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A simple correction to the infinite dilution activity coefficient computed via molecular simulation for a nonelectrolyte
solid solute in solution is proposed. The methodology adopts the concept that the activity coefficient may be fundamen-
tally interpreted as a product of a residual and combinatorial term. The residual contribution is assumed to be insensi-
tive to concentration, and the combinatorial term is modeled using the athermal Flory—-Huggins theory. The proposed
method uses only properties for the solute computed at infinite dilution to estimate solution-phase properties at finite
concentrations. Properties of the pure solid solute are estimated using the group contribution method of Gani and co-
workers, allowing for efficient blind solubility predictions to be made. The method is applied to predict the solubility of
solid phenanthrene in 17 different solvents. For all cases, the combinatorial correction lowers the predicted solubility
relative to the infinite dilution approximation, and in general, improves agreement with experiment. © 2013 American
Institute of Chemical Engineers AIChE J, 59: 2647-2661, 2013
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Introduction and Motivation

Knowledge of the solubility behavior of crystalline solids
in different solvents is of great practical interest. Of particu-
lar interest in this study is the scenario of finding the most
suitable solvent to dissolve a particular crystalline solute.
This is important, for instance, in the formulation of pharma-
ceutical compounds for which novel drug candidates often
have poor aqueous solubility.l’2 Chemists and process engi-
neers are confronted with the challenge of determining a
suitable solvent or cosolvent system for the production and
formulation of the drug. Another important industrial appli-
cation is the design of extraction processes in which it is de-
sirable to extract only specific components from a heavy
petroleum stream.>* In recent years, a tremendous amount of
experimental effort has been devoted toward developing
state-of-the-art ionic liquid based extraction processes for
use with specific systems.”

As a result of the vast possibility of solvents and the
chemical composition of the solute, along with the time and
expense associated with experimental solubility measure-
ments, it is desirable to have methods that can predict the
ability of a given solvent to dissolve a particular solute.
Because solvation is a complex phenomenon in which many
different competing forces interact to determine the behavior
of a given solute—solvent system, the development of such
methods is extremely challenging. An impressive amount of
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research has been done in this area, but it is still generally
the case that the prediction of solvation behavior relies on
empirical and semiempirical correlations, and group contri-
bution (GC) methods for which the underlying molecular
level driving forces are not always evident.' Many efforts
have also been aimed at developing theoretically based
models."*'" Although many of these models hold great
promise, they typically require experimental data to allow
for their “training.” For cases in which the solute is a novel
molecule, the necessary amount of experimental data that
these approaches require is likely unavailable.

Given this situation, it is desirable to have atomistic-based
molecular dynamics (MD) and Monte Carlo (MC) methods
that can predict solubility with no experimental data as input.
Not only would such methods provide guidance in solvent
selection but atomistic models provide insight into the
molecular level details governing solubility behavior. Only a
limited number of molecular modeling approaches have been
used to predict the solubility of solids.">'® In some cases, at-
omistic simulations have been performed to compute
parameters for empirical con‘elations,12 whereas in others, sim-
ulations have been used to directly compute the solubility of
solutes in solvents.'*™'® In the latter case, the phase equilibria
condition requires equality of the temperature, pressure, and
chemical potential of each species between the phases in equi-
librium. The solubility may be computed in the complete ab-
sence of experimental solubility or thermodynamic data, so
long as the solute solid crystal structure is known.'>~'>!718
Computing the chemical potential in such systems requires pre-
cise simulation results and accurate molecular models.'>'"""
Alternatively, the chemical potential of the solute in the solid-
phase may be computed from experimental data.'®
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Frequently, the solubility of nonelectrolyte solids of indus-
trial interest is low and is commonly assumed to be infinitely
dilute. For this case, our previous work?’ attempted to intro-
duce simplifying assumptions to greatly reduce the computa-
tional cost of making solubility predictions. In this manner,
solubility predictions may be made in a range of solvents in
a rapid and efficient fashion. Our previous work used expres-
sions for the infinite dilution solute activity coefficient from
the literature.>'** In this study, the working expressions used
to make solubility predictions are rigorously derived with a
firm thermodynamic foundation, with resulting expressions
that differ from our previous work.”’ Moreover, the working
expressions naturally allow for the correction of the infinite
dilution approximation through use of established solution
theories. The proposed methodology is aimed at efficiently
predicting the solution-phase behavior of the solute at finite
concentrations using only properties computed at infinite
dilution. With knowledge of the fugacity of the pure solid
solute, the equilibrium solubility may be predicted. The pure
solid solute fugacity could be computed directly via molecu-
lar simulation,'®!>17-19 Likewise, this could be computed
using experimental data.'® However, in future studies, it will
be desirable to study novel, complex molecular solutes for
which experimental data may not be available, and molecu-
lar simulations of the solid state would be difficult. While
the development of predictive GC methods to predict the
behavior of an arbitrary solid solute in a wide range of arbi-
trary solvents is a challenge, the GC method of Gani and
coworkers?®?* has been shown to accurately predict pure
component properties. Therefore, in this study, the pure solid
solute fugacity will be estimated using the GC method of
Gani and coworkers, allowing for blind solubility predic-
tions. Moreover, for the simulator who is interested in com-
puting partition coefficients using infinite dilution properties,
this study introduces a combinatorial correction term to
account for the composition dependence of the partition
coefficient resulting from the size dissimilarity of the solute
and solvents of interest. In this study, the proposed method-
ology is additionally used to make solubility predictions
using the 2005 revised MOSCED model developed by
Eckert and coworkers,'"">> which is used to predict infinite
dilution activity coefficients.

Methodology
Thermodynamic approach to solid-liquid equilibrium

The solubility of a solid, nonelectrolyte solute (Compo-
nent 2) in a single component solvent (Component 1) is
described by the classical equations of solid-liquid equilib-
rium. Assuming that the solvent does not penetrate the crys-
talline solid solute in equilibrium with the solution-phase,
the equilibrium expression is?®

sz(T,pwa) fZS(T,]))
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where x, and y, are the equilibrium mole fraction and activ-
ity coefficient of Component 2 in solution, respectively, T is
the temperature, p is the pressure, and f=, £5, and f) are the
fugacity of Component 2 in solution, in a pure solid, and in
an arbitrary reference state, respectively. In this study, we
adopt a conventional Raoult’s Law standard state, which is
typically used to describe the phase equilibria of nonelectro-
lyte solids in solution using classical thermodynamics.?® The
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use of a Raoult’s Law standard state will allow for the
marriage of molecular simulation with solution theory,
ultimately simplifying the task at hand. The adoption of a
Raoult’s Law standard state is analogous to adopting a hypo-
thetical, pure, subcooled liquid solute reference state.

Next, it is desirable to substitute into Eq. 1 quantities
directly obtainable via molecular simulation. Using conven-
tional free energy calculations in the isothermal—isobaric
(NpT) ensemble, one may compute the residual chemical
potential of the solute in solution, u5*, defined as!>?7:28

:urZSS (TapaNl7N2)::u2(T7paN17N2)_:ui2g <T: <V>T,pﬁN|ﬁN2717N2)
()

where N; and N, are the number of molecules of Components
1 and 2, respectively, p, is the chemical potential of Compo-
nent 2 in solution at the same conditions as x5*, and 15 is the
chemical potential of Component 2 in a hypothetical, nonin-
teracting, ideal gas state at the same T, but at a fixed density.
The relevant volume is given by the ensemble average volume
of the system in the absence of the solute molecule that is
being coupled/decoupled to the system, (V)7 ,y, ﬁN2T1'15,27,28
In what follows, it is important to emphasize that i is at a
fixed density and not at p. As an aside, the terms residual
chemical potential, excess chemical potential, and Gibbs free
energy of solvation are often used interchangeably to describe
the free energy change of coupling a single solute molecule to
a system in an NpT ensemble.

It follows directly from Eq. 2 and the definition of fugac-
ity®® that

fZL(T7p7x2)
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where f~'=kpT, kg is Boltzmann’s constant, and f,° is the
ideal gas fugacity of Component 2 at the same conditions as
¢y in Eq. 2. The ideal gas fugacity of Component 2 is
equivalent to the partial pressure of Component 2 in a hypo-
thetical ideal gas state,”® £,° =p¥. Use of the ideal gas equa-
tion of state leads to

2lg (T7 <V>T,p.N1,N2—17N2) :pl2g (T’ <V>T7P7N1 N2—1 ,Nz)
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where the definition of the mole fraction of Component 2,
X2=N,/(N,+N;) is used in the last term.

Substituting Eq. 4 for £,* and Eq. 1 for f3 into Eq. 3 and
rearranging gives the following expression for the activity
coefficient of Component 2

anZ(TvaxZ):ﬁ:urzes (TapaNlaNZ)

+
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where the adoption of a Raoult’s Law standard state requires
that y; — 1 as x; — 1, where i={1,2}. Equation 5 may be
used to predict the solubility of Component 2 through use of
Eq. 1. Note that the fugacity terms appearing in Eqgs. 1 and 5
are solute-dependent constants, and the other terms are com-
position-dependent properties of the solution that can be
computed from a liquid-phase simulation.
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Computing the activity coefficient

Infinite Dilution Approximation. Assume that solute—solute
interactions are negligible, and the mole fraction of the solute in
solution is sufficiently small so as to be considered infinitely
dilute. That is, assume x, — 0. This is realized in a simulation
by adding a single-solute molecule (N,=1) to a system of pure
solvent for which Ny > N,. It follows that Eq. 5 becomes

anZ(Tup7x2) ~ anSC(Tvp7O)Zﬁ/'l;espc(Tvp7N17N2:1)
(N1 +1)ksT
<V>T,p,N1

where the superscript oo corresponds to properties for an
infinitely dilute solute (x; — 1 and x, — 0). For an infinitely
dilute solute, N > N, such that

(N1+1)kBT~ NikgT _ RT
<V>T,p,1v1 <V>T,p‘N] VI(TJ’)

where v, is the intensive molar volume of the solvent,
R=N,, kg is the molar gas constant, and N,,, is Avogadro’s
constant. Equation 6 may be rewritten as

]n“}2(T,p7X2) ~ In ygc(T’p70):ﬁ’urzes.,00(T’p7Nl’szl)
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From Eq. 1, the final expression assuming an infinitely dilute
solute is

+In
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Note that the last two terms in Eqs. 8 and 9 form a dimen-
sionless group, requiring that f; and f5 have the same units
as RT/vy. Throughout this study, f20 and f2S will have units
of Pa. As mentioned previously, fzs is a solute-dependent
constant, allowing relative solubilities (or partition coeffi-
cients) to be computed in the complete absence of knowl-
edge of the solid-phase fugacity. Converting the units of
concentration from mole fraction to molar density, the tradi-
tional expression to compute a partition coefficient via mo-
lecular simulation may be obtained.?*°

Combinatorial Correction. Following the work of Abrams
and Prausnitz in the development of the universal quasichemi-
cal (UNIQUAC) excess Gibbs free energy model,*26-3!
assume that In y, may be fundamentally interpreted as a sum
of a residual and combinatorial term. The residual term is the
result of intermolecular interactions, whereas the combinato-
rial term stems from the size dissimilarity of the solute and
solvent. The outcome of this subsection is the derivation of an
expression that neglects solute—solute interactions involved in
the residual term (as in Eq. 8) but accounts for the composition
dependence of the combinatorial term using only properties
computed at infinite dilution.

In the spirit of Debenedetti and Kumar,*? In 7, may be
expressed as a Maclaurin series expansion (MSE)

RT
Vl(Tap)

x2+(9(x§)

X2 —0

Oln 1
n9a(T, p,32) = 1nv3°<T,p,o>+( ’2)
X2 Tp

(10)

Maintaining only the first term in the expansion, Iny5°,
would be analogous to the infinite dilution approximation. In
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this light, the higher-order terms in the expansion may be
conceptually thought of as corrections to the infinite dilution
approximation. For the purpose of this study, Eq. 10 introdu-
ces a formalism by which Eq. 8§ may be improved.

In this study, Iny5® will be taken from Eq. 8, which
includes the residual and combinatorial contributions at
infinite dilution. For many of the problems of interest, a
large-size dissimilarity exists between the solute and solvent.
Therefore, it is reasonable to assume solute—solute interac-
tions, and, hence, the correction from the residual term is
negligible compared to the combinatorial correction. The
outcome of this assumption is that Iny5® will be corrected
via Eq. 10 using only the combinatorial term.

As a result of the ability to estimate the infinite dilution
partial molar volume of the solute without additional simula-
tion effort when computing p37* (as will be discussed mo-
mentarily) and its simplicity, the athermal Flory—Huggins
(FH) the:or)/26’33’34 will be used to model the combinatorial
(comb) contribution of In ),

In 75" (T, p, x2)=In (%2) —(r=1)¢, (11)

where ¢; and ¢, are the volume fraction of Components 1
and 2, respectively, and r is the ratio of the excluded volume
of Component 2 relative to Component 1. In this study, the
ratio of the excluded volumes will be estimated as the ratio
of the infinite dilution partial molar volume of Component 2
(v5°) relative to the molar volume of Component 1 (v?),
r=v5° /v(l). Furthermore, when computing the volume frac-
tions, the molar volume of Component 2 (vg) will be taken
as v5°. In this fashion, ¢;=x;/(x;+rxy) and ¢,=rx,/
(x1+rxy). Noting that x;=1—x,, the corresponding MSE of
Eq. 11 1s

comb

Iy (T, p,x2) & In 95" (T, p, 0)

N (_1)n+1 ) o
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where N is the order of the expansion, and the zeroth-order
term is In 5™ =In (r)—(r—1). Taking Iny3° from Eq. 8
and the correction terms in Eq. 10 from the combinatorial
contribution in Eq. 12 gives

RT

Iny, (T, p,x2)=Pus" (T, p,N1,Na=1)+In ———
V2T, p,x2) =Py (T, p, N1,Na=1) T

N (_ n+l

“InfH (T )+ Y= 1) (=1 (13)

n=1
This leads to the final expression for the equilibrium solu-
bility of Component 2

Inxy == 5™ (T, p,Ni,N,=1)~In +Infy (T, p)

RT
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=Y =) =1 (14

n=1

where the summation term may be seen as a combinatorial
correction to the infinite dilution solubility prediction (and
activity coefficient) given by Eq. 9 (and Eq. 8). However, as
compared to the infinite dilution expression, Eq. 14 will
require a trivial numerical solution to find x,. Note that alter-
native combinatorial expressions exist and may be applied to
correct the infinite dilution activity coefficient (see, e.g., the
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work of Kikic et al.*®). Also, as mentioned previously, £ is
a solute-dependent constant, allowing relative solubilities
(or partition coefficients) to be computed in the complete ab-
sence of knowledge of the solid-phase fugacity. However,
with Eq. 14, the partition coefficient is no longer a constant.

Computing the solid fugacity

Equations 9 and 14 each contain an (unknown) term
involving the pure solid solute fugacity. We now discuss
how this may be determined so as to obtain predictions of
the equilibrium solubility. First, we will consider computing
Infs /Y. This is advantageous, as it has previously been
considered numerous times in the literature.*%2%3% Next, we
will consider computing InfY. In general, the vapor pressure
of the pure subcooled liquid below the normal melting point
is small.>’ Therefore, it is reasonable to assume that the
vapor-phase in equilibrium with the pure subcooled liquid
may be approximated as an ideal gas. For this case,
Infd=Inp)™, where p9™ is the vapor pressure of the pure
subcooled liquid. This is advantageous as many efforts have
been devoted to correlating and estimating the vapor pres-
sure of pure liquids.37 Once In fzS /f20 and In f2° are known,
Inf is known.

Computing Inf5 /f7.

By definition of the fugacity®®

fz (T,p) _ 1 g 1
f2 T.p) ﬁuz(T,p) RT —13(T,p)
1 1
=27 S(T.p)— Rng(T,p)=— —Ag““ (T.p) (15)

where ug and ,ug are the chemical potential of Component 2
in the pure solid and subcooled liquid states, respectively,
which for a pure species are equivalent to the corresponding
molar Gibbs free energies, given by g5 and g, respectively,
and Agl's is the molar Gibbs free energy change of fusion.
The Gibbs—Helmholtz relation may next be applied to give®

OAg" (T,p)/RT\ _ _ AWS(T,p)
or ) RT?

(16)

where A is the molar enthalpy change of fusion. As
Commonly done in the literature,*®%63° assume that the
difference in heat capacity between the subcooled liquid and
solid (Acf,”s=cg—cg) is insensitive to temperature between
the temperature of interest (7) and the normal melting point
temperature (T},,). Integrating Eq. 16 from T, to T gives the
following expression™©20-¢

W BTp) AW (T, p) = A T [T-To] A T
£(T.p) R 71| R T

A7)

Via Eq. 17, In f2 / f2 may be computed with knowledge of
Ty ARYS at Ty, and Acg“ Note that when integrating Eq.
16 from Twm to T, we have ignored any enthalpic contribu-
tions resulting from transformations of the crystalline struc-
ture; this information is likely unavailable for novel
molecules of interest. T, and Ak at T,, are propertles that
may readily be computed by molecular simulation.®® How-
ever, presently, such simulations are challenging as one must
first know the crystal structure either from experiment or by
some other predictive means, and accurately modeling the
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solid-phase is challenging using conventional force
fields.">'”' In the absence of experimental data, the values
may alternatively be estimated using GC methods. In this
study, values computed using the GC method of Gani and
coworkers®* will be used and compared to values taken from
experiment. Equation 17 offers the flexibility of using any
number of approaches to estimate the necessary parameters.

Several methods have been proposed to estimate
Aclus #6.26,36.39.40 1 g study, we will consider five differ-
ent methods. For the first three cases, the notation of Nord-
strom and Rasmuson® is adopted

Any* (Twm, p)

T. 18

Ac;us C
where ( is a known constant. For the case of (=0, Ac'f]“S =0,
and Ahg“‘s is, therefore, assumed to be constant over the
temperature range of interest. This would produce the result
that In fzs /f20 changes linearly with 7~ ' and is analogous to
the Clausius/Clapeyron equation often used to correlate
the vapor pressure of liquids over narrow temperature
ranges.””*' The case of (=1 was proposed by Hildebrand
et al.’® using simple thermodynamic relations assuming that
Ac™ is a constant. The third case considered was proposed
by Nordstrom and Rasmuson,6 where { was treated as a
universal, empirical constant. At 298.15 K, they report
{=1.897, which was found by regressing to 115 tempera-
ture-dependent solubility curves for a wide range of indus-
trial and pharmaceutical solids.

The last two methods considered are based on the GC
method of Chickos and coworkers.***° First, it is assumed that
A =0(To,p)~(To.) (19)
where Ac™ is equal to the corresponding heat capacity dif-
ference at Tp=298.15 K. Chickos and coworkers***® have
also proposed an empirical expression to use to compute
Ahg“S at Tp=298.15 K when Ahg“S at T,, is known. Assum-
ing that the heat capacity is constant, an effective heat
capacity difference may be extracted from their expression

Ach™ =Aé ' =983+026¢) (To,p) —0.15¢5 (To,p) ~ (20)

where 9.83 has units of J/mol K, and the two prefactors are
dimensionless. The values of ¥ and cg are calculated using
the GC method of Chickos and coworkers.**°

Computing Infy. To compute Infs via Eq. 17, Infy must
be known. In general, the vapor pressure of the pure sub-
cooled liquid below the normal melting point is small.*’
Therefore, it is reasonable to assume that the vapor-phase in
equilibrium with the pure subcooled liquid may be approxi-
mated as an ideal gas. For this case, InfY=Inp)™, where
pYy™ is the vapor pressure of the pure subcooled liquid.
Many efforts have been devoted to correlating and estimat-
ing the vapor pressure of pure liquids, and the interested
reader is directed to chapter seven of the text “The Proper-
ties of Gases and Liquids,” by Poling et al.¥’ Vapor pressure
data obtained from experiment or from molecular simulation
above the normal melting point may be extrapolated to the
subcooled liquid conditions.>”** Although molecular simula-
tions to compute solid—liquid and solid—vapor phase equili-
bria properties are challenging, simulation capabilities have
advanced to efficiently compute vapor—liquid phase equili-
bria properties of highly complex fluids.***° Alternatively,
parameters computed using GC methods may be used. In
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this study, we will adopt the GC method of Gani and
coworkers®* to estimate In 3 /fY as a result of the previously
mentioned challenges of modeling the solid-phase. There-
fore, we will additionally use the GC method of Gani and
coworkers to estimate Infy. To accomplish this, we will use
the Clapeyron equation*' in conjunction with the Watson
equation,”” which is particularly well suited for use with the
GC method of Gani and coworkers to model the vapor pres-
sure between the normal boiling point temperature (7}) and
the temperature of interest (here 7=298.15 K). Although
accurate corresponding state theories exist, their application
is commonly limited to a particular class of compounds.®’
Alternatively, the proposed method is free of this constraint.
We begin with the rigorous Clapeyron equation*'

dinps  ARY®
dT ~ RT?AZS™

1)

where p§' is the vapor pressure and A" is enthalpy of

vaporization of Component 2 at saturation, and AZ," is the
compressibility-factor change of vaporization of Component
2. If the temperature and pressure dependence of Aky™ and
AZ}™ are known in addition to a single saturation point (i.e.,

%0 at a given T), Eq. 21 may be used to estimate p)*"

D5 . In
this study, Ahzap will be estimated using the Watson
equation”’42
T _T n
AR =ARYY [ == 22
2 2.b TC_Tb ( )

where T is the critical temperature and AhyY is the enthalpy

of vaporization of Component 2 at Ty. n is a constant, and a
common choice is 0.375 or 0.38.%7*? In the work of Miller,42
the Clapeyron equation was integrated numerically using the
Watson equation with n=0.38 and with AZ}* modeled with
a temperature- and pressure-dependent expression due to
Haggenmacher. Miller found that over the (low) pressure
range from approximately 0.1 to 2 MPa, the predictions
were in excellent agreement with experiment for a wide
range of compounds.

For the low pressures of interest in this study (less than
0.1 MPa), a reasonable approximation to simplify the
Clapeyron equation is to assume that the vapor-phase is an
ideal gas and that the molar volume of the liquid is negligi-
ble compared to the molar volume of the vapor. This is
equivalent to assuming that AZy** =1.*' Although 7 in Eq.
22 is commonly taken to be 0.375 or 0.38, with knowledge
of Ay at any T other than Ty, a unique value of n may be
computed.

The final expression to estimate pg’sm at the temperature
of interest (T) is found by integrating Eq. 21 from the nor-
mal boiling point to the saturation point at T to give

0,sat T vap
Ah

n (P2 :J 2_ar (23)
P 2.b Ty RT

where by definition, the vapor pressure at Ty, is

p5%=0.1MPa. Note that with use of Eq. 22, the integral in
Eq. 23 may not be evaluated analytically.

Computing solution-phase thermodynamic quantities

An expanded-ensemble (EE)*— procedure was used to

compute the residual chemical potential of the solute. The
adopted methodology is described in detail in our previous
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work,” so only a brief summary of the essential concepts
and modifications from our previous work are provided here.
The basic idea behind the EE method is to construct an
augmented ensemble as a sum of a reference and M, Sub-
ensembles. This series of Mty +1 subensembles connects
two systems of interest by gradually performing transitions
between the two systems. In this work, the systems of inter-
est are a noninteracting solute molecule (Component 2) in an
ideal gas reference state at a fixed density at T (governed by
the ensemble average volume of the pure solvent at T and
and a single fully interacting solute molecule in
the solvent at T and p. The free energy difference between
these two systems gives the residual chemical potential of
the solute. The intermediate subensembles between the non-
interacting and fully interacting solute subensembles serve to
scale only the intermolecular interaction potential of the sol-
ute. A specific subensemble is designated by index m, where
the solute intermolecular Lennard-Jones (LJ) and electro-
static interactions are regulated by the subensemble-depend-
ent coupling parameters A=’ and /%%, respectively. These
coupling parameters vary such that 0 < /lkf <1 and
0 <28 <.

Within a given subensemble, configurational-phase space
is sampled using MD in an NpT ensemble. Periodically, a
stochastic transition to an adjacent subensemble is attempted.
The transitions are accepted based on an appropriate MC ac-
ceptance rule.’® However, as the free energy difference
between subensembles increases, the probability of accepting
a transition decreases exponentially. This difficulty is over-
come using a biasing scheme’' that utilizes a combined
Wang—Landau (WL)>™* and Bennett’s acceptance ratio
(BAR)*™® method.>°

The EE procedure has advantages over conventional MD
methods in that it decreases the configurational correlation
time of the system, enhances the sampling of the important
regions of configurational-phase space, and requires only a
single simulation.’® If necessary, EE may also be used to
enhance conformational sampling of complex solutes.” The
free energy difference between subensembles was computed
using BAR.*® Moreover, in this study, perturbation theory
was used to estimate the difference in volume between
subensembles as®’

Vn(TapaNhNZ)_VO(Tap?Nl:N2)

_ (Va(x)exp (=BlUn(x) =Uos(x)])),
(oxp (Bl —To)), oo G

where V,,—V,, is the difference of the ensemble average vol-
ume between subensemble n and o, respectively, V,(x) and
Vo(x) correspond to the instantaneous configurational value
of the volume in subensemble n and o, respectively, U,(x)
and U,(x) correspond to the instantaneous configurational
value of the potential energy in subensemble n and o,
respectively, and the brackets correspond to an ensemble av-
erage taken with respect to the probability distribution of
subensemble o, as indicated by the subscript. While the dif-
ference in volume between subensembles could be computed
by taking ensemble averages within each subensemble, use
of Eq. 24 decreases the bias of the calculation by computing
the difference from the same probability distribution.®’ The
difference in Gibbs free energy and volume between the tar-
get (m=Mroy) and reference (m=0) subensemble is com-
puted as the sum of the computed (M) differences of the
property between each subensemble. By finite difference
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arguments and standard thermodynamic definitions,'>*"28

the computed difference between the target and reference
subensemble gives the residual chemical potential (15*) and
the partial molar volume (v,) of the solute.

Summary

In summary, the two expressions used to estimate the
equilibrium solubility of a solid, nonelectrolyte solute are
Egs. 9 and 14, which correspond to the infinite dilution
approximation and the combinatorial correction, respectively.
For both of these cases, f5 is required and is calculated via
Egs. 17, 22, and 23, which require the following pure com-
ponent properties: AhY at Ty, Tp, Acf,”s, Tos Ah;if ,and T..
Also, rather than assuming » in Eq. 22 is a universal con-
stant, a unique value may be estimated with knowledge of
AR at a reference temperature Ty (A3 ). In addition, for
both cases, "> and v, are computed via molecular simula-
tion. Lastly, for the combinatorial correction, v5° is also

computed via molecular simulation.

Simulation Details

All of the EE calculations were performed with a modified
version of the MD simulation package M.DynaMix 5.2.5%3
For simulations involving water, L] interactions were trun-
cated at a distance of r.,=1.45 nm, and for all other cases,
LJ interactions were truncated at a distance of r.,,=1.60 nm.
Standard uniform fluid tail corrections were applied to both
the energy and the pressure, assuming g(r)=1 beyond the
cutoff.®* For interactions between unlike LJ sites, Lorentz-
Berthelot®* combining rules were used. Electrostatic interac-
tions were evaluated with an Ewald summation with tin foil
boundary conditions,®* with real space interactions truncated
at 7oy A damping parameter of a=mn/r., was used, and the
maximum number of reciprocal space lattice vectors was set
by Knax=coL, where L is the box length of the cubic simula-
tion cell.® Integration of the equations of motion was per-
formed with the multiple-time step method of Tuckerman
et al.°® in Cartesian coordinates. A short time step of 0.2 fs
was used for all intramolecular degrees of freedom and non-
bonded interactions within a cutoff of rg.=0.8 nm, and a
time step of 4 fs was used for all other interactions. An
Andersen thermostat®” was used with the collision time for
the thermostat set to 0.5 ps for water and 1.0 ps for all other
cases. An Andersen—Hoover barostat®” % was used with the
time constant for the barostat set to 1.5 ps. Modifications to
M.DynaMix include implementation of the Andersen ther-
mostat, the “soft-core” potential,’®~"? separate decoupling of
LJ and electrostatic solute intermolecular interactions for EE
calculations, WL-BAR, modification of the Ewald summa-
tion with EE fractional particles,50 and other minor
additions.

With the exception of water, all of the force fields were
optimized to reproduce vapor-liquid phase equilibria proper-
ties, making their use appropriate for this study. All of the
alcohol solvents were modeled with the United-Atom Trans-
ferable Potential for Phase Equilibria (TraPPE-UA) force
field of Siepmann and coworkers.”>””> The nine alcohols
studied were: methanol, ethanol, 1-propanol, 1-butanol, 1-
pentanol, 1-hexanol, 1-heptanol, 1-octanol, and 2-propanol.
The solvents composed of benzene, pyridine, and thiophene
were modeled with the TraPPE Explicit-Hydrogen (TraPPE-
EH) force field.*>’®7" The phenanthrene solute was also
modeled with TraPPE-EH. Acetone and 2-butanone were
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modeled with both TraPPE-UA’® and the model of Kamath,
Georgiev, and Potoff (KGP).79 KGP modified the TraPPE-
UA ketone model by optimizing the carbonyl group parame-
ters to reproduce the vapor—liquid phase equilibria properties
of a binary acetone—chloroform system. A chloroform sol-
vent was also studied and modeled using the KGP force
field. 1,4-Dioxane was modeled with the force field of
Yazaydin and Thompson.*”

Save for 1,4-dioxane, all of the mentioned models contain
rigid bond lengths and for TraPPE-EH, also contain rigid
bond angles. To avoid the use of constraints during the MD
simulations, missing harmonic bond and angle parameters
were introduced. For the alcohol and ketone models, the
alcohol H—O stretch was taken from AMBER Parm99,81
and all other harmonic bond parameters were taken from the
united-atom Gromacs (ffgmx) force field from Gromacs
4.05.8% For chloroform, benzene, and pyridine, all missing
bond stretching, angle bending, and dihedral parameters
were taken from the OPLS-AA® (ffoplsaa) force field within
Gromacs 4.05. For thiophene, all missing bond stretching,
angle bending, and dihedral parameters were taken from the
general AMBER force field (GAFF).3>8¢ For phenanthrene,
all intramolecular parameters were taken from GAFF.

Water was modeled with the simple point charge flexible
water (SPC/Fw) model.¥” In this model, the nonbonded pa-
rameters are taken from the rigid SPC model, and the intra-
molecular parameters are optimized to reproduce the
experimental properties of bulk water at ambient condi-
tions.?” As compared to the conventional, rigid SPC water
model, it has been shown that the introduction of flexibility
has a similar effect as the increased partial charges used by
the rigid extended SPC (SPC/E) model.3 % As an outcome,
the static dielectric constant of the SPC/Fw model and the
predicted vapor-liquid coexistence properties are in better
agreement with experiment as compared to both the SPC
and the SPC/E models.*”™ In addition, the flexibility of the
model allows for the model to alter its conformation (and
ultimately dipole moment) in response to perturbations to its
environment.®® Overall, the model should be well suited for
this study.

To increase the MD time step of the EE simulations,
the mass of the studied molecules was redistributed.”®”! The
procedure involved redistributing a small amount of
the mass of carbon and oxygen atoms bonded to a hydrogen
to slow the corresponding vibrational frequency and to
increase the simulation stability. For chloroform, the hydro-
gen atom mass was increased by 2 Da, and the masses of
the three chlorine atoms were decreased to compensate.
Moreover, the mass of the heavy sulfur (in thiophene) and
chlorine (in chloroform) atoms were scaled by a factor of 1/
2. Note that while manipulating the mass of the molecules
alters the dynamics of the system, it has no effect on the sal-
vation-free energy.’”**?! All of the force field files (which
include atomic masses) used in this study are provided in the
Supporting Information.

For each solute (phenanthrene)/solvent system studied,
five independent simulations were performed. The systems
were set up by randomly inserting a gas phase minimized
phenanthrene molecule into five previously equilibrated pure
solvent boxes for each of the systems studied. The number
of solvent molecules was chosen to give a cubic box length
of ~3.2 nm for water and 4.0 nm for all other solvents.””
The velocities of each of the systems were initialized from a
Maxwell-Boltzmann distribution with a unique seed to the
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random number generator. Production runs were carried out
in an EE-NpT ensemble at 298.15 K (25°C) and 0.1 MPa.
All production runs were 24 ns in duration. Each of the five
independent simulations for each system was initialized with
a unique random seed for the random number generator used
by the thermostat and for the MC random walk in
subensembles.

All of the systems began in the reference subensemble. In
the reference subensemble (i.e., ideal gas state), m=0, the
solute is noninteracting with the rest of the system ()%J =0
and /5 =0). The solute was taken from the reference sub-
ensemble to the target subensemble, m=Mry, With a fully

interacting solute molecule (AEMI :1”116\/116;‘“ =1) by first

bringing the intermolecular LJ interactions to full strength
and then adding in the intermolecular electrostatic interac-
tions. The addition of the LJ and electrostatic interactions
were performed separately in My;=15 and M...=4 steps,
respectively, for a total of Mryym=19 steps. For the M,
steps, the intermolecular electrostatic interactions were
turned off, and the intermolecular LJ interactions were
strengthened as A ={0.05,0.10,0.20, 0.30, 0.40, 0.50, 0.60,
0.65,0.70,0.75,0.80,0.85,0.90,0.95,and 1.0} over the range
1<m<15 using a modified “soft-core” potential.m_72 Next,
the intermolecular electrostatic interactions were strength-
ened as iﬁiec ={0.25,0.50,0.75,and 1.0} over the range
16<m<19. The intermolecular subensembles were chosen to
agree with the previous work of Mobley et al.”? Details
regarding the coupling/decoupling of intermolecular interac-
tions with both Ewald summation and the “soft-core” poten-
tial may be found in our previous work.>

Attempts to change subensembles were made every 24 fs.
Over the first 0.5 ns, the MC random walk was carried out
with WL biasing, in which the WL weight factor was ini-
tially taken to be vwp=0.5 and reduced as vi =0.25099
every 0.1 ns. During the entire course of the simulation,
transition energies (in both directions) were computed each
time a transition between subensembles was attempted/pro-
posed, and new subensemble weights were computed from
BAR every 0.5 ns.>” Additionally, each time a transition was
attempted/proposed, the potential energies and volumes nec-
essary for Eq. 24 were saved for postsimulation analysis. All
of the reported thermodynamic quantities from the EE simu-
lations are taken as the average value computed in the five
independent simulations, and the uncertainty is taken as one
standard deviation.

Results and Discussion
Accuracy of the combinatorial correction

It is informative to begin by evaluating the performance
of the proposed combinatorial correction to the infinite dilu-
tion activity coefficient. First, in Figure 1, the analytic FH
theory (Eq. 11) is compared to the corresponding MSE (Eq.
12). Note that for a given value of r, the infinite dilution
term in the MSE is a constant and simply shifts vertically
the resulting curve of In 9, vs. x,. Therefore, the results will
shed insight into the range of applicability of the combinato-
rial correction when used with molecular simulation. In the
top pane of Figure 1, the case of r=2 is considered. Using
an 11th-order expansion, the MSE is in excellent agreement
with the analytic FH theory up to x,=0.6. As compared to
the infinite dilution approximation at x,=0.6, the 11th-order
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Figure 1. A graphical comparison of In y, given by the
analytic athermal FH theory (Eq. 11) and the
corresponding MSE to Nth order (Eq. 12).

Note that the infinite dilution approximation (Iny3)
corresponds to a zeroth-order expansion. The top pane
considers the case of r=2, and the bottom pane considers

the case of r=8. [Color figure can be viewed in the online
issue, which is available at wileyonline library.com.]

expansion predicts that In 7y, is greater by ~0.3 In units. In
the bottom pane, the case of r=8 is considered, and it is
shown that an 11th-order MSE is in excellent agreement
with the analytic FH theory up to x,=0.1. For this case, at
Xx,=0.1, the infinite dilution approximation and the 11th-
order expansion differ by ~2.5 In units, an appreciable devi-
ation. It is impressive that the MSE is applicable to such a
degree. Additionally, from Figure 1, it is advisable to use an
odd order expansion. For even order expansions, In y, pre-
dicted using a MSE goes through a maximum, which would
cause uniqueness issues when solving for In y, and would be
undesirable for this study.

Next, in Figure 2 the ability of the combinatorial correc-
tion (Eq. 13) to predict the activity coefficient of phenan-
threne in chloroform is compared to simulation results for
phenanthrene at finite concentrations (Eq. 5). All of the sim-
ulation data for all of the systems at infinite dilution are con-
tained in Table 1, and the simulation data for phenanthrene
at finite concentrations in chloroform are contained in Table
2. Note that for convenience in Table 2, the relevant molar
volume of the system, v*, is defined as

<V>T,p,N1 No—1Navo

V*(T7P,N1,N2): N1+N2

(25)

Within Figure 2, the circles correspond to the finite con-
centration simulations (Eq. 5), and the dotted (red) horizontal
line corresponds to the infinite dilution approximation (Eq.
8). As expected, the discrepancy between the finite concen-
tration simulation results and the infinite dilution approxima-
tion becomes more pronounced as the concentration of
phenanthrene is increased. For a phenanthrene concentration
of x,=0.2505, the finite concentration and infinite dilution
results differ by ~0.6 In units. Also within Figure 2, results
are obtained using the combinatorial correction (Eq. 13) with
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Figure 2. A comparison of the composition depend-
ence of ln72+lnfg for phenanthrene(2) in
chloroform(1) computed by performing refer-
ence (ref) simulations at finite concentrations
of phenanthrene (Eq. 5), using the infinite
dilution approximation (Inf, Eq. 8), and using
the combinatorial correction (Comb, Eq. 13)
with a seventh-order expansion.

Cases (a)—(c) for the combinatorial correction corre-
spond to use of r=2.5, 2.8, and 3.0, respectively, as
described in the text. f} has units of Pa. [Color figure

can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

a seventh-order expansion. A seventh-order expansion was
used as higher-order terms are negligible for the value of r
and composition range of interest. Three cases are plotted
for the combinatorial correction wherein each case is unique
in the value of v3° used. For (a), ¥3°=200cm?/mol and
r=2.5, which is computed from the simulation of phenan-
threne in chloroform at infinite dilution. For (b),
\7§C=\3;o=2200m3/m01 and r=2.8, which is the average
value of v§° computed in all of the systems considered at
infinite dilution. For (c), \7‘2”:{72:240 cm’ /mol and r=3.0,
which is the average value of v, computed in all of the sim-
ulations of phenanthrene in chloroform. For all three cases,
the results obtained are in excellent qualitative and quantita-
tive agreement with the finite concentration simulation
results. However, it is apparent that the results are sensitive
to the value of v5° used. Be that as it may, within the uncer-
tainty of the finite concentration simulation results, all three
cases are in quantitative agreement with the simulation
results. Clearly, the proposed simple combinatorial correction
to the infinite dilution activity coefficient greatly improves
the range of applicability of the simulation results. Also,
note that the computed value of v5° differs from the experi-
mentally measured value for the same system of
¥5°=155.2cm 3 /mol 2% As a result of the sensitivity of Eq.
13 on v5° and the uncertainty of the computed value of v5°
in this study, a future study will be necessary to find the pre-
ferred method of calculation. It is also interesting to note
that the estimate of the subcooled liquid molar volume of
phenanthrene at 298 K estimated using the GC method of
Gani and coworkers® is v,=152 cm?/mol, in good agree-
ment with the experimental value of v5°.
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Table 1. A Summary of the Dimensionless Residual Chemical

Potential (Bp5™'“) and Partial Molar Volume of Phenanthrene

at Infinite Dilution (v3), and the Molar Volume of the Solvent
(v1) Computed Via Molecular Simulation

Solvent 15 v5°(em?/mol)  vi(cm?/mol)
Methanol —17.4%+0.1 19020 40.88+0.03
Ethanol —17.8+0.1 150+10 58.77%0.05
1-Propanol —18.07+0.08 180£10 75.57%+0.06
1-Butanol —18.43+0.09 190+20 92.36:0.07
1-Pentanol —18.6+0.1 18030 108.80+0.04
1-Hexanol —18.9+0.2 170+30 125.13£0.07
1-Heptanol —19.120.2 180£40 141.2%+0.1

1-Octanol —19.4%+0.3 160+40 157.0=0.2

2-Propanol —17.320.2 190£30 77.2%0.1

Water —5.8%0.2 21060 17.96=0.01
Chloroform —22.17+0.06 20030 78.89+0.02
Acetone® —20.0%0.1 210=10 74.21+0.08
Acetone” —20.82+0.08 20020 74.8%0.1

2-Butanone® —20.26+0.08 220%20 91.09=0.03
2-Butanone® —20.7%0.1 220£20 91.50%+0.07
Benzene —20.1%0.1 410£70 89.56+0.09
Pyridine —20.6+0.1 400100 82.84+0.02
Thiophene —20.7+0.2 280%20 80.07=0.03
1,4-Dioxane —20.3+0.2 28030 85.91x0.05

“Using the KGP ketone model.
Using the TraPPE-UA ketone model.

Computing the solid fugacity

Computing In f25 / fzo . While solution-phase properties
of the solute may readily be computed using molecular sim-
ulation, computing the solubility of the solute also requires
the determination of Inf, a property of the pure solid solute.
First, focus will be given to the calculation of In  f3/f2 at
298.15 K. Although T,, and Ak at T, may in principle be
computed by molecular simulation,® such simulations are
challenging as one must first know the solid solute crystal
structure. Early in the design process, the experimental crys-
tal structure is likely unknown, and methods to predict the
crystal structure a priori have not yet advanced to make
accurate predictions.95 As an alternative, in this study the
GC method of Gani and coworkers® was used to estimate
Ty, and Ahg”s at Ty, using the parameters found using the si-
multaneous fitting procedure.

In Table 3, comparison is made of T, and Ahg“S at T,, for
phenanthrene from experiment and estimated using the GC
method of Gani and coworkers. Throughout the manuscript,
agreement with experiment is quantified by computing the
mean percent deviation (MPD), defined as

Table 2. A Summary of the Simulation Conditions, the
Dimensionless Residual Chemical Potential (fp5*) and
Partial Molar Volume (v,) of Phenanthrene, and the
Relevant Molar Volume of the System (v*, Eq. 25) Computed
Via Molecular Simulation for Phenanthrene(2) in
Chloroform(1) at Finite Concentrations

X, [mol frac] N; N, Buies v2(cm?/mol) v*(cm?/mol )

0.0021 477 1 —22.17x0.06  200%30 78.72+0.02
0.0502 454 24 —21.9%0.1 190£30 82.26+0.05
0.1004 430 48 —21.8%0.2 230*40 86.03+0.05
0.1506 406 72 —21.7%0.1 240=£30 89.88+0.03
0.2008 382 96 —21.5%0.1 320*30 93.73x0.05
0.2505 359 120 —21.4=*0.2 260+50 97.56+0.07
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Table 3. A Comparison of the Thermophysical Properties of
Phenanthrene from Experiment (Exp) and Estimated Using

GC Methods
Property Exp GC MPD (%)
Ty (K) 613.45" 609.021 0.7
T. (K) 869.25 867.781 0.2
Ty (K) 372.38 373.087 0.2
1™ (kJ/mol) 16.46 15.881 35
10 (kJ/mol) 70.40° 75.495
h*® (kJ/mol) 54.04 56.521 4.6
0 (em®/mol) 167° 152
%(J/mol K) 351.8° 279.2
c;(J/mol K) 190.3¢ 208.96

All of the experlmentdl data are from Yaws’ Handbook.”® The GC estimates

for (p and cp are at a temperature of 298.15 K and were computed using the
GC method of Chickos and coworkers.**** All of the other GC properties
were computed using the GC method of Gani and coworkers. 2

Using the Cox equation of Ruuzicka et al.”’ and finding where p**=0.1
MPa T,=607.54 K.

"Experimental data at 372 K.

Experlmental data at 382 K.

YExperimental data at 270 K.

100 pred exp
Z |~ | (26)
i=1

where yP™® and y**P are the value of the property of interest

predicted (pred) and from experiment (exp), and N is the
number of data for which comparison is made. The agree-
ment between the GC method and experiment is very satisfy-
ing. The MPD for T,, was 0.2%. With knowledge of the
experimental crystal structure, 7, predicted via molecular
simulation using conventional force fields can deviate from
experiment by up to 20% for small aromatic compounds.38
The MPD for Ah* at T,, was found to be 3.5%. Via molec-
ular simulation, deviations from experiment can be greater
than 10% for small aromatic Compounds.38 Therefore, in the
complete absence of experimental data, the GC method
appears to perform at least as well as molecular simulation.
However, note that phenanthrene is a common industrial
compound and is likely included in the parameterization of
the GC method. Nonetheless, the method has been validated
and tested on a wide range of compounds with good agree-
ment with experiment,24 suggesting its appropriateness in
this study.

Table 3 also includes values of the heat capacity of the
solid (c3) and subcooled liquid (c0) at 298.15 K_estimated
using the GC method of Chickos and coworkers.*>** Com-
parison to experimental values is challenging as a result of
the difficulty of the corresponding experiments.*®?**® An
experimental value of ¢S is available from Yaws’ Hand-
book?® at 270 K. The deviation from experiment of the esti-
mated value at 298.15 K is 9.8%. The experimental value
reported for cg from Yaws’ Handbook” is at 382 K. Given
the nearly 100 K difference between the experimental value
and the GC estimate, a quantitative comparison is not war-
ranted. However, the predicted value appears to be reasona-
ble. A summary of the calculation of all of the GC
properties used in this study are contained in the Supporting
Information.

A summary of In £ /f2 estimated at 298.15 K via Eq.
17 and the various approximations for Ac™ are summarized
in Table 4. For each of the five methods to estimate Ac”‘S a
reference (ref) estimate of In f2 /f2 was computed usmg
the experimental values of T, and Ahf“‘ at T, and a GC
estimate was made using estimated parameters. A compari-
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son of both estimates is made to the experimental (exp)
result Computed using the accurate Cox equations of Ruu-
zicka et al.”” and assuming In 5 /f9=In  p3** /p3**". For
all cases considered, the MPD was found to range from
approximately 3 to 25%. As one might expect, for all of the
methods to estimate Aclf;‘s, the MPD of the ref estimate is
lower than the GC estimate. However, the GC estimates are
quite good and are likely suitable for design purposes. Con-
sidering just the GC estimates, the MPD was found to range
from 5.7 to 25.0%. Having shown that the MPD of the GC
estimate for Ahg”S at T, was 3.5%, the GC estimates are
quite impressive. GC appears promising for design purposes
for which molecular simulations are challenging, and experi-
mental data are absent.

Computing lnfzo . We next consider the prediction of
lnfzo. Once In fzs /fz0 and In f20 are known, lnfzS is known.
In Table 3, comparison is made of Ty, T, Ay}, and Ahy™
at T,=298 K (Ahvap) from experiment and estimated using
the GC method of Gani and coworkers.>* For both T, and

T., the GC estimates are excellent, with MPDs of 0.7 and
0.2%, respectively. For ARy, the GC estimate deviates
from experiment by 4.6%, which corresponds to ~2.5 kJ/
mol. The agreement with experiment for these properties is
comparable to the agreement found by Rai and Siep-
mann’®"’ in the parameterization of the TraPPE-EH force
field for aromatic compounds, again suggesting that the GC
method appears to perform at least as well as molecular sim-
ulation for pure component property prediction.

Next, lnf20 may be estimated via Egs. 22 and 23. As
before, a reference (ref) estimate was computed using the ex-
perimental values of Ty, T, Ah;f‘lf , and Ah;’g , and a GC esti-
mate was made using estimated parameters. A comparison
of both estimates is made to the experimental (exp) result
computed using the accurate Cox equation of Ruuzicka
et al.”’ for liquid phenanthrene. All of the results are pre-
sented in Table 5. First, in the top of Table 5, comparison is
made at 372 K. This is informative, as it corresponds to the
experimental T}, and is the lowest temperature for which the
liquid experimental vapor pressure and enthalpy of vaporiza-
tion are available. Note that the lowest experimental temper-
ature considered by Ruuzicka et al.”” was 373 K, and the
results are, therefore, extrapolated 1 K using the accurately
parameterized Cox equation. Rather than assuming n is a
universal constant, a unique value was computed for our ref
and GC estimates. When computing n for the ref estimate,

Table 4. A Comparison of In  fJ/f? for Phenanthrene at
298.15 K Computed Directly from Experimental (Exp)
Vapor Pressure Data®” and Computed from Both a Refer-
ence (Ref) and a GC Estimate Using Eq. 17

—In_ £/f7
Exp Ref MPD (%) GC MPD (%)
(=0 1.3649  1.3236 3.0 1.2868 5.7
(=1 1.3649  1.1819 134 1.1479 15.9
(=1.897 1.3649  1.0548 22.7 1.0233 25.0
Ac}f,““ GC 1.3649  1.0984 19.5 1.0576 22.5
Aé;“s GC 1.3649  1.1599 15.0 1.1201 17.9

The reference approach uses experimental values of T, and AhYS at T,
whereas the GC method uses values estimated using the GC method of Gani
and coworkers.”* Additionally, use of Eq. 17 with five different approaches
to estimate Ac!™ was used, as descrlbed in the text. The { estimates corre-
spond to Eq. 18, and Ac‘“’GC and A¢ uQGC correspond to Egs. 19 and 20,
respectively.

fus
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Table 5. A Comparison of Inf for Phenanthrene at 372 K
(T, and for InfY and Inf5 at 298.15 K Computed Directly
from Experimental (Exp) Vapor Pressure Data’” and Com-
puted Using Both the GC Properties of Gani and
Coworkers?* in Addition to Using the Reference (Ref)
Thermophysical Properties from Yaws’ Handbook®®
(see Table 3)

Exp Ref MDP (%) GC MDP (%)
Inf) atT=372K

3.3347° 3.3571 0.7 3.2244 33
Inf? at T=298.15K

—2.6091 —2.4544 59 —2.6845 2.9
Infy atT=298.15K

—3.9740 —3.7780 4.9 —3.9713 0.1

For the low pressures of interest, we assume that f0=p)™ and f5=p5*"

The experimental data are from the accurate Cox equations of Ruuzicka
et al.,”” parameterized over the range of 371-512 K for the liquid-phase and
200-363 K for the solid-phase. For all cases, f; and f5 have units of Pa.
“This agrees well with the value of Infy=3.3460 from the vapor pressure
data in Yaws’ Handbook.”®

ARy was at 372 K and was at 298 K for the GC estimate.
We find that both the ref and the GC estimate are in excel-
lent agreement with experiment. The deviation with experi-
ment is 0.7 and 3.3% for the ref and GC estimate,
respectively. The excellent agreement gives confidence in
the proposed equations used to estimate Inf}.

In the middle of Table 5, comparison is made at
298.15 K, where phenanthrene is a subcooled liquid. For this
case, the experimental value is an extrapolation from the ex-
perimental temperature range of 373-512 K using the accu-
rately parameterized Cox equation.97 Once again, both the
ref and the GC estimates are in excellent agreement with
experiment. The deviation with experiment is 5.9 and 2.9%
for the ref and GC estimate, respectively. The MPD of the
GC estimate at 298.15 and 372 K are comparable, with the
vapor pressure underestimated in both cases. The level of
agreement is quite satisfying considering the experimental
vapor pressure at 298.15 K is 7.3 X 10~ 2 Pa, and the GC
estimate is 6.8 X 107 * Pa; note that the vapor pressure is
seven orders of magnitude smaller than atmospheric pressure
(1.0X10° Pa).

Computing In fQS . Having calculated In f20 and In fzs /f20
at 298.15 K, in the bottom of Table 5, we compare our ref and
GC estimate of Infy to experiment. For both the ref and the
GC estimates, In 5 /f calculated with (=0 is used, as it
yielded the closest agreement with experiment for both cases.
Once again, both the ref and the GC estimates are in excellent
agreement with experiment. The deviation with experiment is
4.9 and 0.1% for the ref and GC estimate, respectively. For
the ref estimate, InfY and In  f3 /£ at 298.15 K were both
overestimated with MPDs of 5.9 and 3.0%, respectively, and
In fzs is in turn also overestimated with an MPD of 4.9%. On
the other hand, for the GC estimate, In f20 is underestimated
with an MPD of 2.9% and In fzs / f20 is overestimated with an
MPD of 5.7%. Therefore, the low MPD of 0.1% for lnf2S
results from a fortunate cancellation of errors. Future testing
will be necessary to determine the accuracy with which GC
estimates may be made for other solutes, but the results of
this study are promising.

Solubility predictions

Molecular Simulation. All of the necessary properties
computed at infinite dilution via molecular simulation for
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phenanthrene in each solvent of interest are summarized in
Table 1, and the computed solubility data are summarized in
Table 6. The value of In f23 was computed using GC proper-
ties, as discussed in the previous subsection. When predict-
ing the solubility using the combinatorial corrected infinite
dilution activity coefficient (Eq. 14), two cases are again
considered. For (a), v5° is computed from the simulation of
phenanthrene in the solvent of interest at infinite dilution.
For (b), \7‘2”:\%;0 =220cm? /mol, which is the average value
of v5° computed in all of the solvents at infinite dilution. For
both cases, a seventh-order expansion was used.

Of the solvents studied, the experimental solubility of
phenanthrene in chloroform”® of x,=0.26778 is greater than
in any of the other studied solvents. This also corresponds to
the case for which the combinatorial correction offers the
greatest improvement over the infinite dilution approxima-
tion (Eq. 9). In fact, the infinite dilution approximation pre-
dicts an unphysical value of x,=2.5 for the solubility of
phenanthrene in chloroform. This is clearly in error as x,<1
by definition. As demonstrated in Figure 2, for phenanthrene
in chloroform, the combinatorial correction accurately cap-
tures the composition dependence of the activity coefficient
as compared to finite concentration simulation results. If the
combinatorial correction is used to estimate the solubility of
phenanthrene in chloroform, the predicted solubility is (a)
x,=0.62 and (b) x,=0.53 for each case. That is, using the
simple combinatorial correction, the prediction is drastically
improved. This result is also extremely informative in rela-
tion to Figure 2. At a phenanthrene concentration in chloro-
form of x,=0.2505, it was shown that In ), from the finite
concentration simulation results and the infinite dilution
approximation differed by ~0.6 In units. Although this may
seem minute, it has a large implication when predicting
phase equilibria due to the exponential relation between x,
and In y,.

In Table 6, the experimental solubility of phenanthrene in
17 solvents is compared to results using both the infinite
dilution approximation and the combinatorial correction. For
all cases, when computing the MPD, the solubility of phen-
anthrene in chloroform for the infinite dilution approximation
was taken to be x,=1.0. Although this has the effect of low-
ering the corresponding MPD, this was done as the predicted
value is unphysical. Overall, the MPD computed using the
combinatorial correction is about 50% lower than the infinite
dilution approximation.

If only the nine alcohol solvents and water are considered,
the computed MPD found using each method are in reason-
ably close agreement. For these cases, either the solubility or
r i1s small, such that the combinatorial correction is minor.
Additionally, for all of these cases, the MPD with experi-
ment is quite large, between 224 and 250%. For the studied
alcohols, the solubility is always overpredicted, and the solu-
bility is underpredicted for water using the employed force
fields. Although the employed force fields have been opti-
mized to reproduce pure component properties, this would
suggest that an improvement in the parameterization of the
solute—solvent interactions could ultimately improve the sol-
ubility predictions. A detailed study by Potoff et al.”” found
that when predicting vapor—liquid coexistence properties of
binary mixtures via molecular simulation, the choice of mix-
ing rules may play an important rule. Likewise, describing
binary interactions using pure component properties with
mixing rules has long been a challenge of equation of state
modeling.*® Also, the molecular simulation work of Mobley
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Table 6. A Summary of the Predicted Solubility of Phenanthrene(2) in Each Solvent as Compared to Experiment (Exp) Using
Both the Infinite Dilution Approximation (Inf, Eq. 9) and the Combinatorial Correction (Comb, Eq. 14) Using a Seventh-
Order Expansion, along with the Computed MPD

X, (mol frac)

Solvent Exp Inf Comb (a) Comb (b)
Methanol 0.00589'"! 0.011+0.001 0.010+0.001 0.010+0.001
Ethanol 0.01114'! 0.024+0.003 0.022+0.003 0.0200.003
1-Propanol 0.01355'! 0.041+0.003 0.038+0.003 0.0360.003
1-Butanol 0.01771'! 0.071%0.007 0.066=0.006 0.064%0.006
1-Pentanol 0.02491'! 0.10+0.01 0.09+0.01 0.09+0.01
1-Hexanol 0.03028'"! 0.15%0.02 0.15+0.02 0.14+0.02
1-Heptanol 0.03937'%! 0.21+0.04 0.21+0.04 0.20+0.03
1-Octanol 0.05418'! 0.3%0.1 0.3x0.1 0.3+0.1
2-Propanol 0.00977'! 0.019+0.003 0.018+0.003 0.018+0.003
Water 1.170 X 1077¢ 44+0.8 X 1078 44+0.8 X 1078 44+0.8 X 107%
Chloroform 0.26778%8 25+0.2° 0.62+0.04 0.53+0.03
Acetone® 0.17145% 0.28+0.03 0.19+0.02 0.18%0.02
Acetone” 0.17145% 0.63+0.05 0.36+0.03 0.32+0.02
2-Butanone® 0.20900'! 0.43%0.04 0.30%0.03 0.30+0.03
2-Butanone” 0.20900'"! 0.71+0.08 0.45+0.05 0.45+0.05
Benzene 0.20909%8 0.37+0.04 0.13%0.01 0.26%0.03
Pyridine 0.24125¢ 0.53+0.08 0.14+0.02 0.32+0.05
Thiophene 0.23401¢ 0.6%0.1 0.25+0.04 0.34+0.06
1,4-Dioxane 0.21650"" 0.42+0.08 0.21+0.04 0.28+0.05
Total MPD (%)* 199 156 148
Total MPD (%)° 219 166 157
R—OH MPD (%)* 250 238 224
Non-R—OH MPD (%)* 128! 38 39

For Comb (a), v5° is computed from the simulation of phenanthrene in the solvent of interest at infinite dilution (see Table 1). For Comb (b),

00—

vy \3? =220cm?/mol, which is the average value of 75° computed in all of the solvents at infinite dilution.

“Using the KGP ketone model.
Using the TraPPE-UA ketone model.
‘DECHEMA.'**

dEstimated by extrapolating the data of Choi and McLaughlin'® to 298.15 K using a van’t Hoff plot.

“The infinite dilution approximation predicts an unphysical result for this case.
Using x,=1 for phenanthrene in chloroform.
#R—OH corresponds to the alcohols and water.

et al.”?

demonstrated the sensitivity of the computed value of
"> for nonelectrolyte solutes in water on the method with
which the solute partial charges were parameterized. A simi-
lar artifact may be the culprit in this study.

On the other hand, examining the solubility in only chlo-
roform, acetone, 2-butanone, benzene, pyridine, thiophene,
and 1,4-dioxane, there is a significant difference in the MPD
found using the infinite dilution approximation and using the
combinatorial correction. Here, we will consider the results
using the KGP ketone model, as it was found to yield
improved predictions over TraPPE-UA, and both the KGP
and the TraPPE-UA models ultimately lead to similar obser-
vations. Although the infinite dilution approximation yields
an MPD of 128%, it drops to 38 and 39% when using the
combinatorial correction with (a) and (b), respectively. For
all cases, we find that the combinatorial correction lowers
the predicted solubility relative to the infinite dilution
approximation and improves the agreement with experiment.
This result is very satisfying and is comparable to the level
of agreement found with the latest 2005 revision of
MOSCED'"! (as will be described in detail momentarily). For
the same test set minus thiophene, for which MOSCED pa-
rameters are not available, the computed MPD using the
combinatorial correction is 30%. Also, this is comparable to
the level of agreement with experiment found by Acree and
Abraham'® when predicting the solubility of phenanthrene
in a range of solvents using the semitheoretical Abraham
general solvation model. Using two different forms of the
Abraham general solvation model to predict the solubility of
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phenanthrene in a range of 23 solvents, Acree and Abra-
ham'® report MPDs of 26.5 and 42.5% (note that the
reported solubilities were given in units of molarity). Addi-
tionally, note that the experimental data for chloroform, ace-
tone, and benzene were all taken from Henstock,”® which
was published in 1922; the purity and accuracy of the
experiments may be imperfect by modern standards.' The
solubility of phenanthrene in methanol and ethanol at 298.15
K is 26 and 27%, respectively, larger in the work of
Henstock” from 1922 as compared to the modern work
of Hernandez et al.'”' from 1999.

For all cases, the combinatorial correction lowers the pre-
dicted solubility relative to the infinite dilution approxima-
tion. This is expected as the FH theory predicts only
negative deviations from Raoult’s Law for r>1.%% This fact
additionally limits the systems for which the combinatorial
correction is anticipated to be valid. For the case of a solute
containing a carboxylic acid functional group that may asso-
ciate with other solute molecules in a nonpolar solvent,26 use
of only the combinatorial correction would not be suitable.
Within the context of this study, this shortcoming may
potentially be overcome by accounting for the residual activ-
ity coefficient using solubility parameter-based methods (i.e.,
Hildebrand—Scatchard or Hansen), which predict only posi-
tive deviations from Raoult’s Law.****° The Hildebrand—
Scatchard solubility parameter of the solvent may readily be
computed via molecular simulation,102 and the Hildebrand—
Scatchard and Hansen solubility parameters of the solvent
and solid solute may readily be estimated using the GC
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Table 7. A Summary of the Solvent Molar Volume (v;) at 293.15 K and the Infinite Dilution Activity Coefficient of Phenan-
threne (Inyy’) at 298.15 K Calculated Using the 2005 Revised MOSCED Model!

x5 (mol frac)

Solvent Vi (cm3/m01) Inp5° Inf Comb
Methanol 40.6 4.2667 0.0039 0.0037
Ethanol 58.6 3.7175 0.0067 0.0066
1-Propanol 75.1 3.2541 0.0107 0.0105
1-Butanol 92.0 2.9146 0.0150 0.0148
1-Pentanol 108.5 2.7023 0.0185 0.0184
1-Hexanol 125.2 2.8365 0.0162 0.0162
1-Octanol 158.2 2.5521 0.0215 0.0215
2-Propanol 76.8 3.4775 0.0085 0.0084
Water 18.0 15.2562 6.538x10°® 6.538x10°®
Chloroform 80.5 —0.2277 0.3468 0.2792
Acetone 73.8 1.4544 0.0645 0.0592
2-Butanone 90.2 0.8221 0.1214 0.1131
Benzene 89.5 0.1167 0.2457 0.2172
Pyridine 80.9 0.8145 0.1223 0.1100
1,4-Dioxane 85.7 0.0069 0.2743 0.2350
Total MPD (%) 35 33
R—OH MPD (%) 33 34
Non-R—OH MPD (%) 38 30

These data are used to predict the solubility of phenanthrene with the infinite dilution aPProximation (Inf) and the proposed combinatorial correction (Comb)

using a seventh-order expansion and v,=167.1 cm’/mol, as used in the MOSCED model.

The experimental solubility data may be found in Table 6 and were

used to compute the corresponding MPD of the estimates. The MPD is further broken down as in Table 6, where R—OH corresponds to the alcohols and water.
Note that when computing Iny5° using MOSCED, v, of water is artificially doubled.

methods of Gani and coworkers.”*'®® The investigation of
such an approach will be left for a future study.

MOSCED. In addition to the use of molecular simula-
tion, here we consider the use of the 2005 revised MOSCED
model developed by Eckert and coworkers.'""*> MOSCED is
a semitheoretical model to predict infinite dilution activity
coefficients and describes each molecule using five adjusta-
ble parameters. The interested reader is directed to the origi-
nal publication for a description of its formulation and
basis.>> In the 2005 revision, the molecular descriptors of
132 organic solvents, water, and five permanent gases were
fit to a set of 6441 experimental infinite dilution activity
coefficient data points.'" In addition, parameters for 26 or-
ganic solids were regressed. For the case of phenanthrene,
the parameters were obtained by regressing to solubility data
in 37 organic solvents. This was accomplished by calculating
In f2S /f20 using experimental data and using infinite dilution
activity coefficients computed using MOSCED to obtain the
parameters for either the two parameter Wilson or UNI-
QUAC excess Gibbs free energy model, which were used to
estimate the solubility.!' For the 37 organic solvents to
which MOSCED was fit, MOSCED obtained an MPD of
23.8%, whereas predictions using the state-of-the-art modi-
fied UNIFAC model obtained an MPD of 36.7%.

In this study, we consider the use of MOSCED to predict
the solubility of phenanthrene in a set of 15 solvents. The
solvent set is identical to that considered using molecular
simulation save for thiophene and 1-heptanol, for which
MOSCED parameters do not exist. In Table 7, we list the
value of Iny5° for phenanthrene predicted using MOSCED,
along with the molar volume of the solvent at 293.15 K, as
reported by Eckert and coworkers.'' Note that for water,
when predicting Iny5°, the molar volume of water is artifi-
cially doubled to 36 cm?/mol."" In Table 7, we report the ex-
perimental value, as it will be used in application of the
combinatorial correction. Using In fzs /f20 computed in this
study with (=0, we predicted the solubility of phenanthrene
using an analogous procedure as with our molecular simula-
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tion data, with results reported in Table 7. For the combina-
torial correction prediction, only a single case is considered,
using the value of v,=167.1 cm*/mol reported by Eckert and
coworkers.'!

If only the eight alcohol solvents and water are consid-
ered, the computed MPD found using each method are in
close agreement. This is in agreement with our molecular
simulation results. For these cases, either the solubility or r
is small, such that the combinatorial correction is minor. The
MPDs of 33% using the infinite dilution approximation and
34% using the combinatorial correction are both superior to
the MPDs found using molecular simulation, again suggest-
ing shortcomings in the employed mixing rules and/or the
employed molecular models.

Next, considering the solubility in only chloroform, acetone,
2-butanone, benzene, pyridine, and 1,4-dioxane, the difference
in the MPD found using the infinite dilution approximation and
using the combinatorial correction of 8% is small compared to
the large difference observed with our molecular simulation
results. However, first let us take a closer look at acetone, 2-
butanone, and pyridine. For these cases, the infinite dilution
approximation underestimates the experimental solubility by
~0.1 mol frac. Further, for these cases, the infinite dilution
approximation estimates range from ~0.06 to 0.12 mol frac. As
a result, the combinatorial correction is small and serves to
slightly decrease the estimated solubility. Next, let us look
closer at chloroform, benzene, and 1,4-dioxane. For these cases,
the infinite dilution approximation overestimates the experi-
mental solubility by 0.08, 0.04, and 0.06 mol frac for chloro-
form, benzene, and 1,4-dioxane, respectively, with an overall
MPD of 24.6%. For these cases, the infinite dilution approxima-
tion estimates range from 0.25 to 0.35 mol frac, and the combi-
natorial correction is, therefore, appreciable. For these cases,
the combinatorial correction lowers the predicted solubility as
compared to the infinite dilution approximation, yielding excel-
lent agreement with experiment with an MPD of 5.6%.

For the 15 solvents considered, the overall MPD was 35
and 33% using the infinite dilution approximation and the
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combinatorial correction, respectively. This is larger than the
MPD reported by Eckert and coworkers'' of 23.8% for the
37 solvents to which the model was parameterized. However,
this is largely the result of the value of In f2S /f? used in
this study, which was obtained using GC parameters from
Gani and coworkers®® with (=0. The corresponding MPD of
the GC estimate of In f5/fY is 5.7% as compared to
experiment. While the MPD of In  f3/f2 is only 5.7%, x,
is exponentially related to In f2S /fzo. Ultimately, we chose
to estimate In  f5/f) using GC parameters rather than use
the experimental value, as it allows for purely predictive sol-
ubility estimates, devoid of experimental data.

Summary and Conclusions

A simple combinatorial correction to the infinite dilution
activity coefficient for a solute in solution has been pro-
posed. In the spirit of the UNIQUAC excess Gibbs free
energy model, In 7y, is fundamentally interpreted as a sum of
a residual and a combinatorial term. The proposed method
assumes that the residual term is relatively insensitive to
composition and that the composition dependence of the
combinatorial term may be accounted for using the athermal
Flory-Huggins (FH) theory. While any suitable expression
for the combinatorial term may be used, the necessary terms
required by the FH theory may readily be computed via mo-
lecular simulation. The proposed method uses only properties
for the solute computed at infinite dilution using conven-
tional free energy simulation methodologies to estimate the
solution-phase behavior of the solute at finite concentrations.
The necessary methodology is implemented in most open-
source simulation software and is, therefore, readily adopt-
able by other simulators.

Although the properties of the solution-phase were calcu-
lated using molecular simulation, calculating the pure solid
solute fugacity using molecular simulation is challenging.
On the other hand, although predicting properties of an arbi-
trary solute in an arbitrary solvent may prove challenging,
GC methods may accurately predict pure component proper-
ties. As a result, in this study, the pure solid solute fugacity
was accurately computed using the GC method of Gani and
coworkers. In this fashion, solubility predictions may be
made in the complete absence of experimental data.

The proposed methodology was used to predict the solu-
bility of phenanthrene in a range of 17 unique solvents at
ambient conditions. Overall, predictions made using the
combinatorial correction are in better agreement with experi-
ment as compared to the infinite dilution approximation,
especially for systems where the molar solubility is greater
than 5%. When the molar solubility is less than 5%, the
combinatorial correction term was found to be negligible.
For the specific case of phenanthrene in chloroform using
molecular simulation, the proposed methodology results in a
substantial improvement over the infinite dilution approxima-
tion, which yields an unphysical result.

The molecular simulation results predicted for phenan-
threne in water and the studied alcohols are in poor quantita-
tive agreement with experiment. On the other hand, for the
other seven solvents considered, the results of this study are
in good agreement with experiment, with deviations compa-
rable to the latest 2005 revision of MOSCED. The results in
water and the studied alcohols may likely be improved
through improvements of the employed mixing rules and/or
molecular models. While the method was used in this study
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to predict the solubility of phenanthrene in solution, the pro-
posed method is additionally suited to estimate partition
coefficients. The promising results of this study warrant
future studies to probe the application to a wider range of
solvents and solutes and application to predict partition
coefficients.
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