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The Abraham solvation parameter model is used to calculate the numerical values of the
solute descriptors for phenothiazine from experimental solubilities in organic solvents.
The mathematical correlations take the form of

log
CS

CW

� �
¼ cþ e � Eþ s � Sþ a � Aþ b � Bþ v � V

log
CS

CG

� �
¼ cþ e � Eþ s � Sþ a � Aþ b � Bþ l � L

where CS and CW refer to the solute solubility in the organic solvent and water, respectively,
CG is a gas phase concentration, E is the solute excess molar refraction, V is McGowan volume
of the solute, A and B are measures of the solute hydrogen-bond acidity and hydrogen-bond
basicity, S denotes the solute dipolarity/polarizability descriptor, and L is the logarithm of the
solute gas phase dimensionless Ostwald partition coefficient into hexadecane at 298K. The
remaining symbols in the above expressions are known solvent coefficients, which have been
determined previously for a large number of gas/solvent and water/solvent systems. The
Abraham solvation parameter model was found to describe the experimental solubility data of
phenothiazine within an overall standard deviation of 0.094 log units.

Keywords: Phenothiazine solubilities; Organic solvents; Partition coefficients; Molecular solute
descriptors; Solubility predictions

1. Introduction

Free energy of partition is an important thermodynamic variable that quantifies the
Gibbs energy difference between a molecule in a given phase and the molecule dissolved
in a second phase. Free energies of partition provide valuable information regarding
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molecular interactions between dissolved solute and surrounding solvent molecules,

and can be used to calculate numerical values of partition coefficients that describe the

equilibrium of a solute between two immiscible liquid phases. The partitioning process

plays an important role in determining whether or not a given chemical is able to cross

biological membranes. Mathematical correlations have been derived to describe

the partitioning behavior of various chemicals between specific animal tissues and air

(i.e., liver/air, kidney/air partition coefficients, etc.) based upon the substance’s known

organic solvent/air partition coefficients. Expressions can also be found in the

environmental literature relating the partitioning behavior of known organic pollutants

between the gas phase and a variety of natural substrates in soil, atmosphere, and

foliage to the pollutant’s measured organic solvent/air partition coefficient.

Experimental studies have further shown that the mass transfer coefficient of a solute

across the interface of two immiscible liquid phases depends both upon the solute

concentration in each phase and the partition coefficient.
The general solvation parameter model of Abraham [1–8] is one of the most useful

approaches for the analysis and prediction of free energies of partition in chemical

and biochemical systems. The method relies on two linear free energy relationships,

one for processes within condensed phases

log SP ¼ cþ e � Eþ s � Sþ a � Aþ b � Bþ v � V ð1Þ

and one for processes involving gas to condensed phase transfer

log SP ¼ cþ e � Eþ s � Sþ a � Aþ b � Bþ l � L ð2Þ

The dependent variable, log SP, is some property of a series of solutes in a fixed phase.

The independent variables, or descriptors, are solute properties as follows: E and S refer

to the excess molar refraction and dipolarity/polarity descriptors of the solute,

respectively, A and B are measures of the solute hydrogen-bond acidity and hydrogen-

bond basicity, V is the McGowan volume of the solute, and L is the logarithm of the

solute gas phase dimensionless Ostwald partition coefficient into hexadecane at 298K.

The first four descriptors can be regarded as measures of the tendency of the given

solute to undergo various solute–solvent interactions. The latter two descriptors, V and

L, are both measures of solute size, and so will be measures of the solvent cavity term

that will accommodate the dissolved solute. General dispersion interactions are also

related to solute size, hence, both V and L will also describe the general solute–solvent

interactions. The regression coefficients and constants (c, e, s, a, b, v, and l) are obtained

by regression analysis of experimental data for a specific process (i.e., a given

partitioning process, a given stationary phase and mobile phase combination, etc.).

In the case of partition coefficients, where two solvent phases are involved, the c, e, s, a,

b, v, and l coefficients represent differences in the solvent phase properties.
Presently, we are in the process of developing/updating correlation equations for

additional/existing solvent systems [7–9] and for several biological processes [10,11],

and in developing new computational methodologies for calculating solute descriptors

from available experimental data and/or structural information [12–16]. The existing

values that we have for the molecular descriptors of several crystalline organic

compounds were derived almost entirely from ‘‘practical’’ partitioning data. For some

solutes, there was only very limited experimental data of marginal quality, and one or

two incorrect data points could lead to the calculation of incorrect values for the
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molecular descriptors. For other crystalline solutes there is not sufficient experimental
to even calculate the solute descriptor values. Of particular interest are those solutes
for which published biological data exists, but not calculated descriptors. For such
solutes, we need to calculate the solute descriptors so that we can use the biological
data in developing predictive correlations for new processes. In the present study,
solubilities of phenothiazine were measured in several alkane, alcohol, ether, and
alkanenitrile solvents of varying polarity and hydrogen-bonding characteristics.
Results of these measurements were interpreted using the Abraham solvation parameter
model.

2. Materials and methods

Phenothiazine (Acros, 99%) was used as received. Hexane (Aldrich, 99%), heptane
(Aldrich, 99%, anhydrous), octane (Aldrich, 99þ%, anhydrous), decane (TCI, 99þ%),
hexadecane (Aldrich, 99%), cyclohexane (Aldrich, HPLC, 99.9þ%), methylcyclohex-
ane (Aldrich, 99þ%, anhydrous), cyclooctane (Lancaster, 99þ%), isooctane (Aldrich,
HPLC, 99.7%), ethanol (Aaper Alcohol and Chemical Company, absolute), methanol
(Aldrich, 99.8%, anhydrous), 1-propanol (Aldrich, 99þ%, anhydrous), 1-butanol
(Aldrich, HPLC, 99.8þ%), 1-pentanol (Aldrich, 99þ%), 1-hexanol (Alfa Aesar,
99þ%), 1-heptanol (Alfa Aesar, 99þ%), 1-octanol (Aldrich, 99þ%, anhydrous),
2-propanol (Aldrich, 99þ%, anhydrous), 2-butanol (Aldrich, 99þ%, anhydrous),
2-methyl-1-propanol (Aldrich, 99þ%, anhydrous), 2-methyl-2-propanol (Arco
Chemical Company, 99þ%), 3-methyl-1-butanol (Aldrich, 99%, anhydrous), 1-decanol
(Alfa Aesar, 99þ%), 4-methyl-2-pentanol (Acros, 99þ%), 2-pentanol (Acros, 99þ%),
2-ethyl-1-hexanol (Aldrich, 99%), 2-methyl-1-butanol (Aldrich, 99%), 2-methyl-
1-pentanol (Aldrich, 99%), cyclopentanol (Aldrich, 99%), diethyl ether (Aldrich,
99þ%, anhydrous), diisopropyl ether (Aldrich, 99%, anhydrous), dibutyl ether
(Aldrich, 99.3%, anhydrous), methyl tert-butyl ether (Arco, 99.9þ%), 1,4-dioxane
(Aldrich, 99.8%, anhydrous), ethylene glycol (Aldrich, 99.8%, anhydrous),
acetonitrile (Aldrich, 99.8%, anhydrous), propionitrile (Aldrich, 99%) and butyro-
nitrile (Aldrich, 99.7%, anhydrous) were stored over molecular sieves and distilled
shortly before use. Gas chromatographic analysis showed the solvent purities to be
99.7 mole percent or better.

Excess solute and solvent were placed in amber glass bottles and allowed to
equilibrate in a constant temperature water bath at 25.0� 0.1�C for at least 24 h
(often longer) with periodic agitation. After equilibration, the samples stood unagitated
for several hours in the constant temperature bath to allow any finely dispersed solid
particles to settle. Attainment of equilibrium was verified both by repetitive
measurements the following day (or sometimes after two days) and by approaching
equilibrium from supersaturation by pre-equilibrating the solutions at a slightly higher
temperature. Aliquots of saturated phenothiazine solutions were transferred through
a coarse filter into a tared volumetric flask to determine the amount of sample and
diluted quantitatively with methanol (or with 2-propanol for decane and hexadecane
solutions) for spectrophotometric analysis at 281 nm on a Bausch and Lomb Spectronic
2000. Concentrations of the dilute solutions were determined from a Beer-Lambert
law absorbance versus concentration working curve for nine standard solutions.
The calculated molar absorptivity varied systematically with concentration, and ranged
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from approximately "� 1290 to 1240Lmol�1 cm�1 for phenothiazine concentrations
from 2.25� 10�4 to 1.13� 10�3 Molar. Identical molar absorptivities were obtained
for select phenothiazine solutions that contained up to 4 vol% of the neat alkane,
alcohol, ether, and alkanenitrile solvents.

Experimental molar concentrations were converted to (mass/mass) solubility
fractions by multiplying by the molar mass of phenothiazine, volume(s) of volumetric
flask(s) used and any dilutions required to place the measured absorbances on the
Beer-Lambert law absorbance versus concentration working curve, and then dividing by
the mass of the saturated solution analyzed. Mole fraction solubilities were computed
from solubility mass fractions using the molar masses of the solute and solvent.
Experimental phenothiazine solubilities, XS, in the 38 organic solvents studied are listed
in table 1. Numerical values represent the average of between four and eight
independent determinations, and were reproducible to within �1.5%.

Table 1. Experimental phenothiazine mole fraction
solubilities, XS, in select organic solvents at 25�C.

Organic solvent XS

Hexane 0.000585
Heptane 0.000696
Octane 0.000858
Decane 0.001056
Hexadecane 0.001661
Cyclohexane 0.000979
Methylcyclohexane 0.001027
Cyclooctane 0.001577
Isooctane 0.000532
Methanol 0.00512
Ethanol 0.00890
1-Propanol 0.00885
1-Butanol 0.01099
1-Pentanol 0.01339
1-Hexanol 0.01562
1-Heptanol 0.01754
1-Octanol 0.01855
1-Decanol 0.01984
2-Propanol 0.00600
2-Butanol 0.00732
2-Methyl-1-propanol 0.00534
2-Methyl-2-propanol 0.00583
2-Methyl-1-butanol 0.00726
3-Methyl-1-butanol 0.00896
2-Pentanol 0.00871
2-Methyl-1-pentanol 0.00866
4-Methyl-2-pentanol 0.00728
2-Ethyl-1-hexanol 0.01009
Cyclopentanol 0.02119
Diethyl ether 0.02581
Diisopropyl ether 0.01185
Dibutyl ether 0.01144
Methyl tert-butyl ether 0.02339
1,4-Dioxane 0.1026
Ethylene glycol 0.00191
Acetonitrile 0.01169
Propionitrile 0.03872
Butyronitrile 0.05741
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3. Results and discussion

Equation (1) predicts partition coefficients, and for select solvents, both ‘‘dry’’ and
‘‘wet’’ equation coefficients have been reported. For solvents that are partially miscible
with water, such as 1-butanol and ethyl acetate, partition coefficients calculated as the
ratio of the molar solute solubilities in the organic solvent and water are not the same as
those obtained from direct partition between water (saturated with the organic solvent)
and organic solvent (saturated with water). Care must be taken not to confuse the two
sets of partitions. In the case of solvents that are fully miscible with water, such as
methanol, no confusion is possible. Only one set of equation coefficients has been
reported, and the calculated log P value must refer to the hypothetical partition between
the two pure solvents. And for solvents that are ‘‘almost’’ completely immiscible
with water, such as alkanes, cyclohexane, dichloromethane, trichloromethane,
tetrachloromethane and most aromatic solvents, there should be no confusion because
indirect partition (see equation (3)) will be nearly identical to direct partition.

The predictive applicability of the Abraham solvation parameter model is relatively
straightforward. We start with the set of equations that we have constructed for the
partition of solutes between water and a given solvent. Table 2 gives the coefficients in
equation (1) for the water–solvent partitions we shall consider. The actual numerical
values may differ slightly from values reported in earlier publications. Coefficients are
periodically revised when additional experimental data becomes available. Note that
many of these are ‘‘hypothetical partitions’’ between pure water and the pure dry
solvent; these are shown as ‘‘dry’’ in table 2. Although ‘‘hypothetical’’, these partitions
are very useful; as we show later, they can be used to predict solubilities (and activity
coefficients) in the pure dry solvent. The partition coefficient of a solid between water
and a solvent phase, P, is related to

SP ¼ P ¼
CS

CW
or log SP ¼ logP ¼ logCS � logCW ð3Þ

the molar solubility of the solid in water, CW, and in the solvent, CS. Hence, if CW is
known, predicted logP values based upon equation (1) will lead to predicted molar
solubilities through equation (3). The molar solubility of phenothiazine in water,
logCW¼�5.10 was measured as part of this study. The value is used to calculate the
experimental solubility ratios, log (CS/CW), and to convert the predicted solubility ratios
back to predicted molar solubilities.

Three specific conditions must be met in order to use the Abraham solvation
parameter model to predict saturation solubilities. First, the same solid phase must be
in equilibrium with the saturation solutions in the organic solvent and in water
(i.e., there should be no solvate or hydrate formation). Second, the secondary medium
activity coefficient of the solid in the saturated solutions must be unity (or near unity).
This condition generally restricts the method to those solutes that are sparingly soluble
in water and nonaqueous solvents. Finally, for solutes that are ionized in aqueous
solution, CW, refers to the solubility of the neutral form.

For partition of solutes between the gas phase and solvents, equation (2) is used.
(Equation coefficients are given in table 2 for several organic solvents.) Predicted logL
values can also be converted to saturation molar solubilities, provided that the solid
saturated vapor pressure at 298.15K, VP�, is available. VP� can be transformed into the
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gas phase concentration, CG, and the gas–water and gas–solvent partitions, LW and LS,
can be obtained through

SP ¼ LW ¼
CW

CG
or log SP ¼ logLW ¼ logCW � logCG ð4Þ

SP ¼ LS ¼
CS

CG
or log SP ¼ logLS ¼ logCS � logCG: ð5Þ

As before, the computational method will be valid if conditions discussed above are
met. If one cannot find an experimental vapor pressure for the solute at 298.15K in the
published literature, one can assume an estimated value in the preliminary calculations.
The value can be adjusted if necessary in order to reduce the logL deviations, and to
make the logP and logL predictions internally consistent.

To determine the solute descriptors for phenothiazine we first convert the
experimental mole fractions in table 1 into molar solubilities by dividing X exp

S , by
the ideal molar volume of the saturated solution (i.e., C exp

S � X exp
S =½X exp

S VSolute þ

ð1� X exp
S ÞVSolvent�). A value of VSolute¼ 156 cm3mol�1 was used for the molar volume

of the hypothetical subcooled liquid phenothiazine. Any errors resulting from our
estimation of the phenothiazine’s hyphothetical subcooled liquid molar volume, VSolute,
or the ideal molar volume approximation should have negligible effect of the calculated
C exp

S values. Phenothiazine is not very soluble in many of the solvents considered, and
the X exp

S VSolute term contributes very little to the molar volumes of the saturated

solutions.
Available practical partition coefficient data for the 1-octanol/water system [17]

was retrieved from the chemical literature. The aqueous solubility prediction is included
in the solubility computations. The published correlation of Abraham and Le [18]

logCW

5
¼ 0:104� 0:2011Eþ 0:154 Sþ 0:434 A

þ 0:848 B� 0:672 A � B� 0:797 V ð6Þ

and its updated version (unpublished)

logCW

5
¼ 0:079� 0:191 Eþ 0:064 Sþ 0:231 A

þ 0:651 B� 0:157 A � B� 0:666 V ð7Þ

was used for the aqueous predictions. The cross A �B term was added to the model to
account for hydrogen-bond interactions between the acidic and basic sites in the pure
liquid or solid solute. Such interactions are not normally included in solubility ratio and
partition coefficient correlations. In practical partitioning studies, the solute is generally
at very low concentration and is surrounded by solvent molecules. In the case of
solubility ratios the same equilibrium solid phase must be present for both CS and CW

measurements. This allows contributions from breaking of crystal forces to cancel in the
calculation of the solubility ratio.

Combining the two sets of linear free-energy relationships, we have a total of
60 equations for which partition data and equation coefficients are available. Not all of
the solubility data can be used at the present time because we are missing equation

374 K. R. Hoover et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
4
0
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



coefficients for several of the organic solvents. The unused solubility data will be used

in subsequent studies when we derive equation coefficients for additional solvents.

The characteristic McGowan volume of phenothiazine (V¼ 1.4789) is calculated from

the individual atomic sizes and number of bonds in the molecule [19] and E is estimated

as 1.890. The set of 60 equations were then solved using Microsoft ‘‘Solver’’ to yield

the values of the four unknown solute descriptors that best described experimental

partitioning data of equations (1) and (2). The final set of molecular descriptors were:

S¼ 1.560, A¼ 0.310, B¼ 0.300, and L¼ 8.3886; and the vapor phase concentration

was logCG¼�10.503. The vapor phase concentration corresponds to a gas-to-liquid

partition coefficient of logL¼ 5.403, which is in good agreement with the calculated

values based upon equations (1) and (2) (the last numerical entry in table 3).
Examination of the numerical entries in table 3 reveals that the final set of

molecular descriptors reproduce the 60 experimental logP and logL values within

Table 3. Comparison between observed and back-calculated partitions and molar solubilities of
phenothiazine based upon equations (1) and (2) and existing values for molecular solute descriptors.a

Equation (1) Equation (2)

Solvent logCS logPexp logPcalc log C calc
S logLexp logLcalc log C calc

S

1-Octanol (wet) 4.150b 4.119 9.553 9.629
Hexane �2.352 2.748 2.647 �2.453 8.151 8.185 �2.318
Heptane �2.326 2.774 2.647 �2.453 8.177 8.215 �2.288
Octane �2.280 2.820 2.962 �2.138 8.223 8.234 �2.269
Decane �2.268 2.832 2.749 �2.351 8.235 8.182 �2.321
Hexadecane �2.248 2.852 2.808 �2.292 8.255 8.389 �2.114
Cyclohexane �2.046 3.054 3.154 �1.946 8.457 8.453 �2.050
Methylcyclohexane �2.097 3.003 2.950 �2.150 8.406 8.401 �2.102
Isooctane �2.495 2.605 2.525 �2.575 8.008 7.968 �2.535
Diethyl ether (dry) �0.614 4.486 4.580 �0.520 9.889 9.929 �0.574
Dibutyl ether (dry) �1.172 3.928 3.990 �1.110 9.331 9.413 �1.090
Methyl tert-butyl

ether (dry)
�0.710 4.390 4.324 �0.776 9.793 9.707 �0.796

1,4-Dioxane (dry) 0.043 5.143 5.180 0.080 10.546 10.554 0.041
Methanol (dry) �0.907 4.193 4.049 �0.691 9.596 9.447 �1.056
Ethanol (dry) �0.826 4.274 4.258 �0.842 9.677 9.529 �0.974
1-Propanol (dry) �0.933 4.167 4.181 �0.919 9.570 9.483 �1.020
2-Propanol (dry) �1.111 3.989 4.076 �1.024 9.392 9.450 �1.053
1-Butanol (dry) �0.926 4.174 4.094 �1.006 9.577 9.590 �0.913
1-Pentanol (dry) �0.912 4.188 4.161 �0.939 9.591 9.540 �0.963
1-Hexanol (dry) �0.916 4.194 4.226 �0.874 9.597 9.604 �0.899
1-Heptanol (dry) �0.909 4.191 4.233 �0.867 9.594 9.518 �0.985
1-Octanol (dry) �0.931 4.169 4.219 �0.881 9.572 9.566 �0.937
1-Decanol (dry) �0.983 4.117 4.236 �0.864 9.520 9.612 �0.891
2-Butanol (dry) �1.103 3.997 4.076 �1.024 9.400 9.425 �1.078
2-Methyl-1-

propanol (dry)
�1.240 3.860 3.947 �1.153 9.263 9.311 �1.192

2-Methyl-2-
propanol (dry)

�1.210 3.890 3.996 �1.104 9.293 9.394 �1.109

Ethylene
glycol (dry)

�1.468 3.632 3.479 �1.621 9.035 8.741 �1.762

Acetonitrile (dry) �0.666 4.434 4.239 �0.861 9.837 9.670 �0.833
Gas-to-Water 5.403 5.422 5.403 5.429

aNumerical values of the descriptors used in these calculations are: E¼ 1.890, S¼ 1.560, A¼ 0.310, B¼ 0.300, V¼ 1.4789,
and L¼ 8.3886.
bExperimental value is from [17].
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an overall standard deviation of 0.094 log units. Individual standard deviations

were 0.094 and 0.094 log units for the 31 calculated and observed logP values and

29 calculated and observed logL values, respectively. The aqueous solubility

calculations were included in the logP statistics. Statistically there is no difference

between the set of 31 logP values and the total set of 60 logP and logL values,

suggesting that the value of logCG¼�10.503 is a feasible value for phenothiazine.

Whether or not the assumed value is in accord with future experimental vapor

pressures, we can regard our value of logCG simply as a constant that leads to

calculations and predictions via equation (2). Based on our past experience using

various solution models we have found that the better predictive equations

estimate solubilities to within �0.2 log units. The Abraham solvation parameter

model meets this criterion.
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