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valine, leucine, and serine and of di- and tripeptides containing these
amino acids. New SAFT-y Mie group interactions are characterized
using experimental thermodynamic and phase-equilibrium data of
compounds and mixtures that contain groups relevant to the amino Q
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acids and peptides, but no solubility data (except for the case of
glycine). Once all the group interaction parameters are developed,
predictive solid—liquid solubility calculations are carried out.
Neutral and charged models are considered to account explicitly
for the zwitterionic nature of the molecules in aqueous solution, and the solubility of the solution is presented as a function of pH. A
detailed discussion of the molecular models and Helmholtz free-energy expressions used to represent the ionic and zwitterionic
forms of the amino acids, together with their speciation in solution is also provided. Overall, very good agreement with available data
is shown, with an absolute average deviation (AAD) in mole fraction of 0.0038 over 283 solubility data points for the amino acids
studied and an AAD in mole fraction of 0.02128 over 141 peptide-solubility points when the systems are studied at their isoelectric
point and neutral models are used. The solubility as a function of pH for a range of temperatures is also predicted accurately when
charged models are incorporated. These results confirm the predictive accuracy of the SAFT-y Mie method and pave the way for
future studies involving larger peptides.

B INTRODUCTION peptides in particular are becoming increasingly important in
the development and design of pharmaceutical products.
Since peptides are oligomers made from a finite pool of
amino-acid residues, a good understanding of the physico-
chemical properties of amino-acid mixtures serves as a key to
the modeling of peptide mixtures. In 1930, Harris and Birch®
demonstrated that amino acids exist as zwitterions in aqueous
solution, and since then many authors”® have assumed that
they transform from their neutral form to the zwitterionic form
after dissolution. However, more recent X-ray diffraction
measurements have confirmed that amino acids exist in
zwitterionic form even in the solid phase.”~"" In the case of
peptides and proteins, the state of charge is not yet clear.'*"¢

Peptides are gaining popularity as active pharmaceutical
ingredients (APIs) for the treatment of illnesses such as
diabetes' and some cancers.”® Of special interest are those that
mimic natural hormones or can disrupt protein—protein
interactions,” while also exhibiting very low toxicity and
good in vivo stability.” As new peptide-based therapeutics are
proposed, a good understanding of the thermodynamic
properties of these molecules and their mixtures is crucial for
product development and manufacturing. In particular, the
solubility of APIs in pure and mixed solvents is especially
important as it determines the bioavailability of the drug and
the optimal solvent choice in the synthesis and purification
stages. With the number of peptide-based APIs in discovery

increasing year by year, it can be expensive and time- Received: August 14, 2024
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solvent media. In this context, inexpensive computational tools Published: November 11, 2024

that can be used to model and predict accurately the solid—
liquid equilibrium (the solubility) of APIs in general and
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Due to their zwitterionic nature, amino acids are generally
soluble in water and insoluble in nonpolar organic solvents,
although the nature and size of side chains play an important
role in the extent of their solubility. For example, amino acids
with hydrophilic, ie., charged and polar, side chains (e.g,
lysine and serine) tend to have a higher aqueous solubility than
those with hydrophobic side chains (e.g,, leucine and valine).
Peptides exhibit varying solubilities depending on their size,
the nature of any side chains, the precise sequence of amino-
acid residues in their backbone, and the structure(s) they
exhibit in the solid state. These factors contribute to other
important phenomena, such as the formation of intramolecular
hydrogen bonds and aggregate formation that further impact
their phase-equilibrium behavior.

There have been surprisingly few theoretical attempts to
model amino-acid solubility. One of the earliest is due to
Kirkwood'” in 1934, who used a statistical-mechanical
approach treating the amino acid as a sphere with discrete
point charges and the solvent as a dielectric continuum to
study the effect of the dielectric constant of the solvent on the
solubility of amino acids. Kirkwood neglected the dipole—
dipole interactions between the amino acid molecules; thus, his
theory applied strictly only to solutions at infinite dilution. In
the same year, Cohn et al.'® performed a systematic
experimental investigation of the solubility of amino acids in
water, alcohols, and alcohol—water mixtures, in which they
found that amino acids behave in a similar manner to strong
electrolytes, i.e,, they are soluble in water but highly insoluble
in alcohols and exhibit high solid densities, reflecting the
charged nature of the molecules. Cohn et al. reported that “the
activity coefficients of the larger amino acids deviate far more
than those of glycine from any relation proportional to change
in the mole fraction of alcohol or the dielectric constant of the
solutions”. This partly explains why Kirkwood’s'” theoretical
treatment was accurate only in the case of glycine, and only at
very low concentrations.

Interest in modeling amino-acid and peptide systems was
revived in the late 1980s and 1990s through the adoption of
semiempirical models. Chen et al.'” combined the nonrandom
two-liquid (NRTL) equation with a Pitzer—Debye—Hiickel
term” that varied inversely with the solvent dielectric constant
and, unlike Kirkwood, treated the coefficient of the electro-
static term as an adjustable parameter; this allows one to
capture the varying behavior of different solvents. Orella and
Kirwan”' combined an excess-solubility approach with the
three-suffix Margules, NRTL, and Wilson activity-coeflicient
models to correlate solubility data of amino acids in mixed
water + alcohol solvents. They used published solvent—solvent
parameters and correlated the solute—solvent parameters using
solubility data. They reported that out of the three models,
Wilson’s, yielded the best agreement with experiments,
although, as concluded later by Ferreira et al,”* the global
quality of results in Orella and Kirwan's work seems to
contradict this conclusion.

Gude et al.”* combined the excess-solubility approach with a
simple activity-coefficient model comprising a combinatorial
term based on the Flory—Huggins theory and a Margules
residual term, and reported good correlations of the solubility
and partition coeflicient of amino acids and small peptides in
mixed water + alcohol solvents. van Berlo et al.”* extended the
use of the model of Gude et al. to correlate the solubility of
glycine in the ternary solvent water + ethanol + 1-butanol.
They used the vapor—liquid equilibria (VLE) of the water +

ethanol + I-butanol solute-free system, along with single-
solvent solubility data of glycine to develop a one-parameter
excess Gibbs model to predict the solubility and partition
coeflicient of glycine in the ternary solvent system at the same
temperature. Rudolph et al.”* used the same model to study
the solubility and partition coefficients of amoxicillin,
ampicillin, and their precursors. They found, however, that
they could not accurately reproduce the increasing relative
solubility of the molecules in the aqueous phase observed for
an increasing 1-butanol concentration. To capture the correct
aqueous solubility behavior, they replaced the combinatorial
term in Gude et al’s model with that from the universal
quasichemical activity-coefficient (UNIQUAC) model to
account for the size and shape differences of the molecules.
Unfortunately, neither model allows one to describe
simultaneously the solubilities and partitioning accurately.
The model of Ferreira et al,>* in which the excess solubility
approach is combined with the NRTL equation, showed an
improvement in correlating the solubility of amino acids and
small peptides in mixed solvents, as compared to the similar
models of Orella and Kirwan®' and Gude et al.,** while using
the same number of adjustable parameters.

In addition to the use of local-composition and group-
contribution activity-coefficient models, molecular-based mod-
els have been increasingly adopted since the 1990s.
Khoshkbarchi and Vera®® developed a simplified perturbed
hard-sphere model to correlate the activity coeflicients and
solubilities of amino acids in water, both at the isoelectric point
(pI) and at varying pH. A Lennard-Jones (LJ) potential was
used to model the dispersion forces, and a Keesom term was
introduced to account for the dipole—dipole interactions
between amino acids. The solvent was treated as a dielectric
continuum. The dipole moments of the amino acids were
calculated using a quantum-mechanical approach, whereas the
L] potential parameters were adjusted using activity-coefficient
data. The enthalpy of fusion and melting temperature were
adjusted using the amino acid solubility curves, and in order to
model the pH-dependent solubility, experimental dissociation
equilibrium constants were used.

In later work, the authors extended their treatment to study
how the presence of salts in solution affects the solubility of
amino acids””*® and to model the solubility of a mixture of two
amino acids in aqueous solutions.”® These models marked a
significant improvement in the description of the physical
behavior of amino acid solutions, especially in accounting for
the large dipole moments of the amino acids, although the
experimental solubility data required for adjusting the many
model parameters are often scarce. It is also important to note
that a key shortcoming of these approaches in modeling pH-
dependent solubility is that they account for the speciation of
the amino acids solely through the concentration of protons in
the system. The activities of the amino-acid cation and anion
are accounted for only as mole fractions.”® This assumption
applies only to the system at or close to the isoelectric point
and cannot be extrapolated to other pH values.

Fuchs et al.”’ have used the PC-SAFT” version of the
statistical associating fluid theory (SAFT)*"*? to model the
solubility of glycine, pL-alanine, and pL-methionine at their pI
in pure water and alcohols and in mixed water+alcohol
mixtures. Pure-component model parameters were adjusted
using vapor-pressure and liquid-density data of the amino acid
aqueous solutions, and an additional solute—solvent inter-
action parameter was adjusted using solubility data. Moreover,
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the enthalpy of fusion and melting temperature were also
treated as adjustable parameters rather than using experimental
values as had been the case in previous work; these solid-state
properties were first calculated using the group-contribution
method of Marrero and Gani’” and then allowed to vary within
the average deviation reported for the method (16%) to
provide the best description of the experimental solubility data.
The solubility in mixed-solvent systems was then predicted to
be in fair agreement with experiment. The same model was
also used to predict the solubility of the amino acids at variable
pH, in good agreement with experimental data, although the
influence of the different ionized forms of the amino acid was
neglected (much as in ref 26), with speciation accounted for
solely through the concentration of protons. By adoption of
this strategy, the need to model the electrostatic interactions
between amino acid species is circumvented.

Cameretti and Sadowski’* also used the PC-SAFT equation
of state (EoS) to correlate the density and vapor pressure of
aqueous solutions of glycine, alanine, serine, proline, and
valine, treating the enthalpy of fusion and melting temperature
as adjustable parameters. The same model parameters were
then used to model the properties of peptides with an
additional adjustment of the segment-number parameter.
Ferreira et al.”> later employed a different strategy, treating
amino acids as nonassociating, and using only three
component-specific PC-SAFT parameters; these were obtained
by adjustment using liquid densities, activity and osmotic
coeflicients, vapor pressures, and water activities of unsaturated
aqueous amino-acid solutions. While neglecting association
interactions led to a decrease in the number of model
parameters, a binary solute—solvent parameter was needed to
yield acceptable agreement with experiment. Additionally, the
melting properties of the amino acids were adjusted by using
aqueous solubility data. Unfortunately, the resulting prediction
of the solubility in pure alcohols was unsatisfactory. In both
works, the authors treated the amino acids and peptides
without considering their speciation.

Grosse Daldrup et al.***” used the PC-SAFT EoS to model
the mixed-solute solubility in water of amino acids of similar
and of differing pIs, at variable pH, and Held et al.*® modeled
the density, vapor-pressure depression, activity coeflicient, and
solubility of aqueous solutions of an extensive list of amino
acids. The model parameters in these studies were adjusted
using experimental liquid-density and activity-coeflicient data
of aqueous solutions with the melting properties treated as
adjustable parameters. These studies capture the dissociation
equilibria associated with changes in pH but do not
incorporate a charge in any of the species, including the
amino-acid cation and anion. Charged PC-SAFT models have
been used by Wysoczanska et al,,”” who studied the density,
solubility, and partition coefficients of dinitrophenylated amino
acids in aqueous two-phase systems, and by Aliyeva et al.*’
who studied the impact of the addition of salts on the solubility
of aromatic and dicarboxylic amino acids using the ePC-SAFT
approach.

An important challenge in modeling the solubility of amino
acids and peptides remains the scarcity of accurate and reliable
solubility data, which are essential for model validation, and
melting-property data, which are required as input in the
thermodynamic modeling of the solubility. Additionally,
despite ongoing research efforts, there remains a notable
absence of fully predictive models capable of describing the
solubility across a wide range of conditions. Furthermore,

existing models often fail to account for the presence and
nonideality of the cationic and anionic species of amino acids,
which significantly impact the solubility at pH values away
from the isoelectric point. In the current work, we develop a
predictive framework to calculate the solid—liquid equilibria
(SLE) of amino acids in water and alkanols, and their mixtures,
including their dependence on pH. We use the SAFT-y Mie
group-contribution EoS,"' ~** in which molecules are treated as
heteronuclear chains of fused spherical segments. These
segments represent the functional groups comprising each
molecule and interact with each other via Mie potentials of
variable range, and hydrogen bonding between some of the
groups is modeled through the interaction of association sites
embedded in the segments. The approach has been used to
model the thermodynamic behavior and properties of several
complex mixtures.""*>*™*" A review of studies applying the
SAFT-y Mie approach together with a summary of the groups
and interactions that have been parametrized within our
research group can be found in reference 48. In particular, the
approach has been shown to be accurate for the prediction of
the solubility of pharmaceutical compounds,””*” as well as the
properties of electrolyte solutions, and specifically, those
containing charged organic molecules,”™>* and weak electro-
lytes.”® It has also been used to model the solubility of
ionizable active pharmaceutical ingredients as a function of
pH."

In our current study, the amino acids are treated using
standard (neutral) groups first. In the vicinity of the isoelectric
point, amino acids exist primarily in one overall neutral
(zwitterionic) form; treating them without explicit charge
interactions simplifies the modeling by reducing the number of
parameters needed. Later, charged interactions are explicitly
accounted for by using charged groups to model the different
ionized species of the amino acid which are present as the pH
varies. In both cases, as is customarily done in the SAFT-y Mie
approach, dipole—dipole interactions are accounted for
effectively through the variable-range Mie potential as well as
through the embedded association sites.”* The chemical-
equilibrium equations are included to determine the amounts
of different species present at any given pH. To demonstrate
the predictive capability of the model, we do not use solubility
data of the amino acids and peptides under consideration in
the optimization of the SAFT-y Mie group parameters.
Moreover, we use the melting temperatures and enthalpies of
fusion reported by Do et al.”>*® without further adjustment.

The remainder of this article is set out as follows: In the
section “SAFT-y Mie Equation of State”, we describe the
SAFT-y Mie theory and provide details of the main Helmholtz
free-energy terms, with special attention to the electrostatic
contributions. In the section “Amino Acids and Peptides at the
Isoelectric Point: Uncharged Models”, the prediction of the
solubility of amino acid solutions using neutral groups is
discussed. In the section “Solubility of Amino Acids as a
Function of pH: Charged Models” the impact of pH changes,
including the modeling of the speciation of amino acid
zwitterions into the cationic and ionic amino acid forms by
incorporating charged groups, are presented; concluding
remarks are given in the “Conclusions”.

B SAFT-y MIE EQUATION OF STATE

In the SAFT-y Mie group-contribution (GC) framework,
molecules are modeled as heteronuclear chains of fused
spherical segments with association sites embedded to mediate
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hydrogen bonding or directional interactions. Any compound i
(neutral or ionic) is represented by its different constituent
groups, with the number of occurrences of a group of type k
denoted by v, ;. Each functional group consists of 2§ identical
fused spherical segments.

The thermodynamic properties of a fluid mixture are
obtained through derivatives of the Helmholtz free energy,
which is written as a sum of contributions:*""*>*°

A= Aideal + Amono + Achain + passoc + Aion + ABorn (1)

where A corresponds to the free energy of an ideal gas
mixture; A" accounts for the interactions among monomer
segments, described using Mie potentials; A% 3ccounts for
the free energy due to chain formation; A**°° accounts for
association mediated through short-range directional forces;
A accounts for the Coulombic ion—ion interactions; and
AP°™ accounts for ion—solvent electrostatic interactions. Only
the first four terms are used when modeling neutral systems.
The last two terms are included when charged groups are
present in the system.

The Helmholtz Free Energy of Neutral Systems. The
ideal term is given by’

Aideal %
= x, In(pV)
NkBT o1 (2)

where N is the total number of molecules in the system, kg is
the Boltzmann constant, T is the absolute temperature, N is
the total number of components in the mixture, x; is the mole
fraction of component i, p; = N,/V is the number density (V is
the total volume of the system and N; is the number of
molecules of component i), and V is taken to represent the
thermal de Broglie volume, which implicitly accounts not only
for the translational contribution to the kinetic energy but also
those from rotations and vibrations of the molecules.

The monomer term accounts for repulsion and dispersion
interactions between monomer segments and is expressed
using a Barker—Henderson®**” high-temperature perturbation
expansion up to third-order:>*

Amono AHS Al AZ A3
NksT ~ NkgT ~ NkgT — NkgT — NkgT 3)

where A™ s the hard-sphere reference free energy, and A}, A,,
and A; are the first, second, and third-order terms of the
expansion. For details of these individual terms see, e.g., ref 48.

The chain term corresponds to the change in free energy
due to the connectivity of monomer segments forming the
molecules of the system. This term is formulated using the

TPT1 expression of Wertheim®”®' as

Z Z l/k tl/k Sk -1 lnnge( ;i Cx)

i=1  \k=1 (4)

cham

where N is the total number of group types in the mixture, S,
is the shape factor, which describes the contribution of group k
to the overall Helmholtz free energy of the molecule in terms
of a noninteger number of segments, gi"*(G;; ¢,) is the radial
distribution function evaluated at the average molecular
segment contact diameter G;; of component i, in a hypothetical
fluid of packing fraction {,. A more detailed descrlptlon of this
term can be found in the original SAFT-y Mie paper;*' note,
however, that there is a typographical error (misplaced

bracket) in the expression of the chain term (eq (46) in ref
41), which is presented correctly in eq 4 here.

The association term accounts for the contribution to the
free energy due to the association between molecules via short-
range directional interactions and is expressed based on the
TPT1 perturbation theory of Wertheim,” as

Ny
Aassoc ic: Ng ST,k [ 1 _ Xi ka
= X; Z Z Mea In X, _—
NksT i=1 k=1 a=1 2

(5)

where Ny is the total number of site types, n; , the number of
association sites of type a for group k, and X;, , the fraction of
molecules of component i that are not bonded at site 4 on
group k.

Electrostatic Contributions to the SAFT-y Mie
Helmholtz Free Energy. In the case of mixtures containing
ionic species, the electrostatic interactions between ions and
those between ions and neutral solvent molecules are
accounted for with the inclusion of the ion and Born terms
in the expression of the Helmholtz free energy of the mixture
(eq 1). In the SAFT-y Mie equation, we use the classic
expression of Blum for the solution of the mean spherical
approximation (MSA) in a nonrestricted electrolyte primitive
model®”®® to account for charge—charge Coulombic inter-
actions, and the expression of Born®* to incorporate ion—
solvent (charge dipole) interactions, following the SAFT VR
Mie E0S.”” We note also that Kournopoulos et al.®° have
demonstrated the validity of the MSA and Born terms in the
modeling of strong electrolytes.

It is important to note that in both the MSA and Born
approaches (as well as in the seminal Debye—Hiickel model)
the ionic particles in the underlying molecular model are
assumed to be spherical. The assumption of spherical charged
particles in incorporating the ion and Born contributions to the
Helmholtz free energy is commonly used in electrolyte
equations of state, such as the eSAFT-VR Mie EoS” (in
which the Debye—Hiickel®® term is used instead of the MSA),
the electrolyte cubic plus association (eCPA)® (in which a
Soave—Redlich—Kwong (SRK)"’ residual term, an association
term,”’ a Debye—Hiickle term, % and a Born term®® are
combined), and the ePC-SAFT EoS.”” In the case of
nonspherical ionic species, a decision must be made to
reconcile the molecular (nonspherical) model of a charged
species with the classical ionic expressions that assume a
spherical charged particle.

Here, we discuss two possible mappings>’ to reconcile the
heteronuclear SAFT-y Mie molecular model with expressions
accounting for spherical ionic interactions. These two routes
are presented in Figure 1. As an example, consider an
electrolyte containing a chain-like cation (component C;), a
spherical anion (C,), and a solvent (C;). The cation comprises
a charged group k; formed by two identical segments vj = 2,
each of diameter o, and Born (solvated) diameter o}%"
which contribute to the overall free energy with a
corresponding shape factor S;. The group has a positive
(central) charge Z; . The rest of the cationic species is formed

by a heteronuclear chain comprising three groups of type k,
and one of type k;. For simplicity, the anion is considered to be
spherical here, but the expressions provided below are equally
applicable in the case of chain-like anions. The neutral solvent

https://doi.org/10.1021/acs.iecr.4c02995
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Figure 1. A simplified representation of the models considered within
the SAFT-y Mie approach in the current work. The upper panel
depicts an electrolyte comprising a chain-like cation (C,) and a
spherical anion (C,) in water (C;). The cation is modeled as a
heteronuclear chain of groups including a charged group comprising
two identical segments. The bottom panels depict the effective models
proposed for the evaluation of the ion and Born contributions of the
Helmholtz free energy. Model M refers to “molecular” and Model G
refers to “group”.

molecules are represented with the standard SAFT representa-
tion of water in the figure.

In the first approach, which we refer to as Model M
(molecular), the entire ionic chain molecule i is mapped onto a
single sphere of effective ionic diameter given as

1/3

~ MSA, M
Oeff ji z Ve,V SkUkk
k=1 (6)

which is defined to maintain the original molecular volume
while mapping the chain onto a sphere. An effective Born
diameter given as

~Born,M _
eff, ii -
1/3
NG NG /
* Born\3 * 3
z v v Sio™)” + Z Vi, %k SkOk
k=1;Z,#0 k=1;Z,=0

(7)
is also defined. Furthermore, the effective spherical ion carries
a central point charge corresponding to the net charge of the
original molecule

effz z Vi, il ®)
8

where Z; is the charge of group k, so that the overall molecular
charge density of the ion remains unchanged. Note that in the
case where the net charge of i is zero, as is the case of a
zwitterion, the ion and Born terms A™" and A®™ do not
contribute to the free energy of the mixture (they are zero).

In the second approach, which we refer to as Model G
(group), only the charged group is mapped to a sphere of

effective ionic and Born diameters Uh?fkk and GBf‘}rk’}; , given as

~i,G 3y1/3
etffkk (Vk Sk(o'kk) )

such that only the charged group is mapped onto a spherical
group of equivalent volume. The charge Z; of the group
remains unchanged. The rest of the groups in the ion (e.g,
groups k, and k; in the figure) also remain unchanged and do
not contribute to the ionic or Born terms, as they do not carry
a charge. In our current work, we adopt Model G as it
represents a more physically accurate picture of the ionic
molecule within a group-contribution framework. Therefore,
we present here the detailed equations corresponding to
Model G. (The analogous equations relating to Model M can
be found in the Supporting Information.)

The ion term in eq 1 represents the contribution to the free
energy due to the electrostatic interactions between charged
groups formulated according to the mean spherical approx-
imation (MSA)@“ as

Aion UMSA I—v3
= + —
NkgT  NkgT  3ap (10)

i = MSA, Born (9)

where UM is the MSA contribution to the internal energy and

I' is the screening length of the electrostatic forces. Within the
SAFT-y Mie formulation, and implementing Model G as
described above, UM is given by

MSA 2
U e

NkyT  (4me,)pkyTD
x-l/k 1Zk2 T

. rerTR Qp?
_MSAG
I=1,Z#0 k=1;Z,#0 (1 + Do)

28"

(11)
where e = 1.602 X 107" C is the elementary charge, €, = 8.854
X 1072 C*J7' m™! is the static permittivity in vacuum, and D
the relative static permittivity. Z; is the net charge of
compound i, given by

NG
Z,= 2 U Zy,
k=1 (12)

The constraint Z; # 0 indicates that the outer sum over
components includes only ions with a net charge (ie, it
excludes uncharged molecules and zwitterions) and, similarly,
the constraint Z; # 0 denotes that the sum over groups
includes only those that are charged. A, given by

,0 ~ MSA,G\3
A=1-— Z Z X (o i

i=1,Z#0 k=1;Z,#0 (13)

describes the packing fraction of the ions as a function of the
effective ionic diameter 62@5&(; which is given by eq 9.

p XY ; effkk °Z,

AL YD)

T AMSAG
i=,z20 k=1,z20 1 T DOefiii (14)
and
N Ny _MSA,Gy3
L S X et
+ A Z 2 1 + [6M5AG
i=1,Z#0 k=1,Z£0 Oef ki (15)
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are coupling parameters that are functions of the ionic
parameters and the screening length of the ions. P, couples
the charges of the ions and €2 relates to the packing fractions of
the ions. The screening length of the ions I" is a function of the
relative static permittivity D and the effective charge Q; (I') of
the ions, leading to an implicit formulation through the electric
charge of the individual ionic groups Q;:

Z Z X Q)

i=1;Z,#0 k=1;Z,#0 (16)

2 _ e P
(471’6 )DkyT

where the effective charge is related to Q, and the P, coupling
parameter is expressed as

G OV (n/(24))
~MSA,G
1+ Doy 17)

Qk=

This concludes the presentation of the ionic term. Expressions
for the ion contributions to the chemical potential and
pressure, needed when performing phase-equilibrium calcu-
lations, are provided in the Supporting Information.

The contribution to the free energy due to 1on solvation,
AP°™ s incorporated using the classical Born®* expression.
Accounting for the proposition of Model G, this term is given

by

ABom e ( 1 ) % & A iZl?
= _ 1 - — ’
_Bomn,G
NeT — arek T\ D) & & G

i=1;Z

| (18)

where the effective Born diameter, Gugyy, is calculated using eq
9 where the Born diameter of the spherical cavity created by
each ionic group k in the dielectric medium is obtained
independently of any other ionic group.

The relative static permittivity is given by’

D=1+ psolvd (19)
where py, = Ny/V is the solvent number density of the
system, with N, the number of molecules of solvent. In the
model proposed here, only a species not containing charged
groups (regardless of the net charge) is considered to be a
solvent, meaning that any zwitterionic molecule is not a
solvent. The variable d is calculated as

Ne Ne
i=1;Z=0 j=1;Z=0 (20)
where i, j are not zwitterions and x{ and x; are the salt-free
mole fractions of solvents i and j. The summation is over
solvent species only because of the constraints Z; = 0 and Z; =
0, with i and j not being a zwitterion. d; is the temperature-
dependent contribution to D from solvent i obtained from

d
d; =d, V[ bl
T (21)

where d;; and d;; are component-specific adjustable
parameters. These have been provided for several solvents in
previous work.”” The unlike d; term is obtained as

di + d;

ij =

] i solvent = 1, ..., N

i, j solvent = 1, ..., Ng

(22)

As can be gleaned from eqs 19—22, the value of the relative
static permitivity of the medium is not affected by either the
mapping in Model M or in Model G.

Before concluding this section, it is worth highlighting that
for Model G, as presented here, in the case of molecules with
more than one charged group, each charged group contributes
independently to the ionic and Born terms. An exception has
been made for the case of zwitterionic molecules, for which the
ionic and Born terms are set to zero, accounting for the fact
that these are neutral molecules. As we will see in the section
“Solubility of Amino Acids as a Function of pH: Charged
Models”, these assumptions deliver an accurate description of
solutions containing small zwitterions. They may, however, not
be appropriate for large zwitterions or polyelectrolytes, which
are likely to require other approximations; these will be the
subject of future work.

B AMINO ACIDS AND PEPTIDES AT THE
ISOELECTRIC POINT: UNCHARGED MODELS

In this section, we explore the predictive capability of the
SAFT-y Mie approach for the calculation of solid—liquid
equilibria of amino acids and peptides, considering these as
neutral molecules, an assumption that is expected to be valid
for calculations at the isoelectric point, where the prevalent
species in the system is the zwitterion. In this case, we
implement a SAFT-y Mie model where no charged groups are
considered, i.e., not only is the amino acid (or peptide) neutral
(as corresponds to a zwitterion) but also each of the SAFT-y
Mie groups used to model the systems of interest is also a
neutral (standard) group. As an example, glycine is modeled as
1 X NH,, 1 X CH,, and 1 X COOH group, alanine is modeled
as 1 X NH,, 1 X CH, 1 X CHj;, and 1 X COOH group, while
serine contains 1 X NH,, 1 X CH, 1 X CH,OH, and 1 X
COOH group. A representation of these models is given in
Figure 2.

Figure 2. SAFT-y Mie representation of (a) glycine, (b) alanine, and
(c) serine. A heteronuclear model with fused spherical segments is
implemented in which short-range association sites are represented
with smaller purple (sites of type H), red (type e;), and light blue
(type e,) circles.

We consider glycine, alanine, serine, valine, and leucine, and
several small di- and tripeptides of these amino acids, with
water and alcohols as solvents. As we assume the system to be
at the isoelectric point and use neutral models only, we model
the mixtures without the need to treat speciation of the
zwitterion or any of the solvents at this point. The similarity in
structure of the amino acids and peptides and the group-
contribution nature of the SAFT-y Mie approach mean that a
small number of groups is sufficient to model the properties of
all the molecules of interest here. Specifically, the uncharged
H,0, COOH, NH,, CH;, CH,, CH, CH,0H, CHOH, and
CONH groups are used in this section. The relevant parameter
submatrix is shown in Figure 3. Most of these groups and their
like and unlike interactions have been characterized in previous

https://doi.org/10.1021/acs.iecr.4c02995
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Figure 3. SAFT-y Mie GC group interaction submatrix containing
groups required to model systems in the current work. Blue cells
oo ; : : : 47,48
indicate interactions that have been previously estimated; green
cells indicate interactions developed in our current work; gray cells
indicate interactions that are obtained using combining rules;*' and
white cells indicate interactions that are not needed in the current
work.

work, with one new group and 11 unlike interactions needing
to be determined as part of the current work. The interaction
parameters of the groups, shown in Tables 1, 2, and 3, are
optimized by adjustment using experimental thermodynamic-
property data of pure-component and binary systems that
contain the groups of interest. The percent absolute average
deviation (%AAD) and the absolute average deviation (AAD),
which are used to quantify the accuracy of the model
description, are defined as follows:

calc

I’ XP
%AAD, , = Z Lopi = Hops 21 x 100
~ X%, (23)
_ calc
5: - D Z |X S,pi Sp ’l
P i=1 (24)

where NEP is the number of experimental data points, Xo}F, of
property p for system s, and XE;, are the corresponding

calculated values. More details on the parameter-optimization
strategy, which has been used in past work, can be found in refs
48, 49, and 74. The interactions determined as part of the
current work are described below.

NH,, COOH, CHOH, and CH Groups. The NH,,””
COOH,* CHOH,* and CH" groups have been developed
in previous work, but the NH,—COOH, NH,—CHOH, NH,—
CH, and COOH—CHOH unlike interactions need to be
characterized. We use experimental data of simple mixtures
containing these groups and aim to include only limited
amino-acid data in the parameter estimation, as we are
interested in developing a SAFT-y Mie framework that is
predictive for the properties of amino acid and peptide
solutions.

The NH,—COOH interaction is key to model amino acids
and peptides, however, its optimization represents a major
challenge due to the lack of experimental data for mixtures of
primary amines (R-NH,) and alkanoic acids (R-COOH) as a
result of the reactive nature of these mixtures. Instead, we use
experimental aqueous-mixture data of amino acids belonging
to the glycine homologous series H,N-(CH,),—COOH with n
1-5. These amino acids are chosen to minimize the
influence of groups, other than NHZ and COOH, on the
resultlng interaction parameters.”” We take into account the
SLE**®®" and VLE® of glycine in water, and the liquid
density of aqueous solutions™ of glycine, 3-aminopropanoic
acid, 4-aminobutanoic acid, S-aminobutanoic acid, and 6-
aminohexanoic acid. Calculations using the optimized
parameters, illustrated in Figure 4, exhibit very good agreement
with the available experimental data. Optimization strategies
incorporating other combinations of thermodynamic-property
data, but excluding solubility, led to nonphysical parameter
values and larger deviations between the calculated and
experimental solubilities.

The NH,—CHOH interaction is optimized by adjustment
using experimental data of secondary amine + primary amine
mixtures. Specifically: VLE data of 2-butanol + I1-butan-
amine;*>*° excess-enthalpy data of 2-propanol + 2-propan-
amine,”” 2-propanol + I-butanamine,®® 2-propanol + 2-

Table 1. SAFT-y Mie Interaction Parameters of the Groups Considered in Our Current Work (Excluding Association)“

Group k y¥ Sk ou/A o™ /A
H,O 1 1.0000 3.0063
COOH 1 0.55593 4.3331
NH, 1 0.79675 3.2477
CH; 1 0.57255 4.0772
CH, 1 0.22932 4.8801
CH 1 0.072100 5.2950
CH,0OH 2 0.58538 3.4054
CHOH 2 0.18963 4.5381
CONH 2 0.73764 2.9482
COO~ 1 0.55593 4.3331 4.6364
NH;* 1 0.79675 3.2477 3.4750
H,0" 1 1.0000 3.0063 3.0063
OH™ 1 1.0000 2.4600 3.0063
Na* 1 1.0000 2.3200 3.3600
ClI- 1 1.0000 3.3400 3.8740

A (ex/ks) /K Ner Men e, e, ref
17.020 266.68 2 2 2 43,44
8.0000 405.78 3 1 2 2 42
10.254 284.78 2 2 1 75
15.050 256.77 41
19.871 473.39 41
8.0000 95.621 42
22.699 407.22 2 1 2 76
18.185 599.66 2 1 2 48
29.839 156.12 2 1 2 *
8.0000 21.264 1 4 52
10.254 48.300 1 3 47
17.020 68.190 1 3 65
17.020 170.24 1 3 65
12.000 31.711 65
12.000 113.77 65

“The attractive range of the Mie potential is A} = 6 for all groups here. The asterisk indicates that the CONH group are characterized in the current

work.
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Table 2. Unlike Group Parameters (Excluding Association) for Use with the SAFT-y Mie Approach”

group k group [ (eu/ks) A ref
H,0 COOH 289.76 CR 76
H,0 NH, 358.55 CR 75
H,0 CH, 358.18 100.00 76
H,0 CH, 423.63 100.00 76
H,O0 CH 275.75 CR 77
H,0 CH,OH 353.37 CR 76
H,0 CHOH 479.16 CR 48
H,O COO~ 171.61 CR 51,52
H,O NH;* 450.21 CR 47
H,0 H,0* 391.04 CR 65
H,O OH™ 134.41 CR 65
H,O0 CONH 379.59 CR *
H,O Na* 539.68 CR 65
H,0 cr 95.406 CR 65
COOH NH, 285.00 CR *
COOH CH, 255.99 CR 42
COOH CH, 413.74 CR 42
COOH CH 504.99 CR 42
COOH CH,OH 488.18 CR 78
COOH CHOH 1154.3 50.000 *
COOH COO~ 405.78 8.0000 51,52
COOH NH;* 388.58 CR 47
COOH H,0" CR CR 47
COOH OH~ CR CR 47
COOH CONH 670.04 CR *
COOH Na* CR CR

COOH Cl™ CR CR

NH, CH, 244.15 CR 75
NH, CH, 348.39 CR 75
NH, CH 278.26 CR *
NH, CH,0OH 528.21 52.308 79
NH, CHOH 415.54 10.643 *
NH, COO~ CR CR

NH, NH,* 284.78 CR 47
NH, H,0" CR CR

NH, OH™ CR CR

NH, CONH 150.77 CR *
NH, Na* CR CR

NH, cr CR CR

CH, CH, 350.77 CR 41
CH; CH 387.48 CR 42
CH; CH,OH 333.20 CR 76
CH; CHOH 479.38 CR 48

group k group [ (e1/k) i ref
CH, CO0~ 255.99 CR 51,52
CH, NH;* 244.15 CR 47
CH, H,0* CR CR

CH, Na* CR CR

CH, cl- CR CR

CH, OH~ CR CR

CH, CONH 430.60 CR *
CH, CH 506.21 CR 42
CH, CH,OH 423.17 CR 76
CH,’ CHOH 517.64 CR 48
CH, CO0~ 413.74 CR 51,52
CH, NH,* 348.39 CR 47
CH, H,0* CR CR

CH, OH~ CR CR

CH, CONH 315.00 CR *
CH, Na* CR CR

CH, cI- CR CR

CH CH,OH 329.22 CR 77
CH CHOH 0 CR 48
CH CO0~ 504.99 CR 47
CH NH;* 151.01 CR 47
CH H,0* CR CR

CH OH~ CR CR

CH CONH CR CR

CH Na* CR CR

CH cl- CR CR

CH,OH CHOH 389.23 CR 48
CH,OH CONH CR CR

CO0~ NH;* 26.330 CR 47
CO0~ H,0* 27.740 CR 47
COO"~ OH~ 44.520 CR 47
CO0~ Na* 9.9125 CR 51,52
CO0~ cl- 21.265 CR 51,52
NH;* H,0* 56.958 CR 47
NH;* OH~ 62.238 CR 47
NH,* Na* CR CR

NH;* cl- 65257 CR 47
H,0* OH~ 66.439 CR 65
H,0* Na* 37.480 CR 47
H,0* cl- 70.552 CR 65
OH~ Na* 27.898 CR 65
OH™ cI- 123.21 CR 47
Na* cl- 27.938 CR 65

“An asterisk indicates that the parameters are characterized in the current work. * Indicates that the CH,—COO~ interaction corresponds to that of
the Adjacent-CH, group interaciton with COO~ as described in refs 51, 52. CR indicates that combining rules are used.*'

butanamine,®® and 2-butanol + 1-butanamine;** and density
data of 2-propanol + I-propanamine,” 2-butanol + 1-
propanamine,®” 2-butanol + I-butanamine,” 2-hexanol + I-
butanamine,”’ and 3-hexanol + 1-butanamine’" are considered.
The COOH—-CHOH interaction is optimized using VLE data
of 2-propanol + propanoic acid”> and 2-propanol + butanoic
acid,”” and VLE’® and liquid-density’* data of 2-butanol +
propanoic acid.

The NH,—CH interaction is estimated using experimental
vapor-pressure data of 2-propanamine,” 2-butanamine,”® and
2-methyl-1-propanamine,”””* liquid-density data of 2-propan-
amine”” and 2-butanamine,'*”'”" VLE data of ethane + 2-
propanamine,102 and hexane + 2—propanamine103 mixtures,
and excess-enthalpy data of hexane + 2-butanamine'®* and

5

heptane + 2-butanamine'*® mixtures. The theory yields very
good agreement with the experimental data, as can be seen in
Figure 5. Corresponding %AAD and AAD are presented in
Table 4 for each of the systems discussed throughout this
work.

CONH Amide Group. We have considered the possibility
of modeling the amide functional group as separate C=0 and
NH groups, which have been parametrized in previous
work,”>'%” but we find that such a description does not lead
to an accurate representation of the properties of aqueous
dipeptides. This is most likely because the C=0O and NH
groups were parametrized using experimental data of 2-ketones
and secondary amines, respectively. In these families, the two
groups are not adjacent, and large polarization effects that arise

https://doi.org/10.1021/acs.iecr.4c02995
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pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c02995?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Table 3. Group Association Parameters for Use with the SAFT-y Mie Approach”

group k
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
COOH
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
NH,
CH,O0H
CH,OH
CH,OH
CH,OH
CH,OH
CHOH
COO~
COO™
NH,*
H,0"
CONH

site a

H
€
H

group [
H,0
COOH
COOH
COOH
NH,
NH,
CH,0OH
CH,OH
CHOH
CHOH
COO~
NH,*
H,0*
OH~
CONH
CONH
COOH
NH,
NH,
NH,
CH,OH
CH,0H
CH,OH
CHOH
CHOH
CHOH
NH,*
NH,"
H,0"
H,0*
OH™
CONH
CONH
CONH
NH,
CH,OH
CH,0OH
CHOH
CHOH
COO~
NH,*
H,0*
OH™
CONH
CONH
CH,0H
CHOH
CHOH
CONH
CONH
CHOH
NH,*
H,0*
OH™
OH~
CONH

site b
€
H
€
€
€y
H
€y
H

L T T T T T T

jasiie iR

(™ 0/ kg) /K
1985.4
2567.7
1451.8
1252.6
1460.0
1988.3
2153.2
621.68
21409
2289.1
802.21
2016.6
1985.4
1492.0
1986.2
3061.5
6427.9
4000.0
1446.6
1220.1
32384
1062.1
997.89
4000.0
305.02
319.87
334.08
366.54
1451.8
1252.6
2036.0
2487.2
1723.5
1723.5
1070.8
629.88
2403.8
15249
1470.3
1220.1
1070.8
1460.0
15114
2807.1
1687.6
2097.9
2500.0
1464.1
CR
CR
2480.6
1767.0
802.21
1988.3
1492.0
3181.7

“An asterisk indicates that the parameters are characterized in the current work.

KHBkLab/AZ%
101.69
270.09
280.89
150.98
179.60
55.824
147.40
425.00
19.478
63.813
52.555
49.397
101.69
76.411
236.59
130.81
0.80620
100.00
100.00
100.00
36.050
210.67
227.07
10.834
1.0000
0.10000
13.500
9990.0
280.89
150.98
214.16
242.73
461.80
461.80
95.225
346.08
26.192
103.22
303.47
100.00
95.225
179.60
42.436
122.83
122.83
62.309
10.444
S91.55
CR
CR
8.4740
13.500
52.585
55.824
76.411
155.31

ref

43,44
76
76
76
75
75
76
76
48
48

51,52

*

L

76
48
48

48
*, 47
47
47
65

when the two groups are adjacent, as is the case in peptide
molecules, are therefore neglected. Hence, to model mixtures

20405

containing peptides, a new group CONH is introduced and
parametrized using experimental data of amides (R-CONH-

https://doi.org/10.1021/acs.iecr.4c02995
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Figure 4. SAFT-y Mie calculations (curves) used in the estimation of
the NH,—COOH unlike interaction compared to experimental data
(symbols). (a) Bubble pressure of water (1) + glycine (2) at 298 K.**
(b) Solid—liquid solubility of water (1) + §chine (2) at 1 barg
circles,*® squares,** diamonds,®" and triangles.”” (c) Liquid densities
of water (1) + 3-amino-propanoic acid (2)** at 293.15 K (blue);
298.15 K (green); 303.15 K (yellow); and 308.15 K (orange).

R’), which are structurally similar to peptides. The CONH
group is modeled with three associating sites, two of type e (e,
in Tables 1—3), representing the lone pairs of the oxygen
atom, and one of type H corresponding to the hydrogen. In
contrast to our treatment of amine groups, we find that it is not
necessary to add a further e-type site to account for the
electron pair of the nitrogen atom. This may reflect that the
ground state of an amide is stabilized by the delocalization of
the nitrogen lone-pair electrons through orbital overlap with
the carbonyl group of the amide;'*® this delocalization is the
principal reason that amides are nonbasic in nature, whereas
amines, in which the nitrogen lone pair is not delocalized, are
quite strong bases.

The CONH-CONH, CONH—-CH;, and CONH-CH,
interaction parameters are estimated simultaneously by using
pure n-alkylamide and n-alkylamide + n-alkane mixture data.
Specifically, pure-compound vapor-pressure data of n-ethyl-
acetamide,'””""* n-propyl-acetamide,"'”""" n-butylaceta-
mide,"'*"'" n-pentyl-acetamide,"'* n-methyl-propanamide,'"®
n-methyl-hexanamide,''® and #n-butyl-propanamide,’’’ and
liquid-density data of n-ethyl-acetamide,''”~"" n-methyl-

S

propanamide, and n-methyl-butanamide'* are consid-
ered. Mixture bubble-pressure and excess-enthalpy data of n-
decane + n-methyl-acetamide,'”® n-octane + n-methyl-
acetamide,'®”'*” bubble-pressure of n-decane + n-ethyl-
acetamide'”” and bubble-pressure and liquid—liquid-e%uili-
brium (LLE) data of n-octane + n-methyl-propanamide'®” are
also used. Selected systems used in this parametrization are
represented in Figures 6 and 7. As can be seen from the figures,
the SAFT-y Mie calculations yield a good agreement with
experimental data of the pure and mixed systems, especially
considering the stringent test of delivering vapor—liquid as well
as a small region of liquid—liquid equilibrium observed in the
mixture of n-methylpropanamide + n-octane. The cloud curve
for a mixture of n-methylpropanamide + n-decane is also
shown in Figure 7(b), for completeness, although no
experimental data are currently available for this mixture; the
region of liquid—liquid demixing can be gleaned on inspection
of the excess-enthalpy data in Figure 7(c). The extrapolative
suitability of the group parameters is validated by comparison
to the limited number of vapor-pressure and liquid-density of
n-methylacetamide'”® data points not included in the
parameter estimation.

The interaction CONH—H,O, which is crucial in modeling
the aqueous solubility of peptides, is estimated using vapor—
liquid equilibrium,'**"** density'**'** and excess-enthalpy'**
data of water + n-methylacetamide mixtures and density, >
and excess-enthalpy data'®” of water + n-ethylacetamide and
water + n-methylpropanamide mixtures. The optimized
parameters lead to calculations in good agreement with
experiment (cf. Table 4). Selected phase diagrams comparing
our SAFT-y Mie calculations and the experimental data used in
parameter development are presented in Figure 8. As can be
seen, an accurate description of the bubble and dew pressures
is achieved. The excess enthalphies of the water + n-
methylacetamide and water + n-ethylacetamide mixtures are
also described in close agreement with the available data, while
in the case of the water + n-methylpropanamide mixture the
calculations present slightly larger deviations from the data. In
a SAFT-y Mie model using first-order groups, such as those
developed in the current work, n-ethylacetamide and n-
methylpronanamide are modeled with identical groups and
as such have identical calculated properties. Experimentally,
however, the two molecules have noticeably different values of
the excess enthalpy (Figure 8(c)).

The unlike interactions between CONH, NH,, and COOH,
also need to be characterized in order to model peptides in our
approach. Due to the lack of experimental data of mixtures
containing the CONH and NH, groups, the cross-interaction
is optimized using only one set of excess-enthalpy data of n-
methylacetamide + 1-hexanamine mixtures.'** The parameters
obtained are validated by predicting the liquid density of
aqueous mixtures of alkylureas (methyl-,"**~"*" ethyl-,'*>'*!
and butylurea,140 are considered). As can be seen in Figure 9,
the optimized parameters yield predictive calculations of the
density of these solutions in very good agreement with the
experimental data available. The CONH—COOH interaction
is optimized using experimental data of alkanoic acid + n-
methylacetamide mixtures, although as with the previous
groups, few experimental data are found for mixtures including
these two groups alone. The optimization is carried out using
excess-enthalpy data of propanoic acid + n-methylaceta-
mide,"** and isobaric VLE and density data of acetic acid +
n-methylacetamide.'** The resulting calculations are compared
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Figure S. SAFT-y Mie calculations (curves) of properties used in the estimation of the NH,—CH unlike interaction compared to experimental data
(symbols). (a) Vapor-pressure of 2-propanamine (black), 2-butanamine (light blue), and 2-methyl-1-propanamine (;)urple). Symbols denote
different experimental sources: black circles;”® black triangle;"* light blue circles;”® purple circles;”® and purple triangles.”” The SAFT-y description
for 2-butanamine and 2-methyl-1-propanamine is identical because the molecules are comprised of the same groups. (b) Pressure—composition
isotherms of hexane (1) + 2-propanamine (2)'% at 283.15 K (green), 313.15 K (blue), and 333.15 K (orange). (c) Pressure—composition
isotherms of ethane (1) + 2-propanamine 4(2)102 at 279.1 K (green), 328.3 K (blue), and 367.9 K (orange). (d) Excess enthalpy of hexane (1) + 2-

butanamine (2) at 298.15 K and 1 bar.'

to the experimental data in Figure 10. As can be seen, the
excess enthalpy of the propanoic acid + n-methylacetamide
mixtures is described in reasonably good agreement with the
data (note the small units of J mol™), but in the case of the
acetic acid + n-methylacetamide VLE, larger deviations are
seen. The underestimation of the saturation temperature of
pure acetic acid is especially noticeable. A degree of deviation
between the SAFT-y Mie calculations and experiment for
acetic-acid mixtures is expected, as no acetic-acid data were
used in optimizing the previously characterized COOH-—
COOH like and COOH—CH, unlike interactions,*” added to
the fact that in such a small molecule the group-contribution
proposition is likely to be inappropriate.”® The decision to
include acetic acid to characterize first-order groups here is
based on the scarcity of other alkanoic acid + amide mixture
data.

Solid—Liquid Equilibrium without Speciation: Ther-
modynamic Relations and Predictions. The calculation of
SLE, at given T and P, requires the equality of chemical
potentials in the solid and liquid phases of any species i present
in both phases. Assuming that no solvent molecules are present
in the solid phase, i.e, that the solid phase is pure amino acid
or peptide, and choosing the subcooled liquid of i to define the

reference state, the well-known solubility equation150 follows:

20407

Ahifus('l—'ifus, P) 1 1

R ?_ Tifus

In xisat(T, P, xsat) —

fus
Ac, (T*, P) | Ths) e
LGN -

R T T

+ 1

—In Yi(T; P, xsat> (25)
where «™ is the solid—liquid saturation composition (the
solubility) of i, R the ideal gas constant, T the melting-point
temperature of i, Ah™ the corresponding enthalpy of fusion,
and Ac,; = CI];,,- - CIS,,,- the difference between the molar heat
capacity of liquid and solid phases evaluated at T™; , is the
activity coefficient of i (calculated here using SAFT-y Mie), at
the system T and P and saturation composition. The second
term in eq 25 is often neglected, especially when the difference
between T and T™ is small.'>' We neglect this term only when
relevant Ac,; data are not available. The melting properties of
amino acids and peptides considered in our current work are
obtained from the experimental studies of Do et al.”**° and
can be found in Table S.

The scarcity of reliable measurements of the melting
properties of amino acids and peptides presents a major
challenge in modeling their solubility. Amino acids and
peptides are known to decompose below their melting points
upon slow heating'** leading to inconsistent values of the
enthalpy of fusion and melting temperature being reported in
the literature. Do et al.”>*° tried to overcome this challenge by
employing fast-scanning calorimetry (FSC) in their work,
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Table 4. Overview of the Accuracy of SAFT-y Mie”

T range P range
system /K /kPa x, range
2-propanamine 213-373 - -
2-butanamine 274363 - -
2-methyl-1-propanamine 236—-374 - -
n-ethylacetamide 279—-423 - -
n-propylacetamide 297-453 - -
n-butylacetamide 355-502 - -
n-pentylacetamide 374-384 - -
n-methylpropanamide 303-685 - -
n-methylhexanamide 372—472 - -
n-butylpropanamide 351—454 - -
T range P range
system /K /kPa x, range NP
2-propanamine 213298 101.33 - 11
2-butanamine 288-323 101.33 - 8
n-ethylacetamide 278-318 101.33 - 8
n-methylpropanamide 288-363 101.33 - 34
n-methylbutanamide 298-333 101.33 - S
system T range P range
(1+2) /K /kPa x, range
water + 3-aminopropanoic acid 293-308 101.33 0.0002—0.002
water + 4-aminobutanoic acid 293-308 101.33 0.0002—0.002
water + S-aminopentanoic acid 293-308 101.33 0.0002—0.002
water + 6-aminohexanoic acid 293-308 101.33 0.0002—0.002
2-propanol + 1-propanamine 298-328 81.50 0.00—1.00
2-butanol + 1-propanamine 298-328 81.50 0.00—1.00
2-butanol + 1-butanamine 298-313 101.33 0.05-0.95
2-hexanol + 1-butanamine 303—-323 101.33 0.00—1.00
3-hexanol + 1-butanamine 303—-323 101.33 0.00—1.00
2-butanol + propanoic acid 293-333 101.33 0.00—1.00
water + n-methylacetamide 298-323 101.33 0.00—1.00
water + n-ethylacetamide 298 101.33 0.00—1.00
water + n-methylpropanamide 293-313 101.33 0.00—1.00
water + methyl urea 274-333 101.33 0.00—0.12
water + ethyl urea 288-323 101.33 0.00—-0.13
water + butyl urea 288-308 101.33 0.00—0.005
system T range P range
(1+2) /K /kPa x, range
2-propanol + propanoic acid 358—413 101.33 0.00—1.00
water + n-methylacetamide 373—478 101.33 0.00—1.00
acetic acid + n-methylacetamide 391-478 101.33 0.00—1.00
system T range P range
(1+2) /K /kPa x, range
2-propanol + propanoic acid 358—413 101.33 0.00—1.00
water + n-methylacetamide 373—478 101.33 0.00—1.00
acetic acid + n-methylacetamide 373—473 101.33 0.00—1.00
system T range P range
(1+2) /K /kPa x, range
water + glycine 298 3.0-32 0.00—0.06
2-butanol + 1-butanamine 328 14—46 0.00—1.00
2-propanol + butanoic acid 333-373 1-194 0.00—1.00
ethane + 2-propanamine 279-372 676—6850 0.04—-0.85
hexane + 2-propanamine 283-333 10-262 0.00—1.00
n-octane + n-methylacetamide 363—398 2-98 0.00—1.00
n-decane + n-methylacetamide 414 12—-50 0.00—1.00
n-decane + n-ethylacetamide 363—-383 1-17 0.00—1.00
n-octane + n-methylpropanamide 363-383 1-64 0.00—1.00
water + n-methylacetamide 313—413 0.05-313 0.00—1.00
20408

NP %AAD AAD
psat Pt /kPa figures ref
21 2.310 1.049 S(a) 95,106
10 3.454 1.307 5(a) 96
47 17.02 8.158 S(a) 97,98
59 21.18 0.0964 6(a) 109,110
39 31.42 0.4109 6(a) 110,111
19 6.674 0.9631 6(a) 112,113
14 34.23 1.283 6(a) 114
30 22.52 0.2473 6(a) 109,115
18 19.47 1.221 6(a) 116
20 4208 0.0448 6(a) 111
%AAD AAD
p p/(kg m™) figures ref
2.099 15.14 5(b) 99
1.403 9.976 5(b) 100,101
0.3236 3.021 6(b) 117-119
0.3699 3.375 6(b) 120—124
0.3279 2.950 6(b) 125
%AAD AAD
NP p p/(kg m™3) figures ref
40 0.3274 3.308 4(c) 83
40 0.3163 3.192 - 83
40 0.3233 3.261 - 83
35 0.4528 4.642 - 83
52 1.776 13.25 - 89
52 0.7513 5.666 - 89
21 0.8210 6.248 - 90
33 0.5939 4.539 - 91
33 0.3539 2.696 - 91
84 1.345 12.05 - 94
107 1.276 12.47 - 132,133
19 1.934 18.63 - 132
20 1.068 10.29 - 132
256 0.7603 7.732 9(b) 138—140,143
76 0.7495 7.585 9(b) 140,141
30 0.5422 5414 9(b) 140
%AAD AAD
NP Toup Tpu/K figures ref
18 0.2829 1.101 - 92
82 0.4685 1.992 8(a) 128
31 1.639 6.879 10(b) 142
%AAD AAD
NP Tiew T e/ K figures ref
18 0.5097 1.986 - 92
82 0.7799 3.303 8(a) 128
31 0.6934 2.945 10(b) 142
%AAD AAD
NP Py Py ,/kPa figures ref
14 0.6563 0.0205 4(a) 82
12 9.012 2.178 - 85
50 15.61 5200 - 93
100 4.342 140.8 5(c) 102
63 5.263 4.172 5(d) 103
45 26.82 9.460 7(a) 109,127
43 30.09 8.660 - 127
24 8.173 0.7078 - 109
30 12.12 4.098 - 109
67 5.957 2.596 8(b) 126,136,137
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Table 4. continued

system T range P range %AAD AAD
(1+2) /K /kPa x, range NP Py P,.../kPa figures ref
2-butanol + 1-butanamine 328 14—46 0.00—1.00 12 9.192 2.503 - 85
2-propanol + butanoic acid 333-373 1-194 0.00—1.00 S0 18.75 6.093 - 93
ethane + 2-propanamine 279-369 208—4860 0.04-0.82 73 5.958 153.0 5(c) 102
water + n-methylacetamide 313-373 0.05—69 0.00—1.00 47 15.58 1.780 8(b) 136,137
system T range P range %AAD AAD
(1+2) /K /kPa x, range NP M Ty e/K figures ref
n-octane + n-methylpropanamide 310-361 101.33 0.04—0.70 8 5.638 19.75 7(b) 109
system T range P range %AAD AAD
(1+2) /K /kPa x, range NP HE HE/(J mol ™) figures ref
2-propanol + 2-propanamine 298 101.33 0.10—0.90 9 5422 85.24 - 87
2-propanol + 1-butanamine 298 101.33 0.00—0.90 137 18.70 289.6 - 88
2-propanol + 2-butanamine 298 101.33 0.01-0.99 11 23.69 218.0 - 88
2-butanol + 1-butanamine 298 101.33 0.10-0.95 11 14.32 172.0 - 85
n-hexane + 2-butanamine 298 101.33 0.06—0.89 9 12.04 65.52 5(e) 104
n-heptane + 2-butanamine 298 101.33 0.05-0.95 19 21.51 161.2 5(f) 105
n-octane + n-methylacetamide 398 1891 0.00—1.00 S 50.56 101.8 7(c) 126
n-decane + n-methylacetamide 413 1617 0.00—1.00 2 90.98 101.1 7(c) 126
water + n-methylacetamide 323-398 101.33 0.01-0.95 43 15.29 103.7 8(c) 134
water + n-ethylacetamide 308 101.33 0.02—0.98 18 14.14 110.6 8(c) 135
water + n-methylpropanamide 308 101.33 0.03—0.98 17 16.20 109.8 8(c) 135
1-hexanamine + n-methylacetamide 363 1203 0.03—0.96 20 15.33 37.55 9(a) 134
propanpoic acid + #-methylacetamide 363 1135 0.03-0.98 21 31.35 125.1 10(a) 134
system T range P range AAD
(1+2) /K /kPa x, range NP LB figures ref
2-propanol + octanoic acid 272—283 101.33 0.50-0.80 2 0.04318 - 144
2-propanol + nonanoic acid 273-283 101.33 0.60—0.90 2 0.03696 - 144
2-propanol + decanoic acid 273-303 101.33 0.20-095 4 0.02287 - 144
2-propanol + undecanoic acid 273-293 101.33 0.20—0.60 3 0.02873 - 144
2-propanol + dodecanoic acid 273-318 101.33 0.05—1.00 31 0.01339 - 144—146
2-propanol + tridecanoic acid 273-313 101.33 0.05-0.95 N 0.01983 - 144
2-propanol + tetradecanoic acid 273-323 101.33 0.00—0.80 6 0.01742 - 144
2-propanol + pentadecanoic acid 273-323 101.33 0.02—-0.80 6 0.01436 - 144
2-propanol + hexadecanoic acid 273-336 101.33 0.00—1.00 28 0.04348 - 144,146,147
2-propanol + heptadecanoic acid 273-333 101.33 0.00—0.94 7 0.01805 144
2-propanol + octadecanoic acid 283—344 101.33 0.00—1.00 42 0.04208 - 144,146,148,149

“Represented in %AAD and AAD, in the calculation of vapor pressure (P*), liquid pure-component and mixture densities (), bubble temperature
(Tyup), dew temperature (Ty,,,), bubble pressure (Py,), dew pressure (Pg,,,), LLE temperature (T7;3), and excess enthalpy (HF). N® is the number

of experimental data points used to evaluate the accuracy of the model.

although their measurements are reported with relatively large
uncertainties. For example, the melting point and enthalpy of
fusion of glycine were reported as 569 + 9 K and 22 + 3 kJ
mol™!, respectively. In Figure 11 we present solubility
calculations using the highest and lowest values of the
uncertainty range as well as the reported values. As can be
seen, the effect of the reported uncertainty in the melting point
on solubility calculations is very small in the region where the
solubility data are available (below the boiling point of water);
solubility calculations are shown above 373 K in the figure, as
the liquid mixture may have a higher saturation temperature
that that of pure water, although we note that some of these
could correspond to other types of phase equilibria (e.g,
liquid—liquid immiscibility)*” not explored in the current
work. The uncertainty in the enthalpy of fusion, however, leads
to clearly different calculated solubilities. We have carried out
similar calculations considering the reported uncertainty ranges
for each of the amino acids and peptides studied in the current
work, and present calculations throughout this work using the

reported values of the melting properties obtained exper-
imentally by Do et al.>>*® These yield very good predictions of
the solubility of the amino acids and di- and tripeptides
considered when the neutral models proposed here are used.

The SLE diagrams of aqueous glycine, alanine, serine, and
valine can be seen in Figure 12. Except for glycine (cf. the
“NH2, COOH, CHOH, and CH Groups” section), the activity
coeflicients are entirely predicted, i.e,, no solubility data are
used in the characterization of the SAFT-y Mie group
parameters. The solubility of alanine is predicted in good
agreement with experiment over the entire temperature range
measured, while larger deviations can be seen for serine and
valine, which have markedly lower solubilities. It is also of
interest to note the marked increase in solubility with
temperature predicted in the case of serine, which appears to
follow a different trend to the other three amino acids. This is
likely caused by the presence of the CH,OH group and the
delicate balance between hydrogen-bonding and dispersion
interactions in our model. Valine contains more hydrophobic
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Figure 6. SAFT-y Mie description of pure-component properties used in the estimation of the CONH—CONH, CONH-CH,;, and CONH-CH,
interactions. Empty symbols denote data not used in the parameter estimation, filled symbols denote those used in the optimization, and curves
denote SAFT-y Mie calculations. (a) Vapor pressures of n-methylacetamide (black),"**"'* n-ethylacetamide (pink),'*”*'° n-propylacetamide (navy
blue),"'”""" n-butylacetamide (blue),""*'"* n-pentylacetamide (light blue),""* n-methylpropanamide (dark green),'*”'" n-butylpropanamide
(green),""" and n-methylhexanamide (gray).''® N-ethylacetamide and n-methylpropanamide comprise the same groups and are therefore
represented by the same calculation (pink curve); similarly for n-propylacetamide and n-methylbutanamide (dark blue curve), and n-

pentylacetamide, n-butylpropanamide, and n-methylhexanamide (light blue curve). (b) Isobaric liquid density of n-methylacetamide (black),"**"*!

n-ethylacetamide (pink),""”~""® n-methylpropanamide (dark green),'>*~"**

and n-methylbutanamide (light green)'>® at 1 bar. N-ethylacetamide

and n-methylpropanamide comprise the same groups and are therefore represented by the same calculation (pink curve).

groups (CH; and CH) than the other amino acids considered
here and, as a result, presents the lowest solubility. The
temperature dependence of the predicted solubility of valine in
water is in overall good agreement with the experimental data,
but the predicted values are visibly lower than those measured
(e.g ygiine = 0.0001 is predicted at 298 K, while the measured
value is 0.0108). Although the accuracy of the model could be
improved by treating the melting properties as adjustable
parameters (as in other studies 26, 29, 34—38), or by using
some of these solubility data to refine the group parameters, we
consider the current results satisfactory, and use the models
presented to predict the solubility in other solvents and to
study di- and tripeptides. We are interested in considering a
fully predictive approach at this point and in assessing the
merits of standard, neutral, groups to treat these solutions,
neglecting in addition any speciation. Moreover, the
uncertainty inherent in the measurement of the melting
properties of amino acids and peptides (as discussed earlier)
means that using solubility data to estimate molecular model
parameters may lead to unexpected biasing of the molecular
model developed.

The predictive capability of the model is now assessed by
calculating the solubilities of glycine, alanine, and serine, in
various primary (ethanol,'®**'>>7'% 1_propanol,*"*>!>!5%1%0
1-butanol,**'#>15¢19%16% 3nd  2-methyl-1-propanol**) and
secondary alcohols (2-propanol*!?>!°®160162163165 44 5.
butanol'>®), and in water + alcohol mixtures (water + ethanol
and water + propanol*®). The predictions are presented in
Figure 13 as a parity plot against the experimental data
available. The aqueous solubility calculations and data of
Figure 12 are also included for completeness, and AADs for
each of the systems considered are listed in Table 6. It is
encouraging to see that most of the calculations are within an
order of magnitude of the experimental data. Given the very
low solubility values of some of the systems, these results
confirm the predictive capability of the method and validate
the use of neutral models as proposed here. It can be seen that
the model performs best for the prediction of solubility in
water, and that deviations increase as the magnitude of
solubility becomes smaller, as is the case in alcohols. It is,
however, worth noting that the solubility measurements of
amino acids in alcohols reported in the literature vary

significantly depending on the source. One clear example is
the solubility of glycine in 2-propanol. The prediction is in very
good agreement with the data reported by Bouchard et al.,'®
but off by two orders of magnitude when compared to the data
of Abraham et al,'® even though in both studies, the
solubilities were measured using the gravimetric method. A
similar observation can be made for glycine in ethanol, alanine
in ethanol, and alanine in 1-butanol.

Having assessed the performance of the SAFT-y Mie model
for the prediction of the solubility of amino acids when treated
as uncharged unspeciated mixtures, we consider now the
prediction of solubility in peptide solutions. The predicted
aqueous solubility of 17 di- and tripeptides containing glycine
(Gly), alanine (Ala), leucine (Leu), and serine (Ser), is
compared to experimental data as a parity plot in Figure 14
and Table 7. The corresponding melting temperatures and
enthalpies of fusion of each of the peptides are listed in Table
S. We note that, as in the case of amino acid solubility, the
solubility calculations for peptides are highly sensitive to
uncertainty in the enthalpy of fusion, which unfortunately are
reported with larger uncertainty ranges than those of the amino
acids. We use the actual values reported in Do et al.>*"** in all
of our calculations. We find that the most-accurate predictions
are those for glycine homopeptides (Gly-Gly and Gly-Gly-
Gly), and we find that with few exceptions, the predicted
values are within an order of magnitude of the experimental
values, which, given the very low solubility of these larger
compounds, is a promising result. Furthermore, it is interesting
to note that our model leads either to very good agreement
with experiments or to an overprediction; in none of the cases
are the solubilities underpredicted.

Opverall, the results presented suggest that treating amino
acids and peptides as neutral species can lead to satisfactory
predictions of solubility in water and alcohols. The assumption
of neutrality is useful when modeling systems at the isoelectric
point, without the need to account for the zwitterionic nature
of the amino acid or the peptide and their speciation, thus
reducing the number of species (and equilibrium relations)
that need to be accounted for in the model. However, to model
the behavior of amino acids or peptides at pH values different
from the pl, it becomes essential to account explicitly for their
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Figure 7. SAFT-y Mie description of mixture properties used in the
estimation of the CONH—CONH, CONH-CHj;, and CONH-CH,
interactions. Filled symbols denote data that were used in the
parameter estimation and empty symbols denote data used for
validation only; curves represent SAFT calculations. (a) Pressure—
composition isotherms illustrating the vapor—liquid equilibrium of n-
methylpropanamide (1) + n-octane (2)'* at 363.15 K (black) and
383.15 K (blue). (b) Temperature—composition isobar illustrating
the liquid—liquid equilibrium of n-methylpropanamide (1) + n-octane
(2) at 1 bar (black),"® and the vapor—liquid—liquid equilibrium of n-
methylpropanamide (1) + n-decane (2) at 1 bar (gray). (c) Excess
enthalpies of n-methylacetamide (1) + n-decane (2) at 413.15 K and
1.617 MPa (blue),"*° and n-methylacetamide (1) + n-octane (2) at
398.15 K and 1.891 MPa (black).'*

zwitterionic nature. We consider these models in the following
section.

B SOLUBILITY OF AMINO ACIDS AS A FUNCTION
OF pH: CHARGED MODELS

The treatment of amino acids and peptides as neutral species
limits the possibility of modeling pH-dependent solubility,
which is an important property in pharmaceutical and
biological applications. For example, the bioavailability of a
pharmaceutical product depends sensitively on its solubility in
the human body, within which there are significant variations
in pH. Furthermore, the ability to model the speciation
behavior of amino acids and peptides is essential to
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Figure 8. SAFT-y Mie description of properties used in the estimation
of the CONH-H,O interaction. (a) Isobaric vapor—liquid equili-
brium of water (1) + n-methylacetamide (2) at 1 bar.'*® (b)
Isothermal vapor—liquid equilibrium of water (1) + n-methylaceta-
mide (2) at 313 K (purple),’*® 333 K (dark blue),"*” 373 K (light
blue),"*” and 413 K (light green).126 (c) Excess enthalpies of water
(1) + n-methylacetamide (2) at 398.15 K and 1 bar (black),"** water
(1) + n-methylpropanamide (2) at 308.15 K and 1 bar (blue),"** and
water (1) + n-ethylacetamide (2) at 308.15 K and 1 bar (green).]35
N-ethylacetamide and n-methylpropanamide are made up of the same
functional groups, and their SAFT-y Mie calculations are identical
(green and blue dashed curve).

understanding their behavior in salt solutions, which plays a
substantial role in screening solvent conditions.

Amino acids are ampholytes, meaning that they possess a
dual acid—base nature conferred by the presence of the NH,
amino and COOH carboxyl groups, which ionize to NH;" and
COOQ7, respectively. Additionally, some amino acids contain
ionizable side groups, rendering them polyprotic ampholytes.
In our current work, only diprotic amino acids (containing
nonionizable side groups) are considered. The speciation of
polyprotic amino acids will be considered in future work.
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Figure 9. SAFT-y Mie description of mixture properties used in the parameter estimation and validation of the CONH—NH, interaction. Filled
symbols denote data that are used in the parameter optimization and empty symbols denote data used for validation only; curves denote SAFT-y
Mie calculations and predictions. (a) Excess enthalpy of 1-hexanamine (1) + n-methylacetamide (2) at 363.1S K and 12.03 bar."** (b) Liquid
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Figure 10. SAFT-y Mie description of mixture properties used in the parameter estimation of the interaction CONH—COOH. (a) Excess enthalpy
of propanoic acid (1) + n-methylacetamide (2) at 363.15 K and 11.35 bar."** (b) Isobaric vapor—liquid equilibrium of acetic acid (1) + n-
methylacetamide (2) at 1 bar;'** diamonds and triangles denote dew and bubble temperature data, respectively.

We study aqueous solutions of glycine and alanine, as
reliable solubility data as a function of pH are available for
these.'®”'*® We implement SAFT-y Mie models in which we
treat the amino acids as zwitterions, i.e, molecules that carry
an overall charge of zero but which lead to the formation of
cationic and anionic species in solution as pH changes. We
incorporate the solution of the SLE (solubility) as well as the
chemical-equilibrium relations, accounting for speciation of the
amino acid and the solvent in the liquid-phase mixture.

Zwitterion, Cation, and Anion Models. To model the
speciation behavior and pH-dependent solubility of amino
acids in water, the zwitterion, amino acid cation, and anion, as
well as water, with the hydronium and hydroxide ions (which
are products of water dissociation), and the counterions Na*
and Cl~ (which are the ionization products of the strong base
NaOH and strong acid HCI), respectively, need to be taken
into account. Our proposed SAFT-y Mie model of glycine as a
zwitterion, with its corresponding cation and anion, is shown
in Figure 15. Modeling these species in solution requires
characterizing the like and unlike interactions of the COO~,
NH;", H;0%, OH", Na*, and CI” groups, in addition to the
interactions of the relevant neutral groups. As shown in the
parameter matrix of Figure 3, most of the interactions of
charged groups have been presented in previous work. The
hard-sphere diameter oy, and shape factor S; of the charged
groups are based on those of the corresponding uncharged
group (they are assigned the same value). Additionally, a Born
diameter is estimated by increasing the bare diameter of the
ion by 7% (o™ = 1.070y.) to correct for the nonsphericity of

20412

the solvation ion cavity following the proposition of Rashin
and Honig.'” Moreover, a corresponding charge is assigned
(Zi = + 1 for a cationic group, Z; = —1 for an anionic group).
To model the amino-acid zwitterion, the NH;* and COO~
groups are used, but an overall charge of zero is assigned for
the molecule (Z; = 0), such that no Coulombic or Born
contribution arises in the calculation of the free energy
contribution of this species (so that these contributions equal
zero for species with Z; = 0). The dispersion energy of the
charged groups is different from that of the corresponding
neutral group, as can be expected, and is calculated as
described in Wehbe et al."” The number of association sites is
also different from that of the neutral groups, reflecting the loss
or gain of a proton and the different tendency to form
hydrogen bonds. Furthermore, a number of the unlike
interactions involving the charged groups are obtained using
combining rules; this was shown to be reliable in a previous
study of the solubility of ibuprofen,”’ and accordingly, we
follow the same strategy here. In the case of the unlike
COO™—NH;" interaction, however, we find that the
association energy parameter (e}flih) between the e, site on
the COO™ group and the H site on the NH;" needs further
refining to accurately capture the reported solubility of glycine
at the isoelectric point.

The optimized and calculated like and unlike parameters of
the SAFT-y Mie groups relevant to the aqueous solutions of
glycine, alanine, water, and the related ions that result from
their speciation, are presented in Tables 1, 2, and 3.
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Table 5. Melting Properties of the Amino Acids and For a diprotic amino acid (NH;*—RCH,—COOQO™), where R
Peptides Used to Calculate Their Solubility” is a nonionizable side group in aqueous solution, the acid—base
. chemical equilibria between the different species of the amino
solute T /K ARP/KJ mol™  Ac,,;/J] mol™! K™ ref . .
b acid can be written as
glycine 569 + 9 22+3 152 R R
alanine 608 + 9 23 +£3 152 ‘ ‘
valine 529+ 7 44 + 6 SS CH, 4+ H0 Kai CH, + HsO",
leucine 518 + 8 43+ S SS AN AN
serine S19 47 28+3 55 NH; COOH NH; coo-
gly-gly S93 £7 40+ 6 S1+6 153 R R
gy-gly-gly 594 +7 54 17 57 £ 15 56 | ‘
ala-ala 606 + 7 S4£7 62 + 18 153 CH, + H0 a2 CH, + H0%,
ala-ala-ala 606 + 7 72+ 9 124 + 8 56 . ~ AN
gly-ala S51+7 41+ 55+ 6 153 NH; co0o NH, coo
ala-gly 611 =7 S2+7 S7+£3 153 X
gy-gly-ala 592 + 10 70 + 8 66 + 7 56 2H,0 == H;Ot + OH-,
giy'a:a_g:y 623 £7 6l %7 78+ 11 52 where K,; and K, are the (true) equilibrium constants'”’
;a'gly'ala 55(7) * E; ;8 * ; 1?? * il 56 associated with the speciation of the zwitterion (AA*) and the
E;u'lg y-gly 530+ 63 * | * " §6 cation (AA*) and anion (AA™) amino acids, respectively, and
glyleugly — S45+7 t7 39+ > Ky is the dissociation constant of water. These are given as
gly-gly-leu S21 £7 SS+7 160 + 7 56
gly-aladen 578 +7 77 +9 112+ 6 56 K. = A ax 01,0
Al =
gly-ser 530 + 8 49+ 6 67 £6 56 apx 0 (26)
ser-gly S83+£7 62 +7 61 £9 S6
ala-ser 556 + 7 43+ 5 48+ 6 56 A 9h,0*
ser-ala 609 + 7 73+ 8 S5+3 56 Ky = N
a . . . - . . @ax4H,0 (27)
Reported with their experimental uncertainties; melting-point
temperature (T%), enthalpy of fusion (AK™), and difference between and
the molar heat capacity of the liquid and solid phases evaluated at Tf* _
4H,0"%0H
(Ac,). Ko = 2 P8
’ w 2
(“Hzo) (28)

where q; is the activity of species i. The equilibrium constants

Solid—Liquid Equilibrium and Chemical Equilibria. To
are related to the corresponding pK; by

model the SLE (solubility) of diprotic amino acids, the solid—

liql.lid ‘equilibri.um eq 25 is solved for .thg amino a.cid pK, = _10g10<Ki) i=Al, A2, W (29)
zwitterion, taking into account the speciation (chemical .
equilibrium) relations of the acid—base behavior of the and we calculate pH as
amino acid and the ionization of water in the liquid phase.
X ) quad p pH = —logw(aHx(Y) (30)
The concentrations of each of these species are determined as 3
a function of changing pH, at given T and P. Thus, the liquid The activity a; is calculated following the asymmetric
phase is a mixture containing the neutral zwitterion, the amino- convention.
acid cation and anion, the counterions of the acid and base, m
and the species related to water, in coexistence with a solid a=—7
phase containing only the neutral amino acid. Mo (31)
620 620
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Figure 11. Effect of uncertainty in melting temperature and heat of fusion on the SAFT-y Mie description of the solid—liquid equilibrium
(solubility) of glycine (2) in water (1) at 1 bar. (a) Sensitivity of the solubility calculations to the melting temperature for a fixed enthalpy of fusion
of 22 J mol™'; the black curve represents calculations using the reported melting temperature (569 K), whereas blue and red curves denote
calculations using the maximum (578 K) and minimum (560 K) of the uncertainty range, respectively. (b) The sensitivity of solubility calculations
to the enthalpy of fusion for a fixed melting temperature of 569 K; the black curve represents calculations using the reported enthalpy of fusion (22
kJ mol™") whereas blue and red curves denote calculations using the maximum (25 kJ mol™") and minimum (19 kJ mol™") of the uncertainty range,
respectively. The symbols (circles) denote the experimental data,”>%"%"%*
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symbols denoting data that are not used in parameter optimization. The curves correspond to the SAFT-y Mie calculations.
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at each pressure, temperature, and composition for all species
except water. Here, m; is the molality of i, m, = 1 mol kg™" is
the reference molality, and ¥,,; is the asymmetric molality-
based activity coefficient, calculated as

@(T, P, x)

¢, SAFTy Mie
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2} . ~|@ Ala + 2-propanol
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Figure 13. Parity plot of the solid—liquid equilibria (solubility) of
glycine (Gly), alanine (Ala), serine (Ser), and valine (Val) in water,
ethanol, 1-propanol, 1-butanol, 2-methyl-1-propanol, 2-propanol, and
2-butanol. The solid diagonal line denotes exact agreement between
experiments and calculations whereas each pair of dashed and dotted
lines denote a change in order of magnitude. Sources of the
experimental data can be found in Table 6.

i (T, B )

(32)

where x; is the mole fraction of the solvent (water), @, the
fugacity coefficient of i, calculated using the SAFT-y Mie
approach, x the composition vector of the mixture, and x* the
composition vector of the reference which is an infinitely dilute
mixture. In our calculations, a mole fraction of 1 X 107" is
used for the infinite-dilution fugacity coefficient. The water
activity (a,,) is calculated according to the symmetric
convention as

a, = nyw

(33)

where x,, is the mole fraction of water, and y,, is the symmetric

mole-fraction-based activity coefficient, calculated as

Table 6. Overview of the Accuracy of SAFT-y Mie in the Calculation of Solubility for Amino Acids in Water or Alcohol®

system T/K NP
glycine (1) + water (2) 273-373 36
glycine (1) + ethanol (2) 278-333 26
glycine (1) + 1-propanol (2) 298 2
glycine (1) + 2-propanol (2) 298-310
glycine (1) + 1-butanol (2) 298 3
alanine (1) + water (2) 273-373 29
alanine (1) + ethanol (2) 283-333 16
alanine (1) + 1-propanol (2) 283-333 12
alanine (1) + 2-propanol (2) 283-333 12
alanine (1) + 1-butanol (2) 283-323 6
alanine (1) + 2-butanol (2) 283-323 S
alanine (1) + 2-methyl-1-propanol (2) 283-323 S
serine (1) + water (2) 273-373 17
serine (1) + ethanol (2) 278-333 15
serine (1) + 2-propanol (2) 278-333 12
serine (1) + 1-butanol (2) 278-333 13
valine (1) + water (2) 273-343 23
valine (1) + ethanol (2) 288—-343 9
valine (1) + 2-propanol (2) 293-343 6

AAD (x7) figure ref
1.0101 x 1072 12, 13 22,80,81,166
5.3488 x 107* 13 18,22,156—161
3.9995 x 107° 13 22,156,160
8.4938 x 107* 13 22,156,160,165
3.5925 x 107° 13 23,156,164
8.0163 x 1073 12, 13 80,155
1.9809 x 107* 13 18,22,155,157,159,160
1.1201 x 107* 13 21,22,155,160
2.1200 X 1073 13 21,22,155,160
4.0025 x 107* 13 23,155
1.0442 x 1073 13 155
2.5037 x 107* 13 155
1.9293 x 1072 12, 13 80
2.1964 x 107° 13 159,162
9.3992 X 107° 13 162
4.6741 x 107° 13 23,162
1.2640 x 1072 12, 13 80
4.8847 x 107° 12, 13 159
5.6699 x 107 12, 13 163

“NP is the number of experimental data points used to calculate the average absolute deviation (AAD) in mole fraction.
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Figure 14. Parity plot of the solid—liquid equilibria (solubility) in
water of di- and tripeptides made up of residues of the amino acids
glycine (Gly), alanine (Ala), leucine (Leu), and serine (Ser). The
solid diagonal line denotes exact agreement between experiments and
calculations, whereas each pair of dashed lines denotes deviation of an
increasing order of magnitude. Sources of the experimental data can
be found in Table 7.

Table 7. Overview of the Accuracy of SAFT-y Mie in the

Calculation of Solubility for Peptides in Water®

solute T/K NP AAD () ref
Gly-Gly 278-313 11 0.006086 56,84
Gly-Gly-Gly 278-313 16 0.04518 56,84
Ala-Ala 293-323 6 0.03935 56
Ala-Ala-Ala 288—-308 S 0.006761 56
Gly-Ala 293-323 S 0.04532 56
Ala-Gly 293-323 6 0.01910 56
Gly-Gly-Ala 293-323 9 0.01151 56
Gly-Ala-Gly 293-323 8 0.02025 56
Ala-Gly Ala 288—-308 9 0.02611 56
Leu-Gly-Gly 293-323 7 0.02242 56
Gly-Leu-Gly 293-323 9 0.01583 56
Gly-Gly-Leu 288—-308 9 0.01603 56
Gly-Ala-Leu 293-323 9 0.0007906 56
Gly-Ser 293-323 6 0.04701 56
Ser-Gly 288—-308 9 0.003343 56
Ala-Ser 293-323 7 0.03642 56
Ser-Ala 288—-308 10 0.0002201 56

“NP is the number of experimental data points used to calculate the
average absolute deviation (AAD) in mole fraction.

¢(T, P, x)
Yo =
(ﬂw(T, P, x, = 1)

(34)

To account for the effect of temperature on the equilibrium
constants, the van 't Hoff equation is used:

Ah

rotonation,r 1 1
K.(T) = K(T;) exp —%[; - F]
0

r=Al, A2, W (3%)
where K(T) is the equilibrium constant of reaction r at the
system temperature, K,(T,) is the equilibrium constant at a
known reference temperature (here T, = 298.15 K), and
Ahp,otonation, 1S the enthalpy of protonation of reaction r. The
values of the equilibrium constant for reactions involving
glycine and alanine and the corresponding enthalpies of
protonation can be found in Table 8. The temperature
dependence of the water dissociation constant Ky, is also
calculated using eq 35 with Ky (T,) = 1.0077 X 10~'* and
AhI’rotonatlonW 56.149 k.] mOI_l B

In Figure 16, we illustrate schematically the amphoteric
speciation behavior of a diprotic amino acid, in this case
glycine, at fixed T = 298.15 K, P = 1 bar, and zwitterion molar
composition xpa* giycine = 0.00265. The zwitterion composition
is fixed to a value known to be below the solid—liquid
solubility to model an unsaturated solution of the amino acid
fully in the liquid phase. The OH™ equivalents are calculated
from the net charge of the amino acid species of i:

OH, Z §.Z 1= A AN, AK

equ.lv,z -

(36)

where £;; are the relative concentrations of the amino-acid
species I, given by

X

=

Towaae oo X (37)
This is in agreement with the definition of OH™ equivalents as
the number of moles of OH™ ions required to convert 50% of
the glycine cations to zwitterions (at the 0.5 equivalence
point), to convert 100% of the glycine cations to zwitterions
(at the 1.0 equivalence point), and to convert 50% of the
glycine zwitterions to anions (at the 1.5 equivalence point).
The glycine zwitterions are fully converted to anions at the 2.0
equivalence point.

In order to calculate the solubility of the amino acids
incorporating the relevant speciation, for a given T, P, and pH,
eqs 25—28 are solved s1multaneously, alongside the equation
for material conservation (Z, i x; = 1) and the equation for
charge conservation (Z S x; Z; = 0). In comparing with the
experimental data, we note that solubility here is given as the
sum of molalities of all the amino acid species in solution, i.e.,
(mgq = mapaz + myus + myy-), although only the chemical

Figure 15. SAFT-y Mie representation the glycine cation, zwitterion, and anion as modeled in the current work. A heteronuclear model of fused
spherical segments is implemented in which short-range association sites are represented with smaller purple (sites of type H), red (type e;), and
light blue (type e,) circles. The reactions also involve water and the hydronium and hydroxide ions, which are not shown here.
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Table 8. Acid—Base Equilibrium Properties of Glycine and Alanine

K,,(298.15 K) Ahy,/ (k] mol™) ref
2.54 x 1071° 44.780 174
2.06 x 107 47.919 174

compound K,,(298.15 K) Ahyy/ (k] mol™)
Glycine 4.525 X 107 61.101
Alanine 4.535 x 1073 61.101

12

10 -

8 A PKas

% 61 pl

4 .

27 PK a1

0 T T T

0 0.5 1 1.5 2

OH- Equivalents

Figure 16. SAFT-y Mie calculations of the acid—base titration curve
for glycine at 298.15 K and 1 bar for an unsaturated glycine zwitterion
molar composition of 0.00265. The OH™ equivalents are calculated as
the proportion of OH™ molecules required to neutralize the glycine
species, i.e., 50% of the cationic glycine is neutralized at pK,, and
100% is neutralized at pl, at which glycine is predominantly in the
zwitterionic form. At pK,,, 50% of the zwitterionic species is ionized
into the anionic form. Close to pH 12, glycine is predominantly in the
anionic form.

potential of the zwitterion is equated in the liquid and solid
phase (the cation and anion are present only in solution).

In Figure 17 the calculated concentrations of the glycine
zwitterion, anion, and cation and the overall SLE (solubility)
are presented as a function of pH at 298.15 K and 1 bar. In
Figure 17(a) the relative concentrations of the glycine
zwitterion AA*, cation AA”, and anion AA~, given by eq 37,
can be seen. The calculated solubility is compared to the
experimental data available®”'*® in Figure 17(b). In the
calculations, the pH of the solution is varied by adding NaOH
(for pH < pI) or HCI (for pH > pI), and both NaOH and HCI
are modelled as fully dissociated into their respective ions. The
equilibrium constants K,; and Kj, are calculated using eq 35
with the parameters in Table 8, and Kyy is calculated as
described earlier.

As can be seen in the figure, for a significant range of pH
close to the isoelectric point, the prevalent species in solution

is the zwitterion, which has a lower water solubility than the
cation and anion and hence leads to a solubility minimum (cf.
Figure 17(b)). At low values of pH, the equilibrium tends
toward the left-hand side of eq 26, and the glycine cation is the
prevalent species in solution. This accumulation of positively
charged ions is balanced by the presence of negatively charged
counterions (e.g., CI™ from HCI). At high values of pH, the
equilibrium tends to the right-hand side of eq 27 resulting in
the glycine anion becoming the prevalent species, which is now
electrostatically balanced by a similar concentration of
positively charged counterions (e.g., Na* from NaOH). The
cationic and anionic forms of glycine are highly soluble in
water due to favorable solvation interactions between these
ions and water molecules, leading to the higher solubility seen
at both ends of the pH scale in the figure. The calculated
solubility is in good agreement with the experimental data
(Figure 17(b)), with only a small deviation noticeable at pH =
2.7. The influence of the temperature on the pH-dependent
solubility can also be seen in Figure 17(b). At 348.1S K, the
pKy, and pK,, values calculated using eqs 35 and 29 (0.807
and 8.47, respectively) are significantly lower than those at
298.15 K (2.34 and 9.60, respectively). This results in a shift in
the pH-solubility profile to the left, centered around the pI
value, which is calculated as the arithmetic mean of the pKj;
and pK,, values. Additionally, at higher temperatures, the
solubility of glycine is higher, in accordance with eq 25, which
leads to an upward shift in the solubility minimum. This
upward and leftward shift causes the two curves to cross in the
low-pH region.

It is common practice in modeling chemical equilibria in
aqueous solutions to assume that the activity of water (a,,) is
equal to 1, especially in dilute solutions, and to neglect this
contribution in the equilibrium-constant equations. While this
can be a valid approximation near the isoelectric point (pI), at
the high and low ends of the pH range, a,, is, however, no
longer close to 1, and values below 0.5 can be found, as can be
seen in Figure 18(a). At the pH extremes, the concentrations
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@
0.8

0.6

&

0.4

0.2
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Figure 17. (a) Relative concentration (£);) of the glycine zwitterion (continuous black curve), the cation (long-dashed red curve), and the anion
(short-dashed blue curve) at 298.15 K and 1 bar, as a function of pH. The pK, and pI values'’* are denoted by the vertical black dotted lines. (b)
The solubility of glycine in water at 298.15 K (black), 318.15 K (blue), and 348.15 K (orange) and at 1 bar as a function of pH. The continuous
curves represent SAFT-y Mie calculations and symbols represent experimental solubility data; circles denote pH-dependent data of Needham et

167
al.

and triangles solubility data at the isoelectric point (pI) of Dalton and Schmidt.*® The filled circle represents the data point used in optimizing

the NH;*—COO™ interaction, while empty symbols denote data not used in the parameter estimation.
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Figure 18. (a) The activity of water (a,,) calculated using SAFT-y Mie as a function of pH for the system containing glycine (described in Figure
17) at 298.15 K (black), 318.15 K (blue), and 348.15 K (orange) and at 1 bar. (b) The solubility of glycine in water at 298.15 K (black), 318.15 K
(blue), and 348.15 K (orange) and at 1 bar as a function of pH. The solid curves represent calculations in which the real value of a,, is used and the

dashed curves represent calculations in which a,, is taken to be unity.
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Figure 19. (a) Relative concentration (&;) of the alanine zwitterion (continuous black curve), the cation (long-dashed red curve), and the anion
(short-dashed blue curve) at 298.15 K and 1 bar, as a function of pH. The pK, and pI values'’* are denoted by the vertical black dotted lines. (b)
The solubility of alanine in water at 298.15 K (black), 318.15 K (blue), and 348.15 K (orange) and 1 bar, as a function of pH. The continuous
curves represent SAFT-y Mie predictions and the symbols the experimental solubility data. The circles denote pH-dependent solubility data of

Tseng et al,'®®

and triangles denote solubility data at the isoelectric point (pI) of Dalton and Schmidt.*

of the speciated amino acid and the counterions are high,
reflecting their high solubility, and the solution cannot be
considered to be close to the reference dilute molality of 1 mol
kg™ for these species. The impact of incorporating a,, in the
chemical equilibrium equations on the solubility calculations,
can be seen in Figure 18(b). As expected, including a,, in eqs
26—28 leads to a negligible change in the calculated solubility
at the pl. However, in the low and high pH range, a more
pronounced deviation between calculations that include a,, and
those that take it to be unity can be seen. The calculations
shown in Figure 17(b) are obtained with the inclusion of the
actual activity of water throughout the range of thermody-
namic conditions presented.

In order to assess the transferability of the NH;*—COO~
interaction, which is optimized using the solubility data of
glycine as a function of pH, we now carry out predictive SAFT-
y Mie calculations for alanine in water (at 298.15 and 348.15 K
and 1 bar) as a function of pH, for which no data are used for
the parameter estimation. A comparison of our calculations
and the available experimental data is shown in Figure 19. As
in the case of glycine, the alanine zwitterion dominates over a
wide range of pH around the isoelectric point, resulting in the
minimum solubility shown in Figure 19(b). We note that these
calculations are fully predictive, and that they show a good
agreement with the experimental data of Tseng et al.'®® and
Dalton and Schmidt.”” The calculations exhibit a small
underprediction of the solubility across the pH range at 298

20417

K, but accurately capture the qualitative trend in the data as the
pH changes. In these calculations, as discussed in the previous
figure, the activity of water is included at each state (i.e., it is
not assumed to be 1). The level of agreement with the
experimental data available confirms the predictive ability of
our modeling approach and the robustness of the SAFT-y Mie
model presented.

B CONCLUSIONS

Modeling the solubility of amino acids and peptides is of key
relevance in biological and pharmaceutical systems and in
pharmaceutical process development. It also poses an
interesting challenge that involves the solution of phase and
chemical equilibrium and requires detailed molecular models
of charged and uncharged species in solution when pH effects
are of interest. Here, the SAFT-y Mie framework has been used
to describe the solubility of amino acids and peptides in
aqueous and alcohol solvents, over a range of conditions,
including as a function of pH. Models treating the amino acids
as neutral species (close to the isoelectric point) were
considered first. The calculation of solubility with equations
of state has been shown to be very sensitive to the value of the
fusion enthalpy of the solid, a quantity that is unfortunately
reported with large uncertainty for amino acids and peptides.
Moreover, in the case of alcohol solvents, large deviations are
observed in the measured solubilities. Despite these challenges,
the predictions are found to be in good overall agreement with
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the data available for amino acids and di- and tripeptides. 283
amino acid solubility data points and 141 peptide solubility
data points are considered, with average AADs in mole fraction
of 0.0038 and 0.02128, respectively. The SAFT-y Mie models
presented have been developed using fluid-phase data (e.g.,
pure and mixture fluid-phase equilibrium data, and excess
enthalpies), but not solid—liquid solubility data (with the
exception of solubility data for glycine), which has been
reserved as test data in order to minimize the impact of the
uncertainty associated with the properties of the solids.

The SAFT-y Mie treatment has been extended to include
electrostatic contributions (ion—solvent and ion—ion) to the
Helmholtz free energy to model and predict the solubility of
amino acids as a function of pH, with an approach based on an
effective spherical charged group deployed to handle the
nonspherical nature of charged amino acids. The solid—liquid
phase equilibrium condition is combined with the chemical
equilibria associated with the speciation of amino acid
zwitterions into the amino acid cation and anion, at variable
pH. To model these systems, a number of group interactions
have been developed as part of the current work. The
parameter estimation has been carried out using experimental
data of monofunctional compounds and mixtures where
possible, with data involving amino acids only used to refine
the COOH—NH, and COO™—NH;" interactions, for which a
limited number of solubility data of glycine in water have been
used. The transferability of the model parameters has been
highlighted by presenting purely predictive calculations for
conditions not included in the parameter estimation, hence
demonstrating the validity of the predictive nature of the
modeling approach. The model allows the study of the relative
concentrations of charged and neutral species in solution for
varying pH, and we have shown the impact of incorporating
the true (activity-based) equilibrium constants, including that
of water dissociation. This work paves the way for further
studies involving ionic amino acids and larger peptides in
varied solvents.
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