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ABSTRACT: The prediction of drug solubility in various pure and mixed solvents and the octanol-water partition coefficient
(KOW) are evaluated using the recently revised conductor-like screening segment activity coefficient (COSMO-SAC) model. The
solubility data of 51 drug compounds in 37 different solvents and their combinations over a temperature range of 273.15 K to 323.15
K (300 systems, 2918 data points) are calculated from the COSMO-SAC model and compared to experiments. The solubility data
cover a wide range of solubility from (10-1 to 10-6) in mole fraction. When only the heat of fusion and the normal melting
temperature of the drug are used, the average absolute error from the revisedmodel is found to be 236%, a significant reduction from
that (388 %) of the original COSMO-SACmodel. When the pure drug properties (heat of fusion and melting temperature) are not
available, predictions can still be made with a similar accuracy using the solubility data of the drug in any other solvent or solvent
mixture. The accuracy in prediction of the solubility in a mixed solvent can be greatly improved (average error of 70 %), if the
measured solubility data in one pure solvent is used. Also, the standard deviation in log KOW of 89 drugs, whose values range from
-3.7 to 5.25, is found to be 1.14 from the revised COSMO-SACmodel. Our results show that the COSMO-SACmodel can provide
reliable predictions of properties of pharmaceuticals and is a useful tool for drug discovery.

1. INTRODUCTION

The knowledge of solubility and the octanol-water partition
coefficient (KOW) of a drug are important in drug discovery,
development, and manufacturing.1-3 For example, in the area of
rational drug design, a strategy in the discovery of new drugs is to
use information about the structure of a drug receptor or ligands
to identify candidate drugs.4 The octanol-water partition coeffi-
cient may be used for this process, as it is one index in the rule of
five, in particular that log KOW should not exceed five for a
candidate drug. Another example of the use of the octanol-water
partition coefficient is in quantitative structure-activity relation-
ships (QSARs), where it is assumed that there is a simple
relationship between KOW and biological responses, such as
the lethal dose for 50 % of test organisms, LD50.

4 For the
synthesis, production, and formulation of a drug, solubility is
an important factor, as solubility requirements can be very
different in different stages of the process. For example, high
(or intermediate) solubility is desired in the reaction stage, while
low solubility in the solvent is desired in the purification and
crystallization stage. The solubility of a drug in water is also
important to estimate the drug access to biological membranes.5

Solvent screening (i.e., finding the optimal solvent or solvent
combinations for desired solubility) requires making many
measurements, a costly and time-consuming task. Although the
techniques of solubility and KOW measurement have
improved,6-8 it is impractical to measure these data for all drug
candidates at all possible operating conditions (temperature,
composition of a mixed solvent, etc.). Furthermore, as a result of
the wide range of values of solubility and KOW, especially in cases

of extremely large or small values, the accuracy of the measure-
ments is sometimes questionable. It is not uncommon that
reported values for the same compound may differ by a factor
of 10 (one log unit) or more. Thus, a predictive thermodynamic
model, that does not rely on experimental data, would be very
useful for the design and development of drugs.9

In the literature several ways to estimate values of KOW
10 and

the solubility9,11-16 of organic compounds have been reported
with varying degrees of accuracy. In particular, the diverse
chemical structures of drug molecules and the complexity in
drug-solvent interactions present great challenges. Most pre-
dictive methods forKOW are based on an arbitrarily defined set of
fragments and a correlation using approximately 1000 com-
pounds (training set) for which there were reliable experimental
KOW data.17 While such structure-based methods can be very
accurate, their accuracy deteriorates for compounds that are
outside the training set. This is especially so for compounds
having complex structures, such as pharmaceuticals, for which it
may also be difficult to divide themolecule systematically into the
fragments or groups that were defined in the training set.
Furthermore, some methods have not been verified for calculat-
ing the solubility of drugs.

Theoretically based approaches allow for the prediction of
both KOW and solubility of drugs simultaneously. One very
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successful example is the nonrandom two-liquid segment activity
coefficient (NRTL-SAC) model of Chen and Song.13 In this
model, each compound is characterized using four species-
specific parameters that can be determined from the regression
of few experimental vapor-liquid equilibrium or solubility data.
Once the parameters are available for both the drug and the
solvent, satisfactory predictions can be achieved. This method
has been shown to be a practical tool in the design of drug
purification processes.18 Another example is the conductor-like
screening (COSMO)-based activity coefficient models,11,12,16 in
which the drug-solvent interactions are determined from quan-
tum mechanical solvation calculations. Therefore, predictions
can be made prior to, and in the absence of, any experimental
measurements. Mullins et al.11 examined the accuracy of the
conductor-like screening segment activity coefficient (COSMO-
SAC) model of Lin and Sandler19 using 33 drugs in 37 solvents
and solvent mixtures. Shu and Lin16 have shown that the
accuracy of COSMO-SAC in the prediction of drug solubility
in mixed solvents can be greatly improved when experimental
solubility data in relevant pure solvents are used. Kaemmerer
et al.20 used the COSMO-SACmodel21 for solvent or antisolvent
screening and developed a selective crystallization process for
chiral pharmaceuticals. Recently, the COSMO-SAC activity
coefficient model has been improved to provide better descrip-
tions of vapor-liquid and liquid-liquid equilibria.22

In this study, we examine the accuracy of the latest COSMO-
SAC model [denoted here as COSMO-SAC(2010)] in the
prediction of solubilities and octanol-water partition coeffi-
cients of drugs. A larger set of solubility data (51 drugs in 37
solvents and their mixtures) and the KOW (of 89 drugs) is
used, and the performance of the model on drugs of different
isomeric structures is tested. No experimental data are
needed for the prediction of KOW. Heat of fusion and melting
temperature are used for the prediction of drug solubilities.
However, when the needed data for the drug (heat of fusion
and melting temperature) are missing, we show that consis-
tent predictions can be achieved in both pure and mixed
solvents using a single solubility data point. When the
correction method of Shu and Lin16 is used, the COSMO-
SAC(2010) model predictions of solubility data are within
70 % of the experiment.

2. THEORY

The solubility limit of a solid drug i in a solvent S (whose
composition is denoted by x) is determined from the equality of
chemical potentials of the drug i in the solid (assuming a pure
phase) and the liquid solvent at equilibrium, that is,

μsolidi ðT, PÞ ¼ μliquidi ðT, P, xÞ ð1Þ
The chemical potential of the species in the liquid mixture is
related to its activity coefficient as

μliquidi ðT, P, x Þ ¼ μliquidi ðT, PÞ þ RT ln xiγiðT, P, xÞ ð2Þ

and the difference in chemical potentials of the compound in the
liquid and solid states can be estimated from its heat of fusion
(ΔfusHi) and normal melting temperature (Tm,i)

23

μsolidi ðT, PÞ- μliquidi ðT, PÞ = ΔfusHi 1-
T

Tm, i

 !
ð3Þ

The correction terms involving the heat capacities have been
neglected in eq 3 because their contributions are much smaller
compared to the contribution from the heat of fusion. Substitut-
ing eqs 2 and 3 into eq 1, we obtain an expression for calculating
the solubility of drug i, mole fraction xi of drug in the solvent, as

24

ln xi ¼ ΔfusHi

R
1
T
-

1
Tm, i

 !
- ln γiðT, P, x Þ ð4Þ

Therefore, to evaluate the solubility xi, it is necessary to have
ΔfusHi and Tm,i of the drug and its activity coefficient γi in the
liquid mixture. The experimental values for ΔfusHi and Tm,i are
used when available. Most of these data can be found in the
DECHEMA25,26 and/or National Institute of Standards and
Technology (NIST)27 databases. When experimental data are
not available, the group contribution method, such as that of
Chickos and Acree,28,29 can be used (only for 2-(4-methylphe-
nyl)acetic acid in this work).

Water and 1-octanol are partially miscible at ambient condi-
tions. When mixed, an octanol-rich phase (containing approxi-
mately 0.725 mole fraction 1-octanol and 0.275 mole fraction
water) coexists with another water-rich phase (which is nearly
pure water) at equilibrium. The octanol-water partition coeffi-
cient of a drug is the ratio of its distribution in these two phases
when a trace amount of the drug is added, that is,

KOW, i ¼ lim
Cisf 0

CO
i

CW
i

ð5Þ

where Ci
O and Ci

W are the molar concentrations of drug i in the
octanol-rich and water-rich phases, respectively. In the limit of
low solute concentrations, Ci

O can be estimated from the mole
fraction of the drug and the total molar concentration of the
liquid, that is, Ci

O ≈ xi
OCO and Ci

W ≈ xi
WCW. Furthermore, the

equilibrium criteria require the equivalence of chemical potential
of the drug in both phases

μOi ðT, P, xOÞ ¼ μWi ðT, P, xWÞ ð6Þ
Therefore (from eq 2), the mole fraction of the drug is related to
the activity coefficient as

xOi
xWi

¼ γWi ðT, P, xWÞ
γOi ðT, P, x

O

Þ ð7Þ

and the octanol-water partition coefficient can be determined
from

log KOW, i ¼ log lim
xisf 0

xOi C
O

xWi CW

 !
¼ log

COγW;¥
i

CWγO;¥i

 !

¼ log
8:37γW;¥

i

55:5γO;¥i

 !
ð8Þ

where γi
O,¥ and γi

W,¥ are the infinite dilution activity coefficients
of the drug in the octanol-rich phase and the water-rich phase,
respectively. Under ambient conditions, the octanol-rich phase
contains approximately 2.3 mol 3 L

-1 1-octanol and 6.07 mol 3 L
-1

water.30 Therefore, the total concentration CO is 8.37 mol 3 L
-1.

For pure water CW = 55.5 mol 3 L
-1.

The activity coefficient γi needed in eqs 4 and 8 is determined
from the COSMO-SAC model originally developed by Lin and
Sandler [denoted asCOSMO-SAC(2002)].19 TheCOSMO-SAC
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model is a refinement of the COSMO-RS model of Klamt and his
colleagues.31-33 In suchmodels19,21,31-35 the interactions between
solute and solvent are considered as the interactions between the
screening charges on the paired surface segments of the same size.
These surface charges on themolecular cavity are determined from
a two-step first principles calculation. First, the optimal conforma-
tion of the molecule in vacuum is determined by geometry
optimization using quantum mechanical (QM) density functional
theory (DFT). Then, a COSMO solvation calculation32 is used to
determine the total energy in the perfect conductor (solvent with
infinite dielectric constant) and the ideal screening charges on the
molecular surface. The σ-profile is the probability of finding a
surface segment with screening charge density σ and defined as

piðσÞ ¼ AiðσÞ
Ai

ð9Þ

where Ai and Ai(σ) are the total surface areas of molecule i and the
summation of the surface areas of all segments with charge density
σ; pi(σ) is a specific property of each pure component. The σ-
profile of a mixture is the summation of the σ-profile of each
substance in the system weighted by its surface area (Ai) and mole
fraction (xi), that is,

pSðσÞ ¼
∑
i
xiAipiðσÞ
∑
i
xiAi

ð10Þ

To have a better description of hydrogen-bonding (hb)
interactions, Hsieh et al.22 suggested dividing the σ-profile into
three components: contributions from surfaces of non-hydrogen
bonding atoms, from surfaces of hydroxyl (OH) group, and from
surfaces of all other types of hydrogen bond donating and
accepting atoms, that is,

pðσÞ ¼ pnhb0 ðσÞ þ pOH0 ðσÞ þ pOT0 ðσÞ ð11Þ
where p0

nhb(σ) is the collection of all non-hydrogen-bonding
segments; p0

OH(σ) are the segments on the hydroxyl groups; and
p0
OT(σ) includes all of the other hb segments, that is the segments
belong to oxygen, nitrogen, fluorine, or hydrogen atoms con-
nected to N or F atoms. For interactions between atoms of
hydrogen bonding donors and acceptors, Wang et al.21 suggested
refining the hydrogen bonding σ profiles by removing the less
polarized surfaces using a Gaussian-type function

PHBðσÞ ¼ 1- exp
-σ2

2σ0
2

 !
ð12Þ

with σ0 = 0.7 e 3 nm
-2.21 The σ-profile becomes

pðσÞ ¼ pnhbðσÞ þ pOHðσÞ þ pOTðσÞ ð13Þ
with pOH(σ) = p0

OH(σ) 3 P
HB(σ), pOT(σ) = p0

OT(σ) 3 P
HB(σ),

and pnhb(σ) = p0
nhb(σ)þ [p0

OH(σ)þ p0
OT(σ)][1 - PHB(σ)].

Once the σ-profile is established, the activity coefficient (Γ)
for surface segment σm can be determined from

ln Γt
Sðσt

mÞ ¼ - ln ∑
nhb,OH,OT

s
∑
σn

psSðσs
nÞΓs

Sðσs
nÞ

8<
:

�exp
-ΔWðσt

m, σ
s
nÞ

RT

� �9=
; ð14Þ

where the subscript S denotes the solution of interest (S = i for
pure liquid i), the superscripts s and t can be nhb, OH, orOT, and
the segment exchange energy ΔW measures the interaction
energy between two surface segments of the same area aeff with
charge densities σm and σn

ΔWðσt
m, σ

s
nÞ ¼ cESðσt

m þ σs
nÞ2 - chbðσt

m, σ
s
nÞðσt

m - σs
nÞ2
ð15Þ

The cES, the electrostatic interaction parameter, is a temperature-
dependent function

cES ¼ AES þ BES
T2

ð16Þ

where AES and BES are adjustable parameters and their values are
taken from literature.22 The hydrogen-bonding interaction para-
meter chb(σm

t , σn
s) is independent of temperature and given by

chbðσt
m,σ

s
nÞ ¼

cOH - OH if s ¼ t ¼ OH and σt
m 3 σ

s
n < 0

cOT - OT if s ¼ t ¼ OT and σt
m 3σ

s
n < 0

cOH - OT if s ¼ OH; t ¼ OT; and σt
m 3 σ

s
n < 0

0 otherwise

8>>>>>><
>>>>>>:

ð17Þ
where the values of three hydrogen-bonding interaction para-
meters have been given earlier.22 With the segment activity
coefficient determined above, the activity coefficient of species
i in mixture S is determined from

ln γi=S ¼ Ai

aef f
∑

nhb,OH,OT

t
∑
σm

ptiðσmÞ½ln Γt
SðσmÞ

- ln Γt
iðσmÞ� þ ln γcombi=S ð18Þ

where γi/S
comb, the combinatorial contribution to activity coeffi-

cient, is used to take into account the molecular size and shape
differences of the species and is given by

ln γcombi=S ¼ ln
φi

xi
þ z
2
qi ln

θi
φi
þ li -

φi

xi
∑
j
xjlj ð19Þ

with φi = (xiri)/(∑jxjrj), θi = (xiqi)/(∑jxjqj), and li = 5(ri - qi)-
(ri- 1), where xi is the mole fraction of component i; ri and qi are
the normalized volume and surface area parameters for compo-
nent i (the standard volume and area used for normalization are
0.06669 nm3 and 0.7953 nm2); the summation is over all of the
species in the mixture. This revised COSMO-SAC model is
denoted as the COSMO-SAC(2010) model in this study. The
values of all universal parameters in the COSMO-SAC(2010)
model are given in ref 22 and have not been changed. All of the
species specific quantities [Ai, ri, qi, pi(σ)] are obtained from first
principle COSMO calculations. Two changes have been made in
COSMO-SAC(2010) compared to the original COSMO-SAC-
(2002) model. First, the electrostatic interaction parameter cES is
made to be temperature-dependent (eq 16). Second, the varia-
tion in the strength of hydrogen bonds formed by different types
of donor-acceptor pairs is explicitly taken into account by using
separate σ-profile (eq 13) and interaction parameters (eq 17).

Two correctionmethods were used in this study depending on
the availability of experimental data. First, when the data of pure
drug heat of fusion and temperature of melting (ΔfusHi and Tm,i)
are missing, they can be replaced with any experimental solubility
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datum (xi(expt)) of the same drug in either a pure or mixture
solvent. The experimental data allow for the evaluation of
(ΔfusHi/R)((1/T) - (1/Tm,i)) from ln xi(expt)γi(T,P,(expt))
(see eq 4), where the activity coefficient is calculated using the
COSMO-SAC model for the reference solvent for which the
solubility datum (xi(expt)) is available. This term can then be
used in eq 4 to determine the solubility in other solvents at the
same temperature as

xiðcalcÞ ¼ xiðexptÞγiðT, P, xðexptÞÞ
γiðT, P, xðcalcÞÞ

ð20Þ

where xi(calc) denotes the predicted solubility of drug i in the
mixture of desired compositions x(calc). Since this method
combines the use of COSMO-SAC(2010) and a solubility datum
in a reference solvent, it is denoted as COSMO-SAC(2010)þ ref
in this study.

Second, when the experimental solubility data in relevant pure
solvents are available, they can be used to correct for any error in
the COSMO-SAC model for drug-solvent interactions, and
therefore, a significant improvement in the prediction accuracy
can be achieved for solubility in the mixture these pure solvents.
This correction method was recently proposed by Shu and Lin16

and is briefly summarized in the Appendix. The accuracy of
COSMO-SAC(2010) combined with this correction method is
denoted as COSMO-SAC(2010) þ Cor in this work.

3. COMPUTATIONAL DETAILS

The solubility of a drug in a solution at a given temperature is
determined from solving eq 4 iteratively starting with an initial
guess of γi = 1 (ideal condition). When available, the experi-
mental melting temperature and the heat of fusion at melting
temperature are used. Otherwise (only 2-(4-methylphenyl)ace-
tic acid), they are estimated from the group contribution method
proposed by Chickos and Acree.28,29 For KOW the infinite
dilution activity coefficients of the drug are first determined in
pure water and in the octanol-rich phase at 298.15 K. The value of
log KOW is then obtained from eq 8.

The needed σ-profiles for solvent molecules are taken from
the VT-200536 σ-profile database, except for ethanol and 1-bu-
toxybutane which were not fully optimized according to the work
of Shu and Lin.16 The needed σ-profiles for drug molecules are
taken from the VT-200611 σ-profile database if available. For
drugs not found in the VT-2006 database, their σ-profiles are
generated from DMol3 implemented in Cerius2 according to the
procedure suggested in the work of Lin and Sandler.19 All of the
values of the universal parameters in the COSMO-SAC(2002)
and COSMO-SAC(2010) models are taken from Lin and
Sandler19 and Hsieh et al.,22 respectively. No parameter adjust-
ment was made here; and therefore the results here represent the
predictive power of these models. The procedure of calculation

of activity coefficient from COSMO-SAC model has been well-
documented19 and is not reproduced here.

4. RESULTS AND DISCUSSION

4.1. Prediction ofDrug Solubility. In this study, the solubility
of 52 drug compounds [from the smallest molecular iodine (2
atoms) to the largest (8R,9S,10R,13S,14S,17S)-17-hydroxy-
10,13-dimethyl-1,2,6,7,8,9,11,12,14,15,16,17-
dodecahydrocyclopenta[a]phenanthren-3-one, also known as
testosterone (49 atoms)] in 37 different pure solvents and their
mixtures are considered. There are a total of 171 drug-solvent
pairs for drug solubility in pure solvent (362 systems) and 156
mixture solvent combinations (298 systems), including 152
binary solvent mixtures (287 systems), 3 ternary solventmixtures
(10 systems), and 1 quaternary solvent mixture (1 system). The
temperature ranges from (273.15 to 323.15) K, and the solubility
data (in mole fractions) range 10-1 to 10-6. The complete list of
the data is given in the Supporting Information. Because of the
large variations in the solubility, the predicted errors are mea-
sured using the root-mean-square error (RMSE) of natural
logarithm of solubility as follows11

RMSE ¼ 1
N
∑
N

i¼ 1
ðln xiðcalcÞ- ln xiðexptÞÞ2

" #1=2
ð21Þ

where N is the number of data points per system [one drug in a
(mixture or pure) solvent at a certain temperature]; the notations
calc and expt denote the data from calculations or experiments,
respectively.

Table 1. Comparison of Accuracy in Drug Solubility Prediction in Pure and Mixed Solvents by Different Methods

# of solvent speciesa systems (data points) COSMO-SAC (2002) COSMO-SAC (2010) COSMO-SAC (2010) þ Cor

1 362 (473) 1.92 (580%) 1.81 (514%)

2 287 (2361) 1.61 (401%) 1.24 (245%) 0.54 (72%)

3 10 (80) 0.79 (120%) 0.50 (65%) 0.18 (19%)

4 1 (4) 2.34 (933%) 1.01 (175%) 0.23 (25%)

overallc 298 (2400) 1.59 (388%)b 1.21 (236%)b 0.53 (70%)b

a Systems are categorized according to the number of solvent species in the system. bNumbers in the parentheses are the percent errors estimated from
the RMSEs. cThe solubility data for drugs in pure solvents are excluded during the calculation of the overall RMSE.

Figure 1. Comparison of drug solubility from experimental measure-
ments38-79 x(expt) and predictions x(calc) of the COSMO-
SAC(2010) model.
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As summarized in Table 1, the overall RMSEs from COSMO-
SAC(2010) for drug solubility in pure solvents is 1.81
(corresponding to 514 % in percentage error), a slight reduction
from the COSMO-SAC(2002) model (1.92 or 580 %). The
improvements in mixture solvent systems are more significant.
The overall RMSE of drug solubility predictions in binary
solvents from COSMO-SAC(2010) is 1.24 (245 %), which is
only about 60 % of that from COSMO-SAC(2002) (1.61 or 401
%). Similar improvements are observed for other multisolvent
systems. The RMSE of the COSMO-SAC(2002) model is
similar to that in Shu and Lin’s work16 [which is 1.61 based on
fewer data points (1955 data points (235 systems) for 33 drugs in
37 solvents)]. As stated in the work of Mullins et al.,11 the
COSMO-SAC(2002) model generally overpredicts the solubi-
lity. A similar tendency is observed in the predictions from the
COSMO-SAC(2010) model, as shown in Figure 1. Nonetheless,
the COSMO-SAC(2010) method provides a better accuracy
than the COSMO-SAC(2002) model.
4.2. Prediction of Drug Solubility Using a Reference

Solvent. When an experimental solubility datum of a drug in a
reference (pure or mixture) solvent is available, this data point
can be used to estimate the solubility in the desired (pure or
mixture) solvent, eliminating the need for melting temperature
and heat of fusion data for the drug. Two examples are given in
this study. Figure 2 illustrates the comparison of prediction of
solubility of 9H-carbazole in pure and mixed solvents from

COSMO-SAC(2010) (triangles) and COSMO-SAC(2010) þ
ref (squares) using the data in hexane at 298.15 K. As shown in
Figure 2, the results from COSMO-SAC(2010) þ ref are
basically a shift of results from COSMO-SAC(2010). As de-
scribed previously, the COSMO-SAC model often over predicts
the solubility. The use of COSMO-SAC(2010) þ ref reduces
such systematic errors as seen in Figure 2.
While the correction from using a reference solvent improves

the prediction of the solubility at the same temperature as the
reference conditions (see eq 20), we have also tested its applic-
ability for calculating solubilities at other temperatures. Figure 3
shows the comparison of prediction of solubility of N-(4-hydro-
xyphenyl) acetamide (a.k.a. paracetamol) in three pure solvents
from COSMO-SAC(2010) and COSMO-SAC(2010) þ ref in
the temperature range from (273.15 to 323.15) K. It can be seen
that the predicted temperature dependence of solubility varies
from solvent to solvent (good agreement for toluene, lesser
agreement for water and ethanol).
4.3. Improved Prediction of Drug Solubility in a Mixed

Solvent by Using Solubility Data in a Pure Solvent.With the
experimental drug solubility data in the relevant pure solvents,

Figure 2. Comparison of the solubility of 9H-carbazole in (a) 15 pure
solvents and (b) 19mixed solvents from experimental measurements69-
72,78 (at 298.15 K) and predictions of COSMO-SAC(2010) [4] and
COSMO-SAC(2010) þ ref [0]. The reference solubility datum,
marked in black symbols, is the solubility of 9H-carbazole in n-hexane
at 298.15 K.

Figure 3. Comparison of solubility of paracetamol in three pure
solvents from experimental measurements (temperature ranging from
(273.15 to 323.15) K) and predictions of the COSMO-SAC(2010) [4]
and COSMO-SAC(2010) þ ref [0] models. The reference solubility
datum, marked in black symbols, is the solubility of paracetamol in
ethanol at 298.15 K. The data (log x(expt)) fall between-4 to-3.2,-
3.2 to-2, and-1.5 to-0.5 corresponding to solvents of toluene, water,
and ethanol, respectively.

Figure 4. Comparison of drug solubility from experimental measure-
ments38-79 and predictions of the COSMO-SAC(2010) þ Cor model.
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the accuracy in the prediction of the drug solubility in mixed
solvents can be greatly improved. This method is suggested
recently by Shu and Lin16 and denoted as “COSMO-SAC(2010)
þ Cor” here. Although this correction method requires addi-
tional input of experimental drug solubility data in the pure
solvent, it can eliminate two important issues in the prediction of
drug solubility. First, the error caused by uncertainties in the
estimations or measurements of melting temperature and heat of
fusion are reduced. Second, the issue of conformational flexibility
becomes less significant.16 As listed in Table 1, the overall RMSE
in the prediction of drug solubility is only 0.53 (or 70 %) from
COSMO-SAC(2010) þ Cor, significantly less than that from
COSMO-SAC(2010) without correction (1.21 or 236 %).
Furthermore, the systematic error (overprediction) from the
COSMO-SACmodel is removed with such corrections. This can
be seen from Figure 4 where the data points are evenly
distributed along the diagonal line (as opposed to the higher
point density on the upper right of Figure 1). It should be noted
that COSMO-SAC(2010) þ Cor may in some cases lead to
worse predictions compared to that from COSMO-SAC(2010).
Figure 5 is an example where the predictions become less

accurate when corrections are applied. However, only 5 out of
the total 298 systems were found to be less accurate using
COSMO-SAC(2010) þ Cor.
4.4. Solubility of Drug Isomers. One important merit of the

COSMO-SAC model is its capability of distinguishing the
properties of isomers. Here we illustrate this capability by
providing the correct solubility of two drug isomers. Figure 6
illustrates the predicted solubility from the COSMO-SAC(2010)
model for isomers 3,7-dimethylpurine-2,6-dione and 1,3-dimeth-
yl-7H-purine-2,6-dione. These two drugs differ only by the
positions of the secondary amino group and one of the tertiary
amino groups. This structure difference leads to over an order of
magnitude difference in their solubilities in water þ 1,4-dioxane
solvent mixtures at 298.15 K. As shown in Figure 6, this
difference in solubility of these two drugs are correctly captured
by the COSMO-SAC(2010) model. The σ-profiles of these two
drugs and two solvents are shown in Figure 7. The most

Figure 5. Comparison of solubility of 4-(dimethylamino)-1,5-dimeth-
yl-2-phenylpyrazol-3-one (a.k.a. aminopyrine) in water þ ethanol (O)
and waterþ 1,4-dioxane (4) mixed solvents at 298.15 K. The filled and
open symbols represent the results from COSMO-SAC(2010) and
COSMO-SAC(2010) þ Cor models. The experimental data are taken
from the works of Paruta43 and Paruta and Irani.45

Figure 6. Comparison of solubility of 3,7-dimethylpurine-2,6-dione
(0) and 1,3-dimethyl-7H-purine-2,6-dione (O) in waterþ 1,4-dioxane
mixtures at 298.15 K. The experimental data are taken from the works of
Martin and his colleagues.56,57

Figure 7. σ-profiles of (a) non-hydrogen-bonding (nhb), (b) hydroxyl
(OH), and (c) other (OT) components for 3,7-dimethylpurine-2,6-
dione (dotted lines), 1,3-dimethyl-7H-purine-2,6-dione (solid lines),
water (long dashed lines), and 1,4-dioxane (gray lines).
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noticeable differences in σ-profiles of these two compounds are
the much more negative surface charge density on the hydrogen
atom connected to nitrogen atom in 1,3-dimethyl-7H-purine-
2,6-dione, as shown in Figure 7c. Thus, 1,3-dimethyl-7H-purine-
2,6-dione has stronger hydrogen bonding interactions with both
water and dioxane, leading to a higher solubility in both solvents
and their mixtures.
Figure 8 shows the separate solubility of 2-hydroxybenzoic

acid and 4-hydroxybenzoic acid in water þ 1,4-dioxane solvent
mixtures at 298.15 K. Different from the previous example, the
differences in solubility of these two drugs in the same solvent are
less significant; however, the solubility of either drug in water and
in 1,4-dioxane differ by more than an order of magnitude.
Therefore, the solubility varies significantly with solvent compo-
sition. Figure 9 compares the σ-profiles of these two isomers.
Since the carbonyl group and hydroxyl group of 2-hydroxyben-
zoic acid may form an intramolecular hydrogen bond (hence less
surface exposed to the solvent), their contributions to both
pOH(σ) and pOT(σ) of 2-hydroxybenzoic acid are reduced
compared to those of 4-hydroxybenzoic acid. Such differences
result in the different solubilities observed in these two isomers.
4.5. Octanol-Water Partition Coefficient of Drug. The

predictions of the logarithm of the octanol-water partition
coefficients, log KOW, for 89 drug compounds are shown in
Figure 10. The experimental values (taken from the study of
Duffy and Jorgenson37) for log KOW of these compounds range
from about -4 (2-[3,4-dihydroxy-2,5-bis(hydroxymethyl)oxolan-
2-yl]oxy-6-(hydroxymethyl)oxane-3,4,5-triol, a.k.a. sucrose)
to about þ5 (2-[3-(trifluoromethyl)anilino]benzoic acid);
that is, 10-4 to 105 in KOW. The complete list of the
compounds is given in the Supporting Information. The
RMSE in log KOW from COSMO-SAC(2010) and COSMO-
SAC(2002) are 1.14 and 0.85, respectively. While the COS-
MO-SAC(2010) model is found to be less accurate here, it is
indeed more precise. Also shown in Figure 10 are the linear
regressions of the predicted values and experimental
data, that is, log KOW(calc) = a logKOW(expt) þ b. The

Figure 8. Comparison of the solubility of 2-hydroxybenzoic acid (0)
and 4-hydroxybenzoic acid (O) in waterþ 1,4-dioxane solvent mixtures
at 298.15 K. The experimental data are taken from the works of Wu and
Martin68 and Pena et al.41

Figure 9. σ-profiles of (a) non-hydrogen-bonding (nhb), (b) hydroxyl
(OH), and (c) other (OT) components for 2-hydroxybenzoic acid
(dotted lines) and 4-hydroxybenzoic acid (solid lines).

Figure 10. Comparison of measured octanol-water partition coeffi-
cients for 89 commercial drugs compared with predictions from the
COSMO-SAC(2010) (O) and COSMO-SAC(2002) (4) models. The
bold solid lines are the best linear fit between the predicted and the
experimental data: y = 0.98x þ 0.76 with R2 = 0.77 from COSMO-
SAC(2010) (dark line) and y = 0.82 x þ 0.46 with R2 = 0.75 from
COSMO-SAC(2002) (gray line).
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COSMO-SAC(2010) model has a much better linear corre-
lation with the experimental values (larger values in the
slope, 0.98 vs 0.82, and in the correlation coefficient R2,
0.77 vs 0.75). Its lower overall accuracy is a result of the
larger systematic error (seen in the intercept, 0.76 vs 0.46).
The reason for the systematic errors seen in the prediction of
log KOW is not clear and will be the subject for further
studies.

5. CONCLUSION

The COSMO-SAC activity coefficient model revised byHsieh
et al.22 [denoted as COSMO-SAC(2010)] has been proven to
provide a better description of vapor-liquid and liquid-liquid
equilibria when compared with that of the original COSMO-
SAC model [denoted as COSMO-SAC(2002)]. Here we show
that the overall RMSE (root-mean-square error) of predictions
of the COSMO-SAC(2010) model in the natural logarithm of
drug solubility for 51 drugs in 37 organic solvents and their
combinations is 1.21 (corresponding to 236 % in percentage
error), a reduction of 25 % when compared with 1.59 (388 %)
from the COSMO-SAC(2002) model. The RMSE in log
KOW is found to be 1.14 from COSMO-SAC(2010), slightly
worse than that from COSMO-SAC(2002), 0.85. Since the
parameters of COSMO-SAC were obtained without using
any of the data considered in this study, the results presented
here are truly a priori predictions. We also show that the
RMSE of the COSMO-SAC(2010) model in the prediction
of drug solubility can be significantly decreased to 0.53 (70
%) when the experimental drug solubility data in the relevant
pure solvents are used. The ability of COSMO-SAC model to
distinguish between isomers is also demonstrated in this
study. Consequently, we believe that the COSMO-SAC-
(2010) model could be a useful tool in drug discovery,
purification, and formulation.

’APPENDIX. CORRECTION METHOD FOR THE COS-
MO-SAC MODEL TO IMPROVE THE DRUG SOLUBILITY
PREDICTIONS IN MIXED SOLVENT SYSTEMS WITH THE
EXPERIMENTAL DRUG SOLUBILITY DATA IN THE RE-
LEVANT PURE SOLVENTS

The COSMO-SAC model can improve the accuracy in the
prediction of drug solubility when the solubility data in pure
solvent is introduced. As stated in the work of Shu and Lin,16 an
empirical correction term is introduced by modifying the results
of the COSMO-SAC model as follows

ln γi=S ¼ ln γCOSMOSAC
i=S þ ln γCorrectioni=S ðA1Þ

where the expression of correction term is

ln γCorrectioni=S ¼ 1
2RT

∑
C

j¼ 1
∑
C

k¼ 1
ðBij þ BikÞxjxk ðA2Þ

where Bij and Bik are the binary interaction parameters between
drug i and solvents j and k; C is the number of solvents in the
mixture. In the case of pure solvent, eq A2 can be rewritten as

ln γCorrectioni=S ¼ Bij
RT

xj
2 ¼ Bij

RT
ð1- xiÞ2 ðA3Þ

and the value of interaction parameter (Bij) between drug i and
solvent j can be determined by using the experimental drug

solubility in pure solvent from

Bij
RT

¼ 1

ð1- xiÞ2
ΔHfus, i

R
1
T
-

1
Tm, i

 !
- ln xiγ

COSMOSAC
i=S

" #

ðA4Þ

Since γi/S
COSMOSAC is calculated from the COSMO-SAC model,

this approach is denoted as COSMO-SAC þ Cor in this study.
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