest and promote the concerted effort
and collaboration required.

In summary of the key messages of this work, the LSER model with its database
is not only a valuable predictive tool that is rich in thermodynamic information, the
linearity of LFER indeed has a sound thermodynamic basis. It seems, however, that this
thermodynamic basis was either not known, or it was disregarded, and the development
of the LSER database was carried out on a more or less empirical basis using plain linear
regressions and correlations of experimental data, with little interest in the thermodynamic
consistency of the reported LFER parameters. As an example of this inconsistency, the acid—
base interaction, aA, is often drastically different from the very same base-acid interaction,
bB, upon self-solvation. This makes it difficult to extract thermodynamic information from
the LSER database in its current form, in spite its remarkable potential. There is no need
whatsoever to change LSER descriptors and LFER parameters for current applications of
the LSER database. However, since there is now an explicitly known thermodynamic basis,
the LSER database could be restructured or redesigned on this basis, if there is an interest in
the exchange of thermodynamic information. With a firm thermodynamic basis, it would
be meaningful to exchange information on thermodynamic quantities among a number of
different databases.

5. Conclusions

The LSER model and database, which is very useful in numerous applications, are
also very rich in thermodynamic information, and some key problems associated with the
extraction and transfer of this information were discussed in this work. A thermodynamic
basis for the linearity of the LFER/LSER approach was proposed and used to provide an
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interconnection between the LSER molecular descriptors and the corresponding Partial
Solvation Parameters (PSPs). It was shown that, in contrast to the well-defined thermo-
dynamic quantities, much care must be exercised when transferring information based
on the divisions of intermolecular interactions, since they necessarily have an inherently
varying degree of arbitrariness. The LSER database has not been developed, to date, on the
above thermodynamic basis, and some aspects of its departure from this were discussed, in
an effort to recover thermodynamic information from the reported molecular descriptors
and LFER coefficients. The advantages of adopting this thermodynamic basis were also
indicated. This adoption is not a trivial task, and will require a concerted effort by experts
in the field. It is hoped that this work will stir sufficient interest in the relevant literature, in
this regard.
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given of the use of linearity of the LSER model in practical calculations with alkanols; Table S1: The
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in alkanol solvents; Table S2: The hydrogen-bonding contributions to the free-energy of solvation
in alkanol solvents; Table S3: LSER descriptors and LFER coefficients for alkanols; Table S4: Experi-
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the self-solvation free-energy of 1-alkanols at 298.15 K. References [2-5,16,49-53,56,60] are cited in
Supplementary Materials.

Author Contributions: Conceptualization, C.P,, .Z. and V.H.; methodology, C.P; software, V.H.;
validation, C.P, L.Z. and H.A K.; formal analysis, I.Z.; investigation, C.P; resources, V.H.; data curation,
H.A K,; writing—original draft preparation, C.P.; writing—review and editing, V.H.; visualization,
H.A K; supervision, C.P; project administration, I.Z.; funding acquisition, I.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research is supported by ASPIRE, the technology program management pillar of
Abu Dhabi’s Advanced Technology Research Council (ATRC), via the ASPIRE “AARE (ASPIRE
Awards for Research Excellence)” and through grant no. AARE20-246 to Ioannis Zuburtikudis of
Abu Dhabi University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article and Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.
List of Symbols

Latin letters

RS

Number of acceptor sites of type i

LFER acidity coefficient for solvent i

LSER acidity molecular descriptor of component i
LFER basicity coefficient for solvent j

LSER basicity molecular descriptor of component j
LFER constant coefficient

Number of donor sites of type i

LFER solvent refractivity coefficient

Excess refractivity LSER molecular descriptors
Hydrogen bonding contribution term

Free energy

Enthalpy

Proportionality constant

Equilibrium constant

LFER coefficient for gas-to-C16 partitioning

NS

=

)

—"RATOT™OMme


https://www.mdpi.com/article/10.3390/liquids3010007/s1
https://www.mdpi.com/article/10.3390/liquids3010007/s1

Liquids 2023, 3

87

References

1.  Abraham, M.H.; McGowan, J.C. The use of characteristic volumes to measure cavity terms in reversed phase liquid chromatogra-

<< HVe IR TP o

x <
>

Z
Greek Letters

Superscripts
0

o0
*

hb

IG

S
Subscripts
1/2

0i

i0

d

hb

LSER molecular descriptor for gas-to-C16 partitioning
Mole number

Pressure

Number of molecular segments
Gas constant

LFER polarity coefficient
Entropy

Temperature

specific volume

Volume

McGowan volume

Mole fraction

Compressibility factor

Activity coefficient
Solubility parameter
Change in quantity Y

Free energy change on hydrogen bond formation between donor i and acceptor j.

Interaction energy

Fraction or reduced number of hydrogen bonds
Correction factor to geometric-mean interaction energy
Reduced density

Partial solvation parameter

Fugacity coefficient

Molecular conformation parameter

Pure component

Infinite dilution

LFHB scaling property
Hydrogen bonding quantity
Ideal gas

Solvation quantity

Property of solute (1) in solvent (2)

Fraction of free acceptor sites

Fraction of free donor sites

Dispersion quantity

Hydrogen bonding quantity

Quantity pertaining to component i
Quantity pertaining to the interacting pair i, j
Molar quantity

Polar quantity

Specific

phy. Chromatographia 1987, 23, 243. [CrossRef]
2. Abraham, M.H. Scales of solute hydrogen-bonding: Their construction and application to physicochemical and biochemical
processes. Chem. Soc. Rev. 1993, 22, 73. [CrossRef]
3. Abraham, M.H.; Ibrahim, A.; Zissimos, A.M. Determination of sets of solute descriptors from chromatographic measurements. J.
Chromatogr. A 2004, 1037, 29. [CrossRef]
4. Poole, C.E; Atapattu, S.N.; Poole, S.K.; Bell, A.H. Determination of solute descriptors by chromatographic methods. Anal. Chim.

Acta 2009, 652, 32-53. [CrossRef] [PubMed]

5. Abraham, M.H.; Smith, R.E.; Luchtefeld, R.; Boorem, A.].; Luo, R.; Acree, W.E., Jr. Prediction of solubility of drugs and other
compounds in organic solvents. J. Pharm. Sci. 2010, 99, 1500. [CrossRef]
6.  Abraham, M.H.; Whiting, G.S.; Carr, PW.; Ouyang, H. Hydrogen bonding. Part 45. The solubility of gases and vapors in methanol
at 298 K: An LFER analysis. J. Chem. Soc. Perkin Trans. 1998, 2, 1385-1390. [CrossRef]


http://doi.org/10.1007/BF02311772
http://doi.org/10.1039/cs9932200073
http://doi.org/10.1016/j.chroma.2003.12.004
http://doi.org/10.1016/j.aca.2009.04.038
http://www.ncbi.nlm.nih.gov/pubmed/19786169
http://doi.org/10.1002/jps.21922
http://doi.org/10.1039/a800830b

Liquids 2023, 3 88

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

Abraham, M.H.; Whiting, G.S.; Shuely, W.]J.; Doherty, R.M. The solubility of gases and vapours in ethanol—The connection
between gaseous solubility and water—solvent partition. Can. J. Cherm. 1998, 76, 703-709. [CrossRef]

Abraham, M.H.; Platts, J.A.; Hersey, A.; Leo, AJ.; Taft, RW. Correlation and estimation of gas—chloroform and water-chloroform
partition coefficients by a linear free energy relationship method. J. Pharm. Sci. 1999, 88, 670-679. [CrossRef]

Abraham, M.H.; Le, J.; Acree, W.E., Jr.; Carr, PW. Solubility of gases and vapors in propan-1-ol at 298 K. J. Phys. Org. Chem. 1999,
12, 675-680. [CrossRef]

Goss, K.-U. Predicting the equilibrium partitioning of organic compounds using just one linear solvation energy relationship
(LSER). Fluid Phase Equilibr. 2005, 233, 19-22. [CrossRef]

Acree, W.E,, Jr.; Abraham, M.H. The analysis of solvation in ionic liquids and organic solvents using the Abraham linear free
energy relationship. J. Chem. Technol. Biotechnol. 2006, 81, 1441-1446. [CrossRef]

Goss, K.-U. Using COSMO-RS for the Prediction of Vapor-Liquid Equilibria, Gas Solubilities and Partition Coefficients in
Polymers. Anal. Chem. 2011, 83, 5304-5308. [CrossRef]

van Noort, P.C.M. Solvation thermodynamics and the physical-chemical meaning of the constant in Abraham solvation equations.
Chemosphere 2012, 87, 125-131. [CrossRef] [PubMed]

Van Noort, P.C.M. Estimation of Abraham solvation equation coefficients for hydrogen bond formation from Abraham solvation
parameters for solute acidity and basicity. Chemosphere 2013, 90, 344-348. [CrossRef] [PubMed]

Endo, S.; Goss, K.U. Applications of polyparameter linear free energy relationships in environmental chemistry. Environ. Sci.
Technol. 2014, 48, 12477-12491. [CrossRef]

Ulrich, N.; Endo, S.; Brown, T.N.; Watanabe, N.; Bronner, G.; Abraham, M.H.; Goss, K.-U. UFZ-LSER database v 3.2.1, Leipzig,
Germany, Helmholtz Centre for Environmental Research-UFZ. 2017. Available online: http:/ /www.ufz.de/Iserd (accessed on 15
December 2022).

Eggert, T.; Langowski, H.C. Linear Solvation Energy Relationships (LSERs) for Robust Prediction of Partition Coefficients between
Low Density Polyethylene and Water Part I: Experimental Partition Coefficients and Model Calibration. Eur. J. Pharm. Sci. 2022,
172,106137. [CrossRef] [PubMed]

Egert, T.; Langowski, H.C. Linear Solvation Energy Relationships (LSERs) for Accu-rate Prediction of Partition Coefficients
between Low Density Polyethylene and Water—Part II: Model Evaluation and Benchmarking. Eur. J. Pharm. Sci. 2022, 172, 1-10.
Drago, R.S. A modern approach to acid-base chemistry. J. Chem. Educ. 1974, 51, 300-307. [CrossRef]

Gutmann, V. The Donor-Acceptor Approach to Molecular Interactions; Plenum Press: New York, NY, USA; London, UK, 1978.
Reichardt, C. Solvents and Solvent Effect in Organic Chemistry, 3rd ed.; Wiley-VCH: Weinheim, Germany, 2003.

Katritzky, D.; Fara, E.; Yang, H.; Ta 'mm, K.; Tamm, T.; Karelson, M. Quantitative Measures of Solvent Polarity. Chem. Rev. 2004,
104, 175-198. [CrossRef]

Laurence, C.; Gal, J.-F. Lewis Basicity and Affinity Scales: Data and Measurements; Wiley: New York, NY, USA, 2010.

Hansen, C.M. Hansen Solubility Parameters, A User’s Handbook, 2nd ed.; CRC Press: Boca Eaton, FL, USA, 2007.

Prausnitz, ].M.; Lichtenthaler, R.N.; de Azevedo, E.G. Molecular Thermodynamics of Fluid-Phase Equilibria, 3rd ed.; Prentice-Hall
PTR: Upper Saddle River, NJ, USA, 1999.

Panayiotou, C. Redefining solubility parameters: The partial solvation parameters. Phys. Chem. Chem. Phys. 2012, 14, 3882-3908.
[CrossRef]

Panayiotou, C. Partial solvation parameters and mixture thermodynamics. J. Phys. Chem. B 2012, 116, 7302-7321. [CrossRef]
[PubMed]

Panayiotou, C.; Aslanidou, D. Partial solvation parameters and the equation-of-state approach. Fluid Phase Equilib. 2015, 406,
101-115. [CrossRef]

Mastrogeorgopoulos, S.; Hatzimanikatis, V.; Panayiotou, C. Toward a Simple Predictive Molecular Thermodynamic Model for
Bulk Phases and Interfaces. Ind. Eng. Chem. Res. 2017, 56, 10900-10910. [CrossRef]

Niederquell, A.; Wyttenbach, N.; Kuentz, M.; Panayiotou, C. Partial Solvation Parameters of Drugs as a New Thermodynamic
Tool for Pharmaceutics. Pharmaceutics 2019, 11, 17. [CrossRef]

Lazidou, D.; Mastrogeorgopoulos, S.; Panayiotou, C. Thermodynamic characterization of ionic liquids. J. Mol. Lig. 2019, 277,
10-21. [CrossRef]

Lazidou, D.; Teknetzi, I.; Aslanidou, D.; Papadopoulou, S.; Panayiotou, C. Partial Solvation Parameters in Conservation Science
for Works of Art. |. Cult. Heritage 2019, 39, 12. [CrossRef]

Panayiotou, C.; Zuburtikudis, I.; Hatzimanikatis, V. 110th Anniversary: From solubility parameters to predictive equation-of-state
modeling. Ind. Eng. Chem. Res. 2019, 58, 12787-12800. [CrossRef]

Panayiotou, C.; Hatzimanikatis, V. The solubility parameters of CO, and ionic liquids: Are they an enigma? Fluid Phase Equil.
2021, 527, 112828. [CrossRef]

Klamt, A. COSMO-RS from Quantum Chemistry to Fluid Phase Thermodynamics and Drug Design; Elsevier: Amsterdam, The
Netherlands, 2005.

COSMOlogic GmbH. COSMObase; Version C30_1401; COSMOlogic GmbH & Co. K.G.: Leverkusen, Germany, 2014.

Lin, S.T.; Sandler, S.I. A priori phase equilibrium prediction from a segment contribution solvation model. Ind. Eng. Chem. Res.
2002, 41, 899-913. [CrossRef]


http://doi.org/10.1139/v98-029
http://doi.org/10.1021/js990008a
http://doi.org/10.1002/(SICI)1099-1395(199909)12:9&lt;675::AID-POC177&gt;3.0.CO;2-E
http://doi.org/10.1016/j.fluid.2005.04.006
http://doi.org/10.1002/jctb.1589
http://doi.org/10.1021/ac200733v
http://doi.org/10.1016/j.chemosphere.2011.11.073
http://www.ncbi.nlm.nih.gov/pubmed/22197314
http://doi.org/10.1016/j.chemosphere.2012.07.025
http://www.ncbi.nlm.nih.gov/pubmed/22892357
http://doi.org/10.1021/es503369t
http://www.ufz.de/lserd
http://doi.org/10.1016/j.ejps.2022.106137
http://www.ncbi.nlm.nih.gov/pubmed/35150822
http://doi.org/10.1021/ed051p300
http://doi.org/10.1021/cr020750m
http://doi.org/10.1039/c2cp23966c
http://doi.org/10.1021/jp303053u
http://www.ncbi.nlm.nih.gov/pubmed/22642662
http://doi.org/10.1016/j.fluid.2015.08.004
http://doi.org/10.1021/acs.iecr.7b02286
http://doi.org/10.3390/pharmaceutics11010017
http://doi.org/10.1016/j.molliq.2018.12.023
http://doi.org/10.1016/j.culher.2019.03.005
http://doi.org/10.1021/acs.iecr.9b02908
http://doi.org/10.1016/j.fluid.2020.112828
http://doi.org/10.1021/ie001047w

Liquids 2023, 3 89

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

Grensemann, H.; Gmehling, J. Performance of a conductor-like screening model for real solvents model in comparison to classical
group contribution methods. Ind. Eng. Chem. Res. 2005, 44, 1610-1624. [CrossRef]

Pye, C.C.; Ziegler, T; van Lenthe, E.; Louwen, ].N. An implementation of the conductor-like screening model of solvation within
the Amsterdam density functional package. Part II. COSMO for real solvents. Can. J. Chem. 2009, 87, 790-797. [CrossRef]

Lu, J.; Acree, B.E.; Abraham, M.H. Abraham model correlations for enthalpies of solvation of organic solutes dissolved in
N,N-Dimethylacetamide, 2-butanone and tetrahydrofuran (UPDATED) at 298.15 K. Phys. Chem. Liquids 2020, 58, 675-692.
[CrossRef]

Kamlet, M.].; Abboud, J.L.M.; Taft, R W. An Examination of Linear Solvation Energy Relationships. Proc. Phys. Org. Chem. 1981,
13, 485-630.

Kamlet, M.].; Doherty, R.M.; Abboud, J.-L.; Abraham, M.H.; Taft, R W. Solubility: A new look. Chemtechnology 1986, 16, 566-576.
Abraham, M.H.; Doherty, R.M.; Kamlet, M.].; Taft, R W. A new look at acids and bases. Chemical. Brit. 1986, 22, 551-554.
Bernales, V.; Marenich, A.V.; Contreras, R.; Cramer, C.J.; Truhlar, D.G. Quantum mechanical continuum solvation models for ionic
liquids. J. Phys. Chem. B 2012, 116, 9122-9129. [CrossRef]

Panayiotou, C.; Mastrogeorgopoulos, S.; Ataman, M.; Hadadi, N.; Hatzimanikatis, V. Molecular thermodynamics of metabolism:
Hydration quantities and the equation-of-state Approach. Phys. Chem.Chem. Phys. 2016, 18, 32570-32592. [CrossRef]
Panayiotou, C.; Tsivintzelis, I.; Aslanidou, D.; Hatzimanikatis, V. Solvation quantities from a COSMO-RS equation of state. J.
Chem. Thermod. 2015, 90, 294-309. [CrossRef]

Panayiotou, C.; Voutsas, E.; Hatzimanikatis, V. Solvation Gibbs Energy: The Equation of State Approach. In Gibbs Energy and
Helmholtz Energy: Liquids, Solutions and Vapors; Wilhelm, E., Letcher, T.M., Eds.; The Royal Society of Chemistry: London, UK, 2022.
Ben-Naim, A. Solvation Thermodynamics; Plenum Press: New York, NY, USA, 1987.

Moine, E.; Privat, R.; Sirjean, B.; Jaubert, ].N. Estimation of Solvation Quantities from Experimental Thermodynamic Data:
Development of the Comprehensive CompSol Databank for Pure and Mixed Solutes. J. Phys. Chem. Ref. Data 2017, 46, 033102.
[CrossRef]

Panayiotou, C.; Sanchez, I.C. Hydrogen Bonding in Fluids: An Equation-of-State Approach. J. Phys. Chem. 1991, 95, 10090-10097.
[CrossRef]

Sanchez, I.C.; Panayiotou, C. Polymer Solution Thermodynamics. In Models for Thermodynamic and Phase Equilibria Calculations;
Sandler, S., Ed.; Dekker: New York, NY, USA, 1994.

Panayiotou, C. Hydrogen bonding in solutions: The equation-of-State approach. In Handbook of Colloid and Interface Science; Birdi,
K.S., Ed.; CRC Press: Boca Raton, FL, USA, 2003.

Missopolinou, D.; Panayiotou, C. Hydrogen-Bonding Cooperativity and Competing Inter- and Intramolecular Associations: A
Unified Approach. J. Phys. Chem. A 1998, 102, 3574-3581. [CrossRef]

Mensitieri, G.; Scherillo, G.; Panayiotou, C.; Musto, P. Towards a predictive thermodynamic description of sorption processes
in polymers: The synergy between theoretical EoS models and vibrational spectroscopy. Mater. Sci. Eng. R 2020, 140, 100525.
[CrossRef]

Veytsman, B.A. Are lattice models valid for fluids with hydrogen bonds? J. Phys. Chem. 1990, 94, 8499-8500. [CrossRef]
Baldanza, A.; Scherillo, G.; Mensitieri, G.; Panayiotou, C. Activity coefficients at infinite dilution via a perturbation method of
NRHB model. Chem. Eng. Sci. 2022, 262, 118043. [CrossRef]

Panayiotou, C.; Pantoula, M.; Stefanis, E.; Tsivintzelis, I.; Economou, 1.G. Nonrandom hydrogen-bonding model of fluids and
their mixtures. 1. Pure fluids. Ind. Eng. Chem. Res. 2004, 43, 6592-6606. [CrossRef]

Panayiotou, C.; Tsivintzelis, I.; Economou, I.G. Nonrandom Hydrogen-Bonding Model of Fluids and their Mixtures. 2. Multicom-
ponent Mixtures. Ind. Eng. Chem. Res. 2007, 46, 2628-2636. [CrossRef]

Shin, M.S.; Kim, H. A multi-fluid nonrandom associating lattice-fluid model. Fluid Phase Equil. 2007, 253, 29-35. [CrossRef]
Sinha, S.; Yang, C.; Wu, E.; Acree, W.E. Abraham Solvation Parameter Model: Examination of Possible Intramolecular Hydrogen-
Bonding Using Calculated Solute Descriptors. Liguids 2022, 2, 131-146. [CrossRef]

Solomonov, B.; Novikov, V.; Mikhail, A.; Varfolomeev, M.; Klimovitskii, A. Calorimetric determination of hydrogen-bonding
enthalpy for neat aliphatic alcohols. J. Phys. Org. Chem. 2005, 18, 1132-1137. [CrossRef]

Figueroa-Gerstenmaier, S.; Albertina Cabanas, A.; Costas, M. Self-association and complex formation in alcohol-unsaturated
hydrocarbon systems. Phys. Chem. Chem. Phys. 1999, 1, 665-674. [CrossRef]

Provencal, R.; Casaes, R.; Roth, K.; Paul, J.; Chapo, C.; Saykally, R.; Tschumper, G.; Schaefer, H., III. Hydrogen Bonding in
Alcohol Clusters: A Comparative Study by Infrared Cavity Ringdown Laser Absorption Spectroscopy. J. Phys. Chem. A 2000, 104,
1423-1429. [CrossRef]

Curtiss, L.A. Ab Initio Calculations on Hydrogen Bonding in Alcohols: Dimers of CHsOH, CH~CHZOH and CE3CH20H. Intern.
J. Quantum Chem. Quantum Chem. Symp. 1977, 2, 459—-467.

Daubert, T.E.; Danner, R.P. (Eds.) Data Compilation Tables of Properties of Pure Compounds; AIChE Symp. Ser. No. 203; American
Institute of Chemical Engineers: New York, NY, USA, 1985.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/ie049139z
http://doi.org/10.1139/V09-008
http://doi.org/10.1080/00319104.2019.1633528
http://doi.org/10.1021/jp304365v
http://doi.org/10.1039/C6CP06281D
http://doi.org/10.1016/j.jct.2015.07.011
http://doi.org/10.1063/1.5000910
http://doi.org/10.1021/j100177a086
http://doi.org/10.1021/jp980211e
http://doi.org/10.1016/j.mser.2019.100525
http://doi.org/10.1021/j100386a002
http://doi.org/10.1016/j.ces.2022.118043
http://doi.org/10.1021/ie040114+
http://doi.org/10.1021/ie0612919
http://doi.org/10.1016/j.fluid.2007.01.009
http://doi.org/10.3390/liquids2030009
http://doi.org/10.1002/poc.977
http://doi.org/10.1039/a809049a
http://doi.org/10.1021/jp9919258

	Introduction 
	The Thermodynamic Framework 
	Solvation Thermodynamics 
	The Equation-of-State Model 
	The Equation-of-State Model at Infinite Dilution 
	On the Linearity of Hydrogen Bonding Contribution to Solvation Free Energy 
	The Essentials of the Partial Solvation Parameter (PSP) Approach 

	Applications 
	Discussion 
	Conclusions 
	References

