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Abstract

In the two previous papers [Stengele, A., Rey, St., Leuenberger, H., 2001. A novel approach to the characterization of
polar liquids. Part 1: pure liquids. Int. J. Pharm. 225, 123–134; Stengele, A., Rey, St., Leuenberger, H., 2002. A novel ap-
proach to the characterization of polar liquids. Part 2: binary mixtures. Int. J. Pharm. 241, 231–240] it was shown, that the
Clausius–Mossotti–Debye equation for the quasi-static dielectric constant (ε) can be extended to liquids if the parameterEi /E
is introduced.Ei corresponds to the local mean field due to close molecule–molecule interactions after the application of
an external electric fieldE. In the present paper, it is demonstrated that the value ofEi /E at room temperature can be (1)
related to the density of hydroxy groups and the density of the square of the dipole moment per molar volume for polar
liquids and (2) also to the total (δt) and partial solubility parameter, for polar (δp) and hydrogen bond forming molecules
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. Introduction

As it was shown in previous papers (Stengele et al.,
001, 2002) pure polar liquids can be characterized by
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the parameterEi /E of the Clausius–Mossotti–Deb
equation modified according to Leuenberger
the quasi-static dielectric constant (Stengele et al
2001).

In the present paper the emphasis was pu
the study of the nature of the parameterEi /E and
its origin in case of pure polar liquids at roo
temperature.
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2. Theoretical

2.1. The Clausius–Mossotti–Debye equation
modified according to Leuenberger for the
quasi-static dielectric constant
(Stengele et al., 2001)

The original Clausius–Mossotti–Debye equation is
only valid for molecules in the ideal gas phase, i.e. in
the case, where the molecules are located far from each
other and do not show any interaction:(

ε − 1

ε + 2

)
Mr

ρ
= NA

3ε0

(
α + µ2

g

3kT

)
(1)

whereε is quasi-static relative dielectric constant;Mr is
molecular weight;ρ is density;NA is Avogadro number
(6.023× 1023 mol−1); ε0 is electric field constant in the
vacuum (8.854× 10−12 C2 J−1 m−1); α is polarizabil-
ity of the molecule (cm2 V−1); µg is dipole moment
in the state of an ideal gas (C m);K is Boltzmann’s
constant (1.38× 10−23 J K−1); T is temperature (K).

The essential point of the original derivation of the
Clausius–Mossotti–Debye equation consisted in the
fact that the local mean fieldEi being the result of
short range Van der Waals interactions and of hydrogen
bonding of neighboring molecules was neglected. The
introduction of the termEi /Ewith E is applied external
electric field leads to the following modification:( ) (

2
)
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where|m| is absolute value for the slopemof (Ei /E) f
(1/T) andb is intercept from the linear regression (Ei /E)
f (1/T).

Interestingly an empirical relationship between|m|
and the Hildebrand parameter (δ) could be established
(Stengele et al., 2001). This relationship has to be
judged with caution as it is often neglected thatδ is
temperature dependent. The values ofδ which are listed
in tables such as in the book ofBarton (1991)are es-
timated values valid at room temperature. The slope
|m| on the other hand is a temperature-independent pa-
rameter. If the temperatureT is kept constant, the pa-
rameter (|m|/T) is a constant, too, and the correlation
between the Hildebrand solubility parameter (δ) and
(|m|/T) is still valid. One can expect that as a conse-
quence the valueEi /Eat room temperature may directly
yield a good correlation with the total Hildebrand sol-
ubility parameter (δt). Thus, it should be possible to
find an empirical relationship between the values of
Ei /E and the total Hildebrand solubility parameter (δt)
at room temperature. This evaluation will be part of
this paper as well as the study of the correlation of
Ei /E value with the partial Hansen solubility parame-
ters for polar and hydrogen bond forming molecules
(δp, δh).

2.2. Dimroth–Reichardt ET parameter: an
empirical solvent polarity parameter
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The classical Clausius–Mossotti–Debye equa
Eq.(1)) is not valid for polar liquids but can be used
stimate quite accurately the dipole momentµg of wa-

er in a highly diluted solution of water in 1,4-dioxa
imulating an ideal gas state condition (Hedestrand
929).

The Clausius–Mossotti–Debye equation modi
ccording to Leuenberger for the quasi-static die

ric constant (Stengele et al., 2001) (Eq. (2)) can be
sed to characterize polar liquids. In case of a hi
olar liquid such as water the value ofEi /E is −21.0 a
oom temperature. The parameterEi /E is temperatur
ependent and can be modeled as follows:

Ei

E
= − |m|

(
1

T

)
+ b (3)
The notion of solvent polarity is often used to cho
solvent or to explain solvent effects. With the exc

ion of some mixtures of two solvents, solvent pola
s not conveniently measured either by the dipole

ent or by the dielectric constant. However, very us
orrelations were obtained with empirical solvent
arity parameters (Griffiths and Pugh, 1979; Reichar
988) such as theET(30) scale of Dimroth–Reichar
Reichardt, 1994),Zscale of Kosower (Kosower, 1958)
r the�* scale of Kamlet (Kamlet and Taft, 1976).
ET(30) values (Reichardt, 1994) are defined as th

olar electronic transition energies (ET) of thenega-
ively solvatochromic pyridinium N-phenolate beta
ye (Fig. 1) in a given solvent measured in kiloca
ies per mol (kcal/mol) at room temperature (25◦C)
nd normal pressure (1 bar), according to Eq.(4). The
umber (30) was added by its originators in orde
void confusion withET, often used in photochemist
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Fig. 1. Negatively solvatochromic pyridiniumN-phenolate betaine
dye.

as abbreviation for triplet energy.

ET(30) (kcal mol−1) = hcvmaxNA

= (2.8591× 10−3)vmax(cm−1) = 28591

λmax
(nm) (4)

wherevmaxis frequency andλmax is wavelength of the
maximum of the longest wavelength, intramolecular
charge-transfer�–�* absorption band of the negatively
solvatochromic pyridiniumN-phenolate betaine dye.

In addition, so-called normalizedEN
T values have

been introduced (Reichardt, 1994). They are defined
according to Eq.(5) as dimensionless figures, using
water and tetramethylsilane (TMS) as extreme polar
and nonpolar reference solvents, respectively. Hence,
the EN

T scale ranges from 0.000 for TMS, the least
polar solvent, to 1.000 for water, the most polar solvent
(Reichardt, 1994).

EN
T = ET(solvent)− ET(TMS)

ET(water)− ET(TMS)

= ET(solvent)− 30.7

32.4
(5)

A comparison betweenEi /E parameter andET(30)
parameter and also between theEi /Eparameter and the
so-called normalizedEN

T values for polar substances
will be performed.
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. Materials and methods

.1. Data analysis

The molar volume of a pure liquid is defined as

m (cm3 mol−1) = Mr

ρ
(6)

hereMr is molecular weight (g mol−1) andρ is den-
ity (g cm−3).
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In order to get a parameter, which defines the density
of OH-groups per volume (DOH), and the density of the
square of the dipole moment per molar volume (D��),
the following variables were defined:

DOH (cm−3) = (no. of OH-groups per molecule)

Vm
(7)

D�� (D2 mol cm−3) = µ2

Vm
(8)

The dipole momentµ is given in Debye units (D).
The conversion factor to SI units is1 D = 3.33564×
10−30 C m.

The Ei /E parameter result of the modified Debye
equation according to Leuenberger was calculated ac-
cording to Eq.(2). As the external electric fieldEvaries
in a cylinder condensator as a function of the radiusr
(Frauenfelder and Huber, 1967), it does not make sense
to calculateEand to estimateEi . The values for the po-
larizabilityαwere calculated using the Lorentz–Lorenz
equation (Lorenz, 1880), which gave excellent results
compared with literature data (Riddick and Bunger,
1970) both for polar and nonpolar compounds (see Eq.
(9)).

(
n2 − 1

)
Mr NA

am-
e ers
a
a .

n ac-
c

δ

me-
t en
E r-
m
w

Fig. 2. Ei /E values as a function of the square total Hidelbrand sol-
ubility parameterδt at 298.2 K.

4. Results

4.1. The correlation of Ei/E with the total
Hildebrand solubility parameterδt and the partial
Hansen solubility parameters (δp, δh) at room
temperature

According to Eq.(3) a linear dependence between
Ei /E and 1/T exists. The slopem of Eq. (3) could be
correlated to the Hildebrand solubility parameter (δ),
more precisely to the total solubility parameterδt. A
close inspection of the data obtained (seeTable 1) so far
leads now to the following result. IfT is kept constant
it is possible to correlate the parameterEi /E directly to
the Hildebrand solubility parameter (δt) with a mean
correlation coefficientr2 = 0.99 (Fig. 2, Eq.(11)):

Ei

E
= −0.01δ2

t + 5.83, r2 = 0.99 (11)

Interestingly it is also possible to correlateEi /E di-
rectly with the partial Hansen solubility parameterδh
for molecules being capable to form hydrogen bonds
with a r2 = 0.98 (Fig. 3, Eq.(12)).

Ei

E
= −0.01δ2

h + 2.53, r2 = 0.98 (12)

A good correlation is also found between the param-
eterEi /Eand the partial Hansen solubility parameterδp
for polar molecules having a dipole moment (r2 = 0.92,
Fig. 4, Eq.(13)).
n2 + 2 ρ
=

3ε0
α (9)

For the study of the correlation between the par
terEi /Eand the total and partial solubility paramet
nd also for the correlation between the parameterEi /E
ndDOH the data compiled inTable 1were analyzed

The square of the Hansen parameters was take
ording to the Hansen equation (see Eq.(10)).

2
t = δ2

d + δ2
p + δ2

h (10)

For the study of the correlation between the para
erEi /EandD��, as well as for the correlation betwe
i /E parameter and theET(30) parameter and the no
alizedEN

T values the data also compiled inTable 1
ere analyzed.
Ei

E
= −0.08δ2

p + 3.10, r2 = 0.92 (13)
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Fig. 3. Ei /E values as a function of the square partial Hanson solu-
bility parameterδh at 298.2 K.

Ei /Ecan also be correlated with the combined partial

solubility parameterδhp = (δ2
h + δ2

p)
1/2

, which leads to

a correlation coefficient ofr2 = 0.96.
AsEi /Ecan be determined rather accurately, a good

estimate for the totalδt and partial solubility parameters
(δp, δh) can be obtained. As expected no correlation
can be observed with the dispersive partial solubility
parameterδd (r2 < 0.01).

4.2. The correlation of Ei/E with DOH

Interestingly the following empirical relationship
could be obtained, which correlates theDOH with the
value ofEi /E in a polar solvent (seeFig. 5). For this
relationship the following correlation coefficient was
obtainedr2 = 0.99 (Eq.(14))

Ei

E
= −318.91DOH + 3.43, r2 = 0.99 (14)

F olu-
b

Fig. 5. Ei /E values as a function ofDOH at 298.2 K.

It has to be kept in mind that a correlation ofEi /E
with the Hildebrand and Hansen solubility parameters
exist and that it is possible to estimate theoretically
the solubility parameterδt and δh with the help of a
group number concept, i.e. with group cohesion param-
eters (Barton, 1991). The application of this concept is
based on the knowledge of the functional groups of the
molecule contributing per unit molar volume a specific
value to the solubility parameter. Thus, it is not so sur-
prising that the above empirical correlation between
DOH of the solvent was found. As a conclusion it can
be postulated that the value ofEi /Ecan be estimated on
the basis of a new group number concept, which can
be established on the basis of Eq.(14).

4.3. The correlation of Ei/E with D�� at room
temperature

According to Eq.(15) a linear dependence be-
tweenEi /E andD�� exists (seeFig. 6). However, no
ig. 4. Ei /E values as a function of the square partial Hanson s
ility parameterδp at 298.2 K.
 Fig. 6. Ei /E values as a function ofD�� at 298.2 K.
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Fig. 7. DOH as a function ofD�� at 298.2 K.

correlation exists betweenEi /Eand the dipole moment
(r2 = 0.16).

Ei

E
= −129.20D�� + 3.85, r2 = 0.99 (15)

The square of the solubility parameter corresponds
to the endoergic process of separating the solvent
molecules to provide a suitably sized enclosure for
the solute and measures the work required to produce
a cavity of unit volume in the solvent. This term is
related to the tightness or structuredness of solvents
as caused by intermolecular solvent/solvent interac-
tions (Barton, 1991). Therefore, the solubility parame-
ter gives us the amount of Van der Waals forces that
held the molecules of the liquid together per molar
volume. Therefore, it is not surprising that if a good
correlation betweenEi /E and the solubility parame-
ter is found (see Section4.1), it is also possible to
find an excellent correlation betweenEi /E andD��

(r2 = 0.99 according to Eq.(15)) as can be expected ac-
cording to modified Clausius–Mossotti–Debye equa-
tion by Leuenberger (see Eq.(2)).

4.4. The correlation between the DOH and D�� at
room temperature

It could be shown a good correlation (r2 = 0.99) be-
tweenDOH andD�� (seeFig. 7, Eq.(16)).

D

xtent
e

Fig. 8. Ei /E values as a function ofET(30) at 298.2 K.

Fig. 9. Ei /E values as a function ofEN
T at 298.2 K.

4.5. The correlation of Ei/E with the
Dimroth–Reichardt ET(30) at room temperature

A good correlation (see Eqs.(17)and(18)) is found
between theEi /E parameter and the empirical solvent
polarity parameterET(30) at room temperature and also
between theEi /Eparameter and the normalizedEN

T pa-
rameter (seeFigs. 8 and 9). That confirms the important
role of theEi /Eparameter in the characterization of po-
lar liquids.

Ei

E
= −1.28ET(30)+ 63.82, r2 = 0.92 (17)

Ei

E
= −41.70EN

T + 24.27, r2 = 0.92 (18)

5. Conclusions

An excellent correlation betweenEi /EandDOH and
D�� could be found. This confirms thatEi /E describes
OH = 0.400D�� − 0.001, r2 = 0.985 (16)

It indicates that both parameters are to some e
xchangeable.



G. Hernandez-Perni et al. / International Journal of Pharmaceutics 291 (2005) 189–195 195

the close range dipolar and hydrogen bonding interac-
tions.

It could also be shown that due to the possibility
of determining rather accurately theEi /E values of po-
lar liquids in both pure liquid and in binary mixtures
of different polarities, it is possible without an enor-
mous experimental effort to get a good estimates for the
Hildebrand total (δt) and for the Hansen partial solubil-
ity parameter for polar molecules capable of forming
hydrogen bonds (δh).

A good correlation between theEi /E parameter and
the empirical solvent polarity parameterET(30) could
be established showing that theEi /E parameter are an
easily measurable alternative parameter to describe the
polarity of liquids.
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