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Abstract: Temperature dependency of saturated vapor pressure, thermochemical, and ther-
modynamic characteristics of sublimation, as well as fusion and vaporization processes, for
atenolol and pindolol was studied. Specific and nonspecific energetic terms in the crystal lattices
were estimated. Temperature dependencies of solubility in buffer (pH 7.4), in n-octanol, and in
n-hexane were measured. Thermodynamic functions of solubility, solvation, and transfer
processes were deduced. It was found that transfer processes for the drugs moving from water
into n-octanol are determined mainly by the entropy term. Distribution coefficients of the
compounds in the water/n-octanol system were derived and compared with analogous
coefficients calculated from saturation solubility data in the individual solvents. The impact of
mutual dissolution of water and n-octanol molecules in the water/n-octanol system on distribution
coefficients is discussed.
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Introduction

Pharmacokinetic characteristics of drugs for drug delivery
processes are frequently described by in vitro parameters
such as solubility in both hydrophilic and lipophilic systems,
partitioning experiments, and diffusion studies. Both the in
vivo behavior and the mentioned experimental parameters
are determined by the molecular structure of the drug
molecules, particularly by the solvation properties of the
molecules. Usually, to analyze absorption and partitioning
of molecules in various media, terminologies with regard to
lipophilic and hydrophilic molecular properties are used
which are not strictly quantitative. Introducing a thermody-
namic description of the outlined processes provides an
opportunity both for a deeper understanding and for quantita-
tive characterization thereof. Moreover, the proposed ap-
proach enables us to estimate enthalpic and entropic effects
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on an absolute energy scale for the steps of passive drug
transport and delivery.

This work is a continuation of the cycle of studies
devoted to solvation properties of drugs based on molec-
ular crystals.'™ The two compounds chosen for this study,
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Acetanilide and Phenacetin. J. Pharm. Sci. 2006, 95 (10), 2158-
2169.

Perlovich, G. L.; Rodionov, S. V.; Bauer-Brandl, A. Thermody-
namics of Solubility, Sublimation and Solvation Processes of
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Figure 1. Structures of atenolol and pindolol.

atenolol and pindolol (Figure 1), are -blockers, used in
the treatment of hypertension and angina pectoris, and
cardiac arrhythmia.® For this group, there is a distinctive
relationship between hydrophilic/lipophilic properties and
both pharmacodynamic (selectivity) and pharmacokinetic
properties (degree and kinetics of absorption, distribution,
and elimination) in vivo. Furthermore, the distinctive
peculiarity of the drug molecules is their low partitioning
coefficients in a water/octanol system, which makes the
compounds attractive subjects for studying differences in
the solvation effects in both phases.

Experimental Section

Materials and Solvents. Atenolol (benzeneacetamide,
4-{2-hydroxy-3-[(1-methylethyl)amino]propoxy }-, C4Ho,-
N,Os3, FW 266.34, 98%, lot 99H1339) and pindolol {2-
propanol, 1-(1H-indol-4-yloxy)-3-[(1-methylethyl)amino]-,
C14H20N20,, FW 248.33, 98%, lot P-0778} were from Sigma
(Sigma-Aldrich Co. Ltd., Gillingham, U.K.).

1-Octanol [n-octanol, CH3(CH,);OH, MW 130.2, Iot
11K3688], AR grade, was from Sigma Chemical Co., and
n-hexane (CeHyq, MW 86.18, lot 07059903C), AR grade,
was from SDS (Peypin, France). The buffer solution for pH
7.4 was prepared by mixing solutions of appropriate sodium
and potassium salts of phosphoric acid. All the chemicals
were AR grade. pH values were checked using a Toledo MP
220 pH meter (Mettler) standardized with pH 1.68 and 9.22
solutions.

Determination of Solubilities. Solubilities of the drugs
were determined over a wide temperature range 15-42 +
0.1 °C by an isothermal saturation technique. Upon cen-
trifugation of the solid phase, the rest was removed by
filtration (Acrodisc CR syringe filter, PTFE, 0.2 um pore
size), and the bulk solution was measured spectrophoto-
metrically using a UV-2401 PC spectrophotometer (Shi-
madzu) according to the previously described protocol.! The
extinction coefficients in n-octanol are as follows: (1=227
nm) = 1.047 x 10* for atenolol and &(A=219 nm) = 2.892
x 10* for pindolol. In buffer (pH 7.4), the extinction
coefficients are as follows: e(A=274.5 nm) = 1.239 x 10°

(5) Perlovich, G. L.; Bauer-Brandl, A. Solvation of Drugs as a Key
for Understanding Partitioning and Passive Transport Exemplified
by NSAIDs. Curr. Drug Delivery 2004, 1 (3), 213-226.

(6) Hoffman, B. B.; Lefkowitz, R. J. Goodman & Gilman’s The
Pharmacological Basis of Therapeutics 9th ed.; Hardman, J. G.,
Goodman Gilman, A., Limbird, L. E., Eds.; McGraw-Hill: New
York, 1995; pp 199-248.
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for atenolol and e(A=218 nm) = 4.558 x 10* for pindolol.
The experimental results are given as the average of at least
three replicated experiments with statistical errors being
within 2.5%.

Determination of Partition Coefficients. The method of
isothermal saturation was used for the determination of
partition coefficients P(D74). The procedure was as follows.
n-Octanol solutions at a fixed concentration were prepared,
varying the concentrations between one-tenth and the
maximum solubility value. The respective solution was left
in a thermostated ampule, with the same volume of water
added. Equilibration took 24 h under continuous stirring. The
initial concentration in the octanol solutions and the final
concentration of the substance after equilibration were
determined by spectrophotometry. All experiments were
carried out at 25 °C.

The partition coefficient was calculated as

P=cC,/C,, (M

where C,,, and Cwo are the molar concentrations of the solute
in the mutually saturated phases of octanol and water,
respectively. The correctness of the P value was verified by
checking the mass balance of the starting amount of
substance i compared to total amount of the substance
partitioned between the two phases

m; =m,, + My (2)

where m; (C;V;) is the starting mass (in moles) of the
substance, Moy (CowVow) 1S the mass of the substance
dissolved in the water-saturated octanol phase, and niy,
(CwoVwo) 1s the mass of the substance dissolved in the
octanol-saturated water phase. Each experiment was con-
ducted in at least triplicate.

DSC Experiments. Differential scanning calorimetry
(DSC) was carried out using a Perkin-Elmer Pyris 1 DSC
differential scanning calorimeter (Perkin Elmer Analytical
Instruments, Norwalk, CT) and Pyris software for Windows
NT. DSC runs were performed in an atmosphere of flowing
(20 mL/min) dry nitrogen gas of high purity (99.990%) using
standard closed aluminum sample pans. The differential
scanning calorimeter was calibrated with indium from Perkin-
Elmer (P/N 0319-0033). The value of the determined
enthalpy of fusion corresponded to 28.48 J/g (reference value
of 28.45 J/g). The melting point was 429.7 £ 0.1 K (n =
10). All the DSC experiments were carried out at a heating
rate of 10 K/min. The accuracy of weight measurements was
£0.005 mg. The enthalpy of fusion at 298 K was calculated
with the following equation under the assumption that AC,
~ ASps (where AC, is the difference between the molar heat
capacity of the crystalline form and the molar heat capacity
of the melt):

AH;® = AH,

fus fus

— AS, (T, —298.15) 3)

The difference between heat capacities of the melt and
the solid states is approximated by the entropy of fusion
(as a “worst case” estimate). This approach has been used
by Dannenfelser and Yalkowsky?” and by Verevkin et al.>!
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Vaporization enthalpy was evaluated by

AH,, = AH; — AHp 4)

sub fus
The ideal solubility value, XX was derived via eq 5 as
proposed by Hildebrand®? under the assumption that AC, ~
AS{USI
In X¥' = (AH,

us

/RY1/T, ~1/T) —
AS,/R[I0(T, /T~ (T,/T)+1] (5)

Detailed analysis of the adaptability of eq 5 has been
described by Neau et al. >

Sublimation Experiments. Sublimation experiments were
carried out with the transpiration method as described
elsewhere.” The equipment was calibrated using benzoic acid
(standard substance obtained from the Polish Committee of
Quality and Standards) with the enthalpy of combustion
(AH.) being —3228.07 kJ/mol and the heat of fusion (AHy,s)
corresponding to 18.0 kJ/mol. The standard value of the
obtained sublimation enthalpy (AH?ub) was 90.5 + 0.3 kJ/
mol. This is in good agreement with the value recommended
by IUPAC of 89.7 + 0.5 kJ/mol.® The saturated vapor
pressures were measured at each temperature at least five
times with the statistical error being within 3-5%. The
experimentally determined vapor pressure data were de-
scribed in (In P; 1/T) coordinates by

In(P)=A+B/T (6)

The value of the enthalpy of sublimation was calculated by
the Clausius—Clapeyron equation:

AH!, =—Rd(InP)/3(1/T) (7)
whereas the entropy of sublimation at a given temperature
T was calculated from the following relation:

—AGE /T (8)

sub.

AS’, = (AH”,

sub

where AGL, = —RT In(P/Py) and Py = 1.013 x 10° Pa.

Results and Discussion

Sublimation Thermodynamics. The temperature depend-
encies of saturation vapor pressure of atenolol and pindolol
are presented in Table 1. The thermodynamic characteristics
of sublimation, fusion, and vaporization (calculated from the
former two) are summarized in Table 2.

Sublimation data are yielded at elevated temperatures for
experimental reasons. To improve the extrapolation to room
conditions, the heat capacity [Cpczgg(ad) value] of the crystals
was estimated using the additive scheme proposed by
Chickos et al.” The experimental heat capacity value at 298

(7) Zielenkiewicz, W.; Perlovich, G.; Wszelaka-Rylik, M. The vapour
pressure and the enthalpy of sublimation determination by inert
gas flow method. J. Therm. Anal. Calorim. 1999, 57, 225-234.

(8) Cox, J. D.; Pilcher, G. Thermochemistry of organic and organo-
metallic compounds; Academic Press: New York, 1970.

(9) Chickos, J. S.; Hosseini, S.; Hesse, D. G.; Liebman, J. F. A group
additivity approach for the estimation of heat capacities of organic
liquids and solids at 298 K. Struct. Chem. 1993, 4, 271-2717.

Table 1. Temperature Dependencies of Saturation Vapor
Pressure of Atenolol and Pindolol

atenolol® pindolol®
t(°C) P (Pa) t(°C) P (Pa)
123.0 3.34 x 1072 82.0 1.28 x 1078
126.1 455 x 1072 84.0 1.87 x 1078
128.9 5.61 x 1072 91.0 3.38 x 1073
130.1 6.52 x 1072 95.0 6.81 x 1073
131.1 7.07 x 1072 96.0 7.08 x 1073
135.0 1.18 x 107! 99.0 1.01 x 1072
139.6 1.70 x 107" 104.0 2.07 x 1072
142.0 1.94 x 107 106.0 282 x 1072
145.1 2.92 x 107" 108.0 321 x 1072
109.0 3.54 x 1072
110.0 3.88 x 1072
112.0 5.50 x 1072
1145 7.89 x 1072
121.0 1.39 x 107!
122.0 1.48 x 107"
123.0 1.77 x 107!
126.5 273 x 1071
133.5 5.33 x 107"
136.0 6.64 x 107"
141.0 9.90 x 107"
142.0 1.36
152.0 4.14
154.0 4.48

@\Where In[P (Pa)] = (37 + 1) — (16149 + 442)/T, o = 5.65 x
1072, r = 0.9973, F = 1332.7, and n = 9. ®* Where In[P (Pa)] =
(41.7 + 0.4) — (17184 + 150)/T, 0 = 9.52 x 1072, r = 0.9992, F
=13122, and n = 28.

K was estimated with the following correlation equation
proposed by Chickos et al..® C,**ex) = 0.75 +
0.15C,2”*(ad). Heat capacity was introduced as a correction
for the recalculation of the AHL, value at 298 K (AH?.?b8
value), according to eq 9:°

AH2¥ = AH,

sub sub

+AH, = AH' +

sub

(Cpo—C)(T—298.15) =
AH{, +[0.75+0.15C,2(ad) (T — 298.15) (9)

where C,c and C,, are heat capacities of the crystal and gas
phase, respectively; the heat capacity of the gas phase is
negligibly small compared to that of the crystal.
Unfortunately, the crystal structures of the substances
studied are not satisfactorily described in literature, and this
fact makes it difficult to characterize the specific and
nonspecific terms of the molecules in the crystal lattices. To
overcome this problem, the following approach was used.
The sublimation enthalpies for a selection of molecular
crystals were taken from the database of Chickos et al.'”

(10) Chickos, J. S.; Acree, W. E., Jr. Enthalpies of sublimation of
organic and organometallic compounds. J. Phys. Chem. Ref. Data
2002, 37 (2), 537-698.

(11) Aihara, A. Estimation of the energy of hydrogen bonds formed
in crystals. III. Amides. Bull. Chem. Soc. Jpn. 1960, 33, 1188—
1194.
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Table 2. Thermodynamic Characteristics of Sublimation, Fusion, and Vaporization Processes of Atenolol and Pindolol

Cpggs(ad) ASgl?g ASfuse
AGE®a  AHIL,® AHZE®  (Umol™" (J mol™! AHus — AHEEY (U mol™' AHZS' .
(kJ/mol)  (kJ/mol) (kJ/mol) K™) K™) T (K) (kJ/mol)  (kJ/mol) K"y  (kJ/mol) Xs' o
atenolol 711 134.3 £ 3.7 140.0 £3.7 381.5 215+9 426.1+0.2 38.7+0.5 271 91+1 101.3 2.02x10°2
pindolol 68.0 1429 +£12 146.0+1.2 354.9 251 +3 423.6+£0.2 60.6+0.5 42.7 143+1 1038.3 2.37x1073

aAGE® = —298.15RT In(P?°%/Py), where Py = 101300 Pa. ®Without correction. ©With correction on ACy° AHeor = (Coe — Cog)(T —
298.15) = [0.75 + 0.15C,5%8(ad)](T — 298.15), where Cn and Cyg are heat capacities for the crystal and gas phase, respectively; AHZSE =
AHLw + AHoor. @ AHRR® = AHis — ASius(Tm — 298.15). € ASius = AHius/ Tm. " AHuap = AHZSE — AHERE. 9 Where In X5' = (AHws/R)(1/Tm — 1/T)

— ASus/BIN(Tw/ T) — (Te/T) + 11.

van der Waals molecular volumes were calculated with
GEPOL'® using Kitaigorodsky’s atomic radii.'” To estimate
the energetic level of nonspecific molecular interaction within
crystal lattices, which at the same time includes the respective
contribution of the molecular conformational strength, those
crystal structures of molecules meeting the following re-
quirements were selected: (a) crystals without any hydrogen
bond networks, (b) molecules that include groups of com-
pounds with various topological structures [benzene, biphe-
nyl, naphthalene, benzophenone, biphenyl ether, dipheny-
lamine derivatives, and other bicyclic substances with a
connecting bridge between the cyclic motifs of several atoms
(not more than three)], and (c) molecules in which the size
of substituents does not exceed the size of the fert-butyl
fragment. Seventy-one molecular crystals were thus selected
from the database, and for this group, the relationship
between van der Waals volume and sublimation enthalpy
can be described by the following correlation equation
(Figure 2):

AH'Y = (11 £2) + (0.46 £ 0.02) V'™ (10

sub

where r = 0.973, 0 = 4.1, and n = 71.

The results of this calculation are presented in Table 3. It
is not difficult to see that the values of specific interactions
in the crystal lattices for both substances are within 18-20
kJ/mol. This fact probably means that it is due to the creation
of one hydrogen bond (because this value corresponds to

(12) Arshadi, M. R. Heats of sublimation of organic compounds by
mass spectrometric-Knudsen effusion method. J. Chem. Soc.,
Faraday Trans. 1 1974, 70, 1569-1571.

(13) Stephenson, R. M.; Malanowski, S. Handbook of the Thermody-
namics of Organic Compounds; Elsevier: New York, 1987.

(14) Gaftney, J. S.; Pierce, R. C.; Friedman, L. Mass spectrometer
study of evaporation of a-amino acids. J. Am. Chem. Soc. 1977,
99, 4293-4298.

(15) Palm, K.; Luthman, K.; Ungell, A.-L.; Strandlund, G.; Artursson,
P. Correlation of Drug Absorption with Molecular Surface
Properties. J. Pharm. Sci. 1996, 85, 32-39.

(16) Tashiro, Y.; Sami, M.; Shichibe, S.; Kato, Y.; Hayakawa, E.; Iton,
K. Effect of lipophilicity on in vivo iontophoretic delivery. II.
p-Blockers. Biol. Pharm. Bull. 2001, 24 (6), 671-677.

(17) Advanced Chemistry Development (ACD/Labs) Software Solaris,
version 4.67;ACD/Labs, 1994-2005.

(18) Pascual-Ahuir, J. L.; Silla, E. GEPOL: An improved description
of molecular surfaces. I. Building the spherical surface set.
J. Comput. Chem. 1990, 11, 1047.

(19) Kitaigorodsky, A. I. The molecular crystals; Nauka: Moscow,
1971.
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Figure 2. Relationship between sublimation enthalpies
(AH33®) and van der Waals volumes (V¥?%) of selected
molecular crystals (see the text).

the energy of one hydrogen bond), which contributes to the
crystal lattice energy 15% of the energy of the nonspecific
interactions.

Few data for sublimation enthalpies of compounds with
structures similar to atenolol and pindolol have been
published (Table 4). If atenolol is compared with 2-pheny-
lacetamide, it may be concluded that an additional substituent
in the para position (atenolol) increases the crystal lattice
energy by 41.9 kJ/mol. Analogously, indole compared to
pindolol leads to a crystal lattice energy increased by 68.2
kJ/mol. It should be noted that introducing substituents into
the 3-position of the indole molecule also increases the
crystal lattice energy (3-methylindole and L-tryptophan).
Moreover, the increment of this value does not essentially
depend on the nature of the substituent.

As follows from Table 2, the enthalpies of vaporization
for the studied drugs coincide within experimental errors.

Solubility and Solvation Processes. The partitioning
process between water and octanol is the phase transition of
the solute molecules across the interphase between the two
phases (water and octanol) due to a thermodynamic driving
force, which is defined by the difference in the chemical
potentials of solute molecules dissolved in water and in
octanol, respectively. However, sticking to the thermody-
namic formalism, we find many questions remain about a
model describing the elementary steps of the partitioning
process. First of all, it is obvious that the solute molecules
in the solution interact with their nearest neighbor solvent
molecules in a stronger way compared to molecules farther
out in the bulk. Therefore, a so-called solvation shell is
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Table 3. Calculated Values of Nonspecific, AHg§ P¢¢, and Specific, AHSl5°, Sublimation Enthalpy Terms of the

Compounds under Investigation

vvaw (A3) AHZS8 (kJ/mol) AHESE-sPeca (kJ/mol) AHSEE® (kJ/mol) esu® (%)
atenolol 241.0 146.0 £ 1.2 126.4 19.6 155
pindolol 250.9 140.0 £ 3.7 121.9 18.1 14.8

2 Calculated by the correlation equation (eq 10) AHS3%SP*¢ = AH

100%; experimental error within 6%.

Table 4. Sublimation Enthalpies of Compounds with
Structures Similar to Those of the Drugs Studied

Compounds AH,, Ref
Atenolol 140.0+3.7 1w
o 98.1+0.9 i)
5“2
2-phenylacetamide
Pindolol 146.0 £ 1.2 I
: 778+ 1.6 (12)
NH
Indole
CH, 833 13)
: NH
3-methylindole
COOH 87.9+8 (14)

1

L-tryptophane
tw — this work

created around each solute molecule. The strength and nature
of the drug—solvent interactions within this solvation shell
are nonhomogeneous (nonuniform): there are weak van der
Waals interactions as well as stronger donor—acceptor
interactions, hydrogen bonds (as in the extreme case of a
donor—acceptor interaction), and electrostatic interactions,
each being of different reach. Since most drug compounds
are able to create hydrogen bonds, these molecules are
solvated in solutions, particularly in aqueous solutions, by
strong hydrogen bonds. During the partitioning—distribution
process, a molecule solvated in water must rebuild this
solvation shell into the octanol solvation shell (resolvation).

Temperature dependencies of solubility in water and
n-octanol were measured. The experimental results for
solubility and solvation processes are summarized in Tables
5 and 6.

To distinguish specific and nonspecific interaction by the
outlined terms, n-hexane was used as a reference solvent,
which interacts with the molecules only by nonspecific
forces. In contrast to our previous works,'™ the solution
enthalpy values of atenolol (16.4 £ 2.1 kJ/mol) and pindolol
(10.2 £ 2.5 kJ/mol) in n-hexane are in most cases lower
than analogous values for buffer (14.9 + 0.7 kJ/mol for
atenolol and 14.5 £ 0.7 kJ/mol for pindolol) and n-octanol

&v: statistical error within 4 kd/mol. © equp = (AHEESS/AHESESPe) x

(34.1 £ 1.0 kJ/mol for atenolol and 28.4 4 1.0 kJ/mol for
pindolol). In other words, n-hexane cannot be used as an
“inert” solvent for the compounds studied. In our opinion,
this fact may be explained by the extremely low solubility
of the molecules in n-hexane (X, ~ 1077), and as a
consequence, the molecules form associates (larger than
dimers) in the solution. Confirmation of this fact comes in
the high values of the activity coefficients (calculated on the
basis of ideal solubility values): y,(atenolol) = 5.36 x 10*
and y,(pindolol) = 6.42 x 10°.

The dissolution processes of atenolol and pindolol in the
buffer solution are accompanied by a decrease in entropy.
This behavior may be connected with the hydrophobic effect
(i.e., ordering of water molecules caused by hydrophobic
fragments of the drug molecules). It should be mentioned
that the outlined effect is 8 times more pronounced for
pindolol than for atenolol, and this may be explained by the
fact that the volume of the hydrophobic fragment of the
pindolol molecule is larger than that of atenolol. In contrast
to buffer, the solubility entropy terms in n-octanol are
positive for both compounds, and for atenolol, this term is
1.6 times higher than for pindolol.

Pindolol is more strongly solvated in each of the consid-
ered solvents than atenolol is. The solvents can be arranged
in the rank order of decreasing absolute value of solvation
enthalpy for atenolol (water > n-hexane > n-octanol) and
for pindolol (n-hexane > water > n-octanol).

To compare enthalpic and entropic terms of solvation,
parameters ¢y and ¢rs are used to describe the relative
fraction of enthalpy and entropy of solvation, respectively,
which has been introduced elsewhere:”

I(IAH

solv

lIIAH®

solv

SHsolv — [|AH0

solv

HTASS D] % 100%  (11)

solv

gTSSOlV = (lTASg

olv

I+HITASY, ] X 100%  (12)

solv

As one can see from the data in Table 6, for the considered
compounds and solvents, the solvation processes are domi-
nated by the enthalpy term over the entropy term; however,
the contribution of the terms depends essentially on the nature
of the solvent. As mentioned above, for the drugs studied in
n-hexane, the ¢rssoy Value overweighs the analogous values
for the other solvents. It should be noted that the minimum
value of ¢rssorv corresponds to that in n-octanol.

In our previous work,” a correlation was observed between
the mean plasma half-life values, PHL,,, for some NSAIDs
and the solvation enthalpies in octanol as a model for a
lipophilic compartment. Unfortunately, definite half-life
values for the compounds studied are to our knowledge not
found in the literature probably because they are widely
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Table 5. Temperature Dependencies of Atenolol and Pindolol Solubility, Xo[mole fraction], in n-Hexane, Aqueous Buffer at
pH 7.4, and n-Octanol

atenolol pindolol

n-hexane water (pH 7.4) n-octanol n-hexane water (pH 7.4) n-octanol
t(°C) X x 107 Xo x 103 Xz x 10° X x 107 Xo x 10° Xo x 10°
15 2.63 - - 3.02 - -
20 3.05 1.27 3.38 3.81 2.21 1.61
25 3.77 1.37 4.09 3.69 2.49 2.05
30 3.81 1.49 5.30 4.08 2.65 2.36
37 3.05 1.75 7.30 4.00 3.04 3.09
42 5.04 1.93 8.74 4.84 3.40 3.70
A? —8.3+£0.8 —0.6 £0.3 83+04 —11£1 —4.8+0.3 52+04
B? 1967 + 253 1788 + 95 4097 + 118 1223 £+ 300 1749 + 89 3416 £ 115
R° 0.9684 0.9958 0.9988 0.898 0.9961 0.9983
o° 6.37 x 1072 1.82 x 1072 226 x 1072 7.53 x 1072 1.71 x 1072 221 x 1072

2 Parameters of the correlation equation: In Xo = A — B/T. ? R is the pair correlation coefficient. ¢ ¢ is the standard deviation.

Table 6. Thermodynamic Functions of Atenolol and Pindolol Solubility and Solvation Processes in Some Solvents at 298 K

AGsoI AHsol TASsoI Assol _AGsoIvb _AHsoIvc —TAssoIv
solvent Xz yod (kd/mol)  (kJ/mol)  (kJ/mol) (J K" mol™") (kd/mol) (kJ/mol) (kd/mol) cu? (%) c1s® (%)

Atenolol

n-hexane 377 x 1077 536 x 10* 36.7 164+21 —-203 —68.1 34.4 123.6 89.2 58.1 41.9
water (pH 7.4) 1.37 x 107% 14.7 16.3 149+07 —14 —4.7 54.8 125.1 70.3 64.0 36.0
n-octanol 409 x 107% 4.9 13.6 34.1+1.0 20.5 68.8 57.5 105.9 48.4 68.6 314
Pindolol

n-hexane 369 x 1077 6.42x10° 36.7 102425 -26.5 —88.9 31.3 135.8 104.5 56.5 43.5
water (pH 7.4) 2.49 x 107° 95.2 263 145+07 -—11.8 —39.6 41.7 131.5 89.8 59.4 40.6
n-octanol 205x107% 1.2 15.3 284+1.0 13.1 43.9 52.7 117.6 64.9 64.4 35.6

ayp = X5/Xo. ® AGSw = AGS — AGSw. © AHSw = AHS — AHSb. @ gh = [IAHGW/(IAHS W + ITASSI)] x 100%. € gts = [ TASSI/(IAHS!
+ ITASSWI)] x 100%.

fie[{encl.ent on both ﬁrstjpass effe,Ct an,d . renal clegrancleé Table 7. Thermodynamic Parameters of Transfer
indicating both hydrophilic and lipophilic mechanisms.

Processes from Water (pH 7.4) to n-Octanol for Atenolol
Atenolol is reported to have a longer half-life (6-9 h) than and Pindolol
pindolol (3—4 h).'® Further, we tried to compare experimen- 5 S 5
tally derived protein binding values with the solvation (kﬁ/%cr)l) (kﬁ/ﬁt(ral) (k?rf gl) G (%) cred® (%)
entha.lpie§ in. n-octanol. Pindolol has a highze4r level of Plasma atenolol  —2.7 192 219 6.7 533
protein binding (60%) than atenolol (3%).=" As the pindolol pindolol  —11.0 13.9 249 358 64.1

molecules are also more strongly solvated in n-octanol
(—117.6 kJ/mol) than atenolol molecules (—105.9 kJ/mol),
this is not unexpected because the plasma protein binding is
thought to have comparably lipophilic characteristics.

2oy = [AHY(IAHY + ITASY)] x 100%. ° crsy = [TASY(IAHSI
+ ITASY)] x 100%.

Table 8. Distribution Parameters of Atenolol and Pindolol

Distribution and Transfer Characteristics (Buffer —
n-Octanol). The thermodynamic functions of the transfer
process (buffer — n-octanol) of the drugs under investigation

(20) Dannenfelser, R.-M.; Yalkowsky, S. H. Predicting the total entropy
of melting: Application to pharmaceuticals and environmentally
relevant compounds. J. Pharm. Sci. 1999, 88 (7), 722-724.

(21) Verevkin, S. P.; Schick, C. Determination of vapor pressures,
enthalpies of sublimation, and enthalpies of fusion of benzenetri-
ols. Thermochim. Acta 2004, 415, 35-42.

(22) Hildebrand, J. H.; Prausnitz, J. M.; Scott, R. L. Regular and related
solutions; Van Nostrand Reinhold Co.: New York, 1970.

(23) Neau, S. H.; Bhandarkar, S. V.; HellmuthM, E. W. Differential
molar heat capacities to test ideal solubility estimations. Pharm.
Res. 1997, 14 (5), 601-605.

(24) Gobburu, J. V. S.; Shelver, W. H. Quantitative Structure-
Pharmacokinetic Relationships (QSPR) of Beta Blockers Derived
Using Neural Networks. J. Pharm. Sci. 1995, 84 (7), 862-865.
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ionization

(mol %,

D742 Prs? D74° D749 Paco® pKa' pH 7.4)
atenolol 0.04 +0.07 3.0 0.005 0.78 1.25 9.55 99.3
pindolol 0.29 +£0.09 82 0.2 12 93 8.80 96.2

ZMean from seven measurements at the different drug
concentrations of the initial octanol phase. ? Prs = X3°/X¥ at 25
°C. °From ref 15. “From ref 16 at 37 °C. ° Calculated using
Advanced Chemistry Development (ACD/Laboratories) Software
Solaris, version 4.67.'” From ref 16.
are presented in Table 7, and the distribution parameters in
water (buffer)/octanol phases obtained in this study and those
collected from the literature are summarized in Table 8. Here,
the transfer enthalpies were calculated as the difference
between the solution enthalpies in n-octanol and water
obtained from the temperature dependencies in the solubility
experiments.
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It is interesting to note that the drug transfer processes
from buffer to n-octanol may help us to better understand
the mechanism of partitioning between water and lipid
phases. The advantage of such an approach is that the data
obtained represent the pure forces of the transfer process (for
all the thermodynamic parameters) without any side effects
(such as mutual dissolution of solvents). In opposition to
that, distribution experiments include the analysis of the
influence of mutual saturation of the solvents. As one can
see from the data in Table 7, the transfer processes for both
compounds have negative Gibbs energy values; however,
the actual value for atenolol is 4 times less than that of
pindolol. The entropy terms of the considered drugs outweigh
the enthalpy terms [and, moreover, this tendency prevails
for pindolol: ¢rsu(pindolol) = 64.1% vs Grs(atenolol) =
53.3.1%]. Thus, it may be assumed that distribution processes
of the substances in water/octanol phases are entropy-driven.
Because the mutual saturation of the water/octanol system
can lead to a decreased entropy in each phase (ordering the
solvent molecules around the solute molecules), it should
be expected that during the distribution processes in the
system (drug/water/n-octanol), the enthalpy term will be
comparable with the entropy term. As a consequence, the
distribution coefficients are close to zero. This tendency is
observed in particular in partitioning experiments with drugs
in water/octanol systems. From Table 8, it follows that the
D5 4 value of atenolol is close to zero; therefore, it is difficult
to measure the value, as the experimental errors may exceed
the parameter. The values obtained in this study are in good
agreement with the values determined by Palm et al.'” It is
not difficult to see that the experimental and calculated
distribution coefficients are significantly different from the
ratio of solubilities in the isolated phases: (Prs/D7.4)(My/
M,)(atenolol) = 10 and (Prs/D7.4)(My/M,)(pindolol) = 39
[i.e., the relation between the distribution coefficients
calculated as the ratio of the concentration expressed in mole

fraction (P = X5°/X5") and moles per liter (D74 = Cow/Cyo)
is Prs = D74(M,/M,)]. It is concluded that the values are
very sensitive to mutual saturation of the water/octanol
system.

It is our opinion that the compounds with partition
coefficient values between 0 and 1 are particularly difficult
cases for studying distribution processes. First, the experi-
mental errors of the partition coefficient determination for
these substances are in a range comparable to the values
themselves. Second, the water and octanol molecules in
octanol and water phases, respectively, act as a cosolvent in
relation to the main solvent, which strongly influences the
partitioning process. Therefore, the question of how likely
it is that the approach proposed by us sufficiently describes
the partitioning processes for the outlined drugs is raised.
Probably, for the mentioned (anomalous) cases, this approach
can be used as a “zero” approximation to evaluate the
behavior of the system without cosolvent effects on the
molecules and compare this to the impact of the cosolvent
effect by mutual saturation on these molecules. It may be
assumed that the drug molecules transfer from one phase to
the other together with their respective solvation shells,
because the chemical potentials of the studied molecules in
both the water and the n-octanol phases are close to one
another. Therefore, in these particular cases, we should not
consider individual molecules, but more complicated systems
comprising the molecule together with its solvation shell.
Therefore, comparison of experimentally derived partition
coefficients with calculated transfer functions (as discussed
in this paper) provides us with the opportunity to analyze
the impact of the solvation shells on partitioning processes.
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