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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 consjazar( be extended to liquids if the paramefgE
is introduced.E; corresponds to the local mean field due to close molecule—-molecule interactions after the application of
an external electric field. In the present paper, it is demonstrated that the valu /& 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 totab{ and partial solubility parameter, for polas,] and hydrogen bond forming molecules
(8n)-
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the parameteE;/E of the Clausius—Mossotti-Debye
equation modified according to Leuenberger for
As it was shown in previous papeiSténgele etal.,  the quasi-static dielectric constarténgele et al.,

2001, 2002 pure polar liquids can be characterized by 2002).
In the present paper the emphasis was put on

f* Corresponding author. Tel.: +41 61 267 1501; the study of the nature of the parameEVE and
ax: +41 61 267 1516. . L N

E-mail addresshans.leuenberger@unibas.ch its origin in case of pure polar liquids at room
(H. Leuenberger). temperature.
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2. Theoretical

2.1. The Clausius—Mossotti-Debye equation
modified according to Leuenberger for the
guasi-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
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where|m| is absolute value for the slope of (Ei/E) f
(1/T) andbis intercept from the linear regressidf/E)
f(m).

Interestingly an empirical relationship between
and the Hildebrand paramete) ¢€ould be established
(Stengele et al.,, 2001 This relationship has to be
judged with caution as it is often neglected tlias
temperature dependent. The valuedwhich are listed
in tables such as in the book Bfrton (1991)are es-

the case, where the molecules are located far from eachtimated values valid at room temperature. The slope

other and do not show any interaction:

e—1 MS
(s n 2) %
wheree is quasi-static relative dielectric constat;is
molecular weightp is densityNa is Avogadro number
(6.023x 1023 mol—1); g is electric field constant in the
vacuum (8.854 10-12C2J 1 m™1); « is polarizabil-
ity of the molecule (crAV~1); uq is dipole moment
in the state of an ideal gas (C i is Boltzmann’s
constant (1.3& 10-23JK~1); Tis temperature (K).

The essential point of the original derivation of the
Clausius—Mossotti-Debye equation consisted in the
fact that the local mean fiel&; being the result of

Mr_NA

>~ 3 1)

shortrange Van der Waals interactions and of hydrogen

bonding of neighboring molecules was neglected. The
introduction of the ternt;/E with E is applied external
electric field leads to the following modification:

( <a T “—5> @)

3kT

The classical Clausius—Mossotti-Debye equation
(Eg.(1)) is not valid for polar liquids but can be used to
estimate quite accurately the dipole momegbf wa-
ter in a highly diluted solution of water in 1,4-dioxane
simulating an ideal gas state conditiadedestrand,
1929.

The Clausius—Mossotti-Debye equation modified
according to Leuenberger for the quasi-static dielec-
tric constant $tengele et al., 2001(Eq. (2)) can be
used to characterize polar liquids. In case of a highly
polar liquid such as water the valueEfE is —21.0 at
room temperature. The parameEgfE is temperature
dependent and can be modeled as follows:

Ei =P
T

e—1

)%
3(Ei/E)+(e+2)

Na
o 3eo

®3)

E=—|m|

|m| on the other hand is a temperature-independent pa-
rameter. If the temperaturkis kept constant, the pa-
rameter (m|/T) is a constant, too, and the correlation
between the Hildebrand solubility parameté) &and
(Im|/T) is still valid. One can expect that as a conse-
quence the valug;/E at room temperature may directly
yield a good correlation with the total Hildebrand sol-
ubility parameter &). Thus, it should be possible to
find an empirical relationship between the values of
Ei/E and the total Hildebrand solubility parametéy) (

at room temperature. This evaluation will be part of
this paper as well as the study of the correlation of
E;/E value with the partial Hansen solubility parame-
ters for polar and hydrogen bond forming molecules

(8p, 5h).-

2.2. Dimroth—Reichardt Eparameter: an
empirical solvent polarity parameter

The notion of solvent polarity is often used to choose
a solvent or to explain solvent effects. With the excep-
tion of some mixtures of two solvents, solvent polarity
is not conveniently measured either by the dipole mo-
ment or by the dielectric constant. However, very useful
correlations were obtained with empirical solvent po-
larity parametersGriffiths and Pugh, 1979; Reichardt,
1988 such as thé&T(30) scale of Dimroth—Reichardt
(Reichardt, 1994 Z scale of Kosower{osower, 1958
or thew” scale of KamletKamlet and Taft, 1976

E7(30) values Reichardt, 1994are defined as the
molar electronic transition energieSy() of the nega-
tively solvatochromic pyridinium N-phenolate betaine
dye(Fig. 1) in a given solvent measured in kilocalo-
ries per mol (kcal/mol) at room temperature (25
and normal pressure (1 bar), according to &y. The
number (30) was added by its originators in order to
avoid confusion witler, often used in photochemistry
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In order to get a parameter, which defines the density
of OH-groups per volumedpy), and the density of the

square of the dipole moment per molar voluridg (), -5

the following variables were defined: o Clo =
-15
y=-0.0116 x + 5.8292
= 7-0.9852 "
_3 (no. of OH-groups per molecule) 55 | e
Don (cm™) = v (7) 240 590 940 1290 1640 1990 2340
m
S’ [MPa]
,uz *» Meth I O Ett | A& B lalcohol x 2 thyl-1 butanol 1 1 1 |
— ethano! ~thano! enzylalconol Z-methyl- utano & |-propanol ® glycero
Dy, (D?molem™) = = (8) ' : propnet ey
Vm + 2-methyl-1 propanol —water —1,2-ethanediol A 1,2-propanediol e 2-propanol

Fig. 2. E/E values as a function of the square total Hidelbrand sol-

The dipole moment is given in Debye units (D). ubility parametes; at 298.2 K

The conversion factor to Sl units D =3.33564x
1073°Cm.

The Ej/E parameter result of the modified Debye
equation according to Leuenberger was calculated ac-4 1. The correlation of E with the total

cording to Eq(2). As the external electric fiel varies Hildebrand solubility parametes; and the partial

4. Results

in a cylinder condensator as a function of the radius
(Frauenfelder and Huber, 1961t does not make sense
to calculateE and to estimat&;. The values for the po-
larizability @ were calculated using the Lorentz—Lorenz

Hansen solubility parametersy, §,) at room
temperature

According to Eq.(3) a linear dependence between

equation Lorenz, 1880, which gave excellent results £/ and 17 exists. The slopen of Eq. (3) could be
compared with literature dataR{ddick and Bunger,  coyrelated to the Hildebrand solubility paramets, (
1970 both for polar and nonpolar compounds (see EQ. more precisely to the total solubility parameser A
(9)). close inspection of the data obtained ($able J so far
leads now to the following result. Tf is kept constant
n?-1
(nz + 2>

itis possible to correlate the parameigte directly to
. E;
For the study of the correlation between the param- 7

the Hildebrand solubility parametes;Y with a mean
correlation coefficient? =0.99 Fig. 2, Eq.(11)):
eterE;/E and the total and partial solubility parameters
and also for the correlation between the parantgi&r Interestingly it is also possible to correld¢E di-
andDon the data compiled ifable 1were analyzed.  rectly with the partial Hansen solubility paramesgr
The square of the Hansen parameters was taken acfor molecules being capable to form hydrogen bonds
cording to the Hansen equation (see Bd))). with ar?=0.98 Fig. 3 Eq.(12)).

E;

E

M

Na

7 = 3—8001 9)

2 =0.99

—0.0152 4+ 5.83, (11)

= —0.0182 +253 r2=0.98 (12)

8 =65+ 85+ ¢ (10)
A good correlation is also found between the param-

. eterEj/E and the partial Hansen solubility parameligr
For the study of the correlation between the parame- ¢, polar molecules having a dipole momerft£ 0.92
terEj/EandD,,,, as well as for the correlation between Fig. 4, Eq.(13)). ’

E;j/E parameter and ther(30) parameter and the nor-
malized EY values the data also compiled Table 1
were analyzed.

E;
— =-008;+310, r*=092 (13)
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+ 2-methyl-1 propanol —water —I1,2-¢thanediol A 1,2-propanediol e 2-propanol

Fig. 3. E/E values as a function of the square partial Hanson solu-
bility parameteiy at 298.2 K.

Ei/E can also be correlated with the combined partial
solubility parametes, = ((Sﬁ + 8%)1/2, which leads to
a correlation coefficient af? = 0.96.

As E;/E can be determined rather accurately, a good
estimate for the totdl and partial solubility parameters
(8p, 8n) can be obtained. As expected no correlation
can be observed with the dispersive partial solubility
parametesy (r2<0.01).

4.2. The correlation of FE with Doy

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

E.
— = —31891Doy + 343, 2 =0.99 (14)
5 o
T —
-5 d.':. T +
2 o =-.
& -15
J | Y= 00834 X+ 30962
) 2 =0.9182 -
=25
0 40 80 120 160 200 240 280
87 [MPa]

+ Methanol O Ethanol & Benzylalcohol x 2-methyl-1 butanol = 1-propanol ® glycerol

+ 2-methyl-1 propanol —water —1,2-ethanediol A 1,2-propanediol e 2-propanol

Fig. 4. E/E values as a function of the square partial Hanson solu-
bility parametesp, at 298.2K.
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Fig. 5. E//E values as a function ddon at 298.2 K.

It has to be kept in mind that a correlation BfE
with the Hildebrand and Hansen solubility parameters
exist and that it is possible to estimate theoretically
the solubility parametes; and §,, with the help of a
group number concept, i.e. with group cohesion param-
eters Barton, 199). 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
Don of the solvent was found. As a conclusion it can
be postulated that the valuelBfE can be estimated on
the basis of a new group number concept, which can
be established on the basis of Etg).

4.3. The correlation of #E with D, at room
temperature

According to Eg.(15) a linear dependence be-
tweenEj/E andD,,,, exists (sedrig. 6). However, no

s
0 Ji-..ﬁd T T T !
5 ~La
8 o LS
[4a]
-15 y=-129.2000 x + 3.8461
2l RZ=0.9961 -
25 -
000 004 008 012 016 020
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# Methanol O Ethanol A Benzylalcohol x 2-methyl-1 butanol % 1-propanol ® glycerol

~1.2-ethanediol

+ 2-methyl-1 propanol —water A 1.2-propanediol e 2-propanol

Fig. 6. E//E values as a function d,, at 298.2K.
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Fig. 7. Don as a function oD, at 298.2K.

correlation exists betwedf)/E and the dipole moment
(r>=0.16).
E;

12920D,,, +3.85, r?=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, 199). 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 betweerk;/E and the solubility parame-
ter is found (see SectioA.l), it is also possible to
find an excellent correlation betwedi/E andD,,,,
(r>=0.99 according to Eq15)) as can be expected ac-
cording to modified Clausius—Mossotti-Debye equa-
tion by Leuenberger (see E@)).

4.4. The correlation between thesB and O, at
room temperature

It could be shown a good correlatiorf € 0.99) be-
tweenDon andD,,, (seeFig. 7, Eq.(16)).
Don = 0.400D,,,, — 0.001, r?> =0.985 (16)

It indicates that both parameters are to some extent
exchangeable.

rnal of Pharmaceutics 291 (2005) 189-195
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Fig. 8. Ei/E values as a function dr(30) at 298.2 K.
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Fig. 9. E//E values as a function df’TV at 298.2K.

4.5. The correlation of FE with the

Dimroth—Reichardt E(30) at room temperature

A good correlation (see Eg€l7)and(18)) is found
between thes/E parameter and the empirical solvent
polarity parametefr(30) at room temperature and also
between th&;/E parameter and the normalizﬁé’ pa-
rameter (sekigs. 8 and 9 That confirms the important
role of theE;/E parameter in the characterization of po-
lar liquids.

B _ r? =0.92

—1.28E7(30)+ 63.82, 17)

% =0.92

E
E; N
Z —4170ET + 24.27, (18)

5. Conclusions

An excellent correlation betwedf/E andDoy and
D, could be found. This confirms thEf/E describes
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the close range dipolar and hydrogen bonding interac- to reliable predictions of polarity scale values from cu. Coordn.
tions. Chem. Rev. 29, 129-211.

It could also be shown that due to the possibility Hedesfrand, G, 192_9. Die Eerechngng der Molekularpolarisation
.. gebster Stoffe bei unendlicher Vaidnung. J. Phys. Chem. Abt.
of determining rather accurately tB¢/E values of po-

s oo v s B 2, 428-444.
lar “_qU'dS in bOth pure |I_QUId and In b_mary MIXtures  kamlet, M.J., Taft, R.W. 1976. The solvatochromic compar-
of different polarities, it is possible without an enor- ison method. I. The beta-scale of solvent hydrogen-bond
mous experimental effortto get a good estimates forthe ~ acceptor (HBA) basicities. J. Am. Chem. Soc. 98, 377-
Hildebrand total §) and for the Hansen partial solubil- 383.
ity parameter for bolar molecules capable of formin Kosower, E.M., 1958. The effect of solvent on spectra. I. A new
yp P p g empirical measure of solvent polaritg:values. J. Am. Chem.

hydrogen bondss). Soc. 80, 3253-3260.

A good correlation between thg/E parameter and  Lorenz, L.V., 1880. Ueber die Refractionsconstante. Ann. Phys. 11,
the empirical solvent polarity parametéf(30) could 70-103.

be established showing that tEgE parameter are an Reichardt, C., 1994. Solvatochromic dyes as solvent polarity indica-

easily measurable alternative parameter to describe th tors. Chem. Rev. 94, 2313-2358.
Yy p eReichardt, C., 1988. Solvents and Solvent Effects in Organic Chem-

polarity of liquids. istry, 2nd revision and enlarged ed. VCH, Weinheim.
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