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Determination of partial solubility parameters of five
benzodiazepines in individual solvents
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Abstract

Three and four component partial solubility parameters for diazepam, lorazepam, oxazepam, prazepam and
temazepam were determined using the extended and expanded Hansen regression models. A comparison was made
also with solubility parameters calculated by the group contribution method proposed by Van Krevelen. Although a
limited number of solvents was used, the results from the present study indicate that the partial solubility parameters
obtained from the experimental regression models clearly reflect the structural differences in these five structurally
related molecules. High R2-values were observed in the regression models (0.932�R2�0.984), except for lorazepam
(0.606�R2�0.825). This was attributed to difficulties in obtaining reliable values of the temperature and heat of
fusion due to thermal decomposition of this compound. Introduction of the Flory–Huggins size correction parameter
did not improve the R2- and F-values in any of the regression models used. © 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The knowledge of the intermolecular interac-
tions occurring in solid dispersions is of impor-
tance in the understanding of their physical
structure and hence their pharmaceutical perfor-
mance. One of the methods to investigate the
possibility of a molecule to interact with other

molecules is the calculation of its cohesive energy
density, which is expressed by the concept of
solubility parameters.

Hildebrand and Scott (1964) originally defined
the solubility parameter (�) of a substance as the
square root of the cohesive energy density, which
is a direct reflection of the degree of cohesive
forces holding the molecules together. Hansen
(1967) and Hansen and Beerbower (1971) ex-
tended the solubility parameter concept by subdi-
viding � into three partial solubility parameters
(�d, �p, �h). These parameters describe the contri-
butions of the London dispersion forces, Keesom
dipolar forces and hydrogen bonding, respec-
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tively, to the total cohesive interaction. Martin et
al. (1984) and Beerbower et al. (1984) further
expanded the three partial solubility parameter
theory of Hansen to a four parameter concept by
subdividing the hydrogen bonding parameter into
a Lewis-acid or proton-donor term (�a) and a
Lewis-basic or proton-acceptor term(�b) in order
to quantify electron-donor and–acceptor
properties.

Solubility parameters are originally used in the
paint-, ink-, and plastic industry to predict solu-
bility and miscibility, following the principle of
like dissolves in like. Recently their usefullness in
the pharmaceutical field was stated (Hancock et
al., 1997; Barra et al., 1999). Relations between
solubility parameters of a drug and drug-activity
(Mullins, 1954; Khalil et al., 1976; Vaughan and
Wright, 1986), structure activity relationships (Sa-
maha and Naggar, 1988) and drug permeation
through biological membranes (Khalil and Mar-
tin, 1967; La Pack et al., 1994; Groning and
Braun, 1996; Martini et al. 1999) were found.
Solubility parameters were also used to select
lubricants, binders, fillers in tablet production
(Johnson and Zografi, 1986; Rowe, 1988a,b, 1989)
and to select plasticisers for use in polymer film

coatings (Salmen and Back, 1977; Sakellariou and
Rowe, 1996). Greenhalgh et al. (1999) suggested
that partial solubility parameters may provide a
prediction of possible incompatibilities and molec-
ular interactions between drugs and carriers in
solid dispersions.

A large number of experimental solubility
parameters for solvents can be found in literature.
However, for solids only a few publications report
on the extended and even fewer on the expanded
Hansen solubility parameters. This is probably
due to the fact that experimental solubility
parameters for solvents are easier to obtain than
for solids, but also to the fact that only recently
the pharmaceutical relevance of solubility
parameters has been recognized.

The objective of the present paper was to char-
acterise diazepam (Dia), lorazepam (Lora), ox-
azepam (Oxa), prazepam (Pra) and temazepam
(Tem), by their partial solubility parameters using
the extended, the expanded Hansen and group-
contribution approaches. These five crystalline
benzodiazepines, which share the same backbone
structure and vary only by substituting groups
(Fig. 1) can act as a group of structurally related
model molecules. In this respect, extended and

Fig. 1. Chemical structure of benzodiazepines.
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expanded solubility parameters of these five ben-
zodiazepines can be an important contribution to
solubility parameter based research. This study
will also contribute to the assessment of the capa-
bility of the above mentioned approaches to gen-
erate reasonable partial solubility parameters for
a series of structurally related drugs.

2. Theoretical section

2.1. Determination of the partial solubility
parameters from experimental solubilities

The extended and expanded Hansen ap-
proaches use regression models relating the partial
solubility parameters of solvents and the activity
coefficients of a drug in these solvents to the
partial solubility parameters of the drug.

The extended Hansen regression model used is:

ln �2/U=C0+C1�1d
2 +C2�1d+C3�1p

2 +C4�1p

+C5�1h
2 +C6�1h (1)

where the subscripts 1 and 2 refer to the solvent
and the solute, respectively. C0−6 are coefficients
obtained by multiple regression analysis. �2 is the
activity coefficient of the drug in a certain solvent,
defined as the ratio of the ideal mole fraction
solubility (X2

i ) to the experimental mole fraction
solubility (X2) of the drug in that solvent.

ln �2= ln (X2
i /X2) and

ln X2
i = (�Hf/RT) ((T−Tf)/TTf)

�Hf is the molar heat of fusion of the solid (J
mol−1), Tf and T are the temperature of fusion
and the experimental temperature (K),
respectively.

U=V2�1
2/RT

Where V2 is the solute molar volume (ml
mol−1), �1 the solvent volume fraction, R the gas
constant (8.3143 J K−1 mol−1). The partial solu-
bility parameters of the solute can be calculated
from the coefficients C0−6 obtained by multiple
regression analysis:

�2d= − (C2/2C1)

�2p= − (C4/2C3)

�2h= − (C6/2C5)

In the expanded Hansen approach the �h

parameter is subdivided in a proton-donor (�a)
and a proton-acceptor term (�b) giving the follow-
ing regression model:

ln �2/U=C0+C1�1d
2 +C2�1d+C3�1p

2 +C4�1p

+C5�1a+C6�1b+C7�1a�1b (2)

�p, �d, �a, �b can be calculated from the resulting
regression coefficients:

�2d= − (C2/2C1)

�2p= − (C4/2C3)

�2a= − (C6/C7)

�2b= − (C5/C7)

Bustamante et al. (1993) proved that partial
solubility parameters can also be obtained by
regressing only ln X2 against the partial solubility
parameters of the solvents used, hence simplifying
the models. The following regression models are
obtained:

ln X2=C0+C1�1d
2 +C2�1d+C3�1p

2 +C4�1p

+C5�1h
2 +C6�1h (3)

ln X2=C0+C1�1d
2 +C2�1d+C3�1p

2 +C4�1p

+C5�1a+C6�1b+C7�1a�1b (4)

and the solubility parameters can be calculated
using the following equations:

�2d= − (C2/2C1)

�2p= − (C4/2C3)

�2h= − (C6/2C5)

�2a= − (C6/C7)

�2b= − (C5/C7)

2.2. Determination of solubility parameters by
group contribution methods

Group contribution methods are empirical, fast
and easy to estimate �, �d, �p, �h. Only the
chemical structure of the compound under investi-
gation and a convenient list of increments (Hoy,



S. Verheyen et al. / International Journal of Pharmaceutics 228 (2001) 199–207202

Table 1
Example of calculation of the total (�) and partial (�p, �d, �h) solubility parameters of diazepam by group contribution method.

Group Fdi (J1/2 cm3/2 mol−1)Fpi (J1/2 cm2 mol−1) −Uhi (J mol−1)

1430Phenyl (monosubstituted) 0110
�Cl 550 450 400

0�CH2� 270 0
4200 0�CH3

*�C�O * 2000
4×70�C� 4×04×0
3×2003×0 3×0�CH�

2×800Tertiary amine 2×20 2×5000
2×190Ring closure **

38702260 12400�

(*) no data found in literature; V2=186.2ml/mol; �p= (�Fpi/V2)=12.14 MPa1/2; �d= (�Fdi/V2)=20.78 MPa1/2; �h= (−�Uhi/
V2)1/2=8.16 MPa1/2; �= (�p

2+�d
2
+�h

2)1/2=25.41 MPa1/2.

1970; Fedors, 1974; Van Krevelen, 1990) are
needed. An example of calculation of �, �p, �d, �h

for diazepam is given in Table 1.

3. Materials and methods

3.1. Materials

Solvents were of analytical or spectrophotomet-
ric grade and were used as received.Diazepam was
obtained from Federa (Brussels, Belgium), lo-
razepam from Ludeco (Brussels, Belgium),
temazepam from Pharmacin (Zwijndrecht, The
Netherlands), oxazepam and prazepam from Al-
pha Pharma (Zwevegem, Belgium). The water-
content of the five drugs was below 0.1% w/w. All
benzodiazepines were used as received.

3.2. Determination of molar �olume of the
benzodiazepines.

Molar volumes of the five benzodiazepines were
determined by group contribution method using
the molar volume increments listed by Fedors
(1974). The values are listed in Table 2.

3.3. Determination of the experimental
mole-fraction solubilities of the drugs

The solubility of the five benzodiazepines was
determined in 13 different solvents (Table 3) by

adding an excess of the drug to the solvent in a
glass tube. The stoppered tubes were rotated for
72 h in a waterbath at 25�0.5 °C. Preliminary
experiments showed that this time period was
sufficient to assure saturation. After equilibrium
had been attained, the saturated solutions were
rapidly filtered through a 0.20 �m membrane
filter, consisting of nylon, cellulose–acetate or
teflon depending on the compatibility with the
solvent used. The filtrate was diluted and analyzed
using a HPLC system equipped with a L-7100
Lachrom pump, a L-7400 Lachrom UV-detector,
a L-7200 Lachrom autosampler and a D-7000
interface (all from Merck-Hitachi, Darmstadt,
Germany). The column used was a LiChrospher
60 RP Select B (125×4 mm, 5�m)(Merck, Darm-
stadt, Germany), the flow rate was 1ml/min and
the volume injected 20�l. The mobile phase con-
sisted of acetonitrile and a phosphate buffer (pH
5.5; 0.05M containing 0.03M of triethylamine).

Table 2
Molar volume (ml mol−1), temperature of fusion (K) and heat
of fusion (kJ mol−1) of benzodiazepines

Tf �HfV2

186.20 403.55 25.486Dia
192.74Lora 446.47 92.568

84.107467.54188.23Oxa
239.75Pra 419.04 27.689
219.30Tem 433.66 27.924
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Table 3
Molar volume (ml mol−1) and partial solubilty parameters of solvents

�d �p �a �b �h �Solvent V1

15.1 12.3 17.2MeOH 22.340.70 22.3 29.6
2−Propanol 76.92 15.8 6.1 14.5 9.2 16.4 23.5

16.0 5.7 13.1 9.4 15.8n-BuOH 23.191.97
18.2 6.3 *64.53 *CH2Cl2 6.1 20.3

108.70Cyclohexaan 16.8 0.0 0.0 0.0 0.0 16.8
18.0 1.4 1.6Tolueen 1.2106.83 2.0 18.2
17.4 13.7 7.077.43 9.0DMF 11.3 24.8

39.90Formamide 17.2 26.2 11.7 15.6 19.0 36.7
17.0 11.1 36.6Ethyleenglycol 9.055.93 25.8 32.7
17.0 3.3 10.6158.47 6.61-Octanol 11.9 20.9

147.40Heptaan 15.3 0.0 0.0 0.0 0.0 15.3
15.1 5.3 10.8 3.9 9.2Ethylacetaat 18.598.49
19.0 1.8 2.1 13.3 7.485.70 20.5Dioxaan

V1 (ml mol−1) is the solvent molar volume at 25 °C determined by densitometry. �a, �b, �d, �p, �h (MPa1/2) are solvent partial
solubility parameters taken from Barton (1983). �2=�p

2+�d
2+�h

2 =�p
2+�d

2+2�a�b (*) no data found in literature.

The detector wavelength was set at 230nm. The
ratios acetonitrile to buffer (v/v) were: 45/55 for
Dia and Pra, 42/58 for Tem, 38/62 for Oxa and
37/63 for Lora. The experimental variation in
solubility was less then 2% in replicate samples. In
order to express the concentrations in mole frac-
tion units, the densities of degassed solvents and
saturated solutions (degassing by sonication) were
determined at 25 °C using an oscillating U-tube
method (DMA 5000 densitometer, Anton Paar,
Graz, Austria). All solubility determinations were
performed in triplicate.

3.4. Determination of the heat and temperature of
fusion

In order to calculate the ideal mole fraction
solubility, the heat and temperature of fusion of
the benzodiazepines were measured by differential
scanning calorimetry (DSC-7, Perkin Elmer, Nor-
walk, CT). Temperature calibration was per-
formed using indium and water (ice-melting).
Heat-flow was calibrated with indium as standard.
Samples weighing 2-3mg were crimped in alu-
minium pans (TA instruments, Brussels, Belgium)
and heated from 25 to 50 °C above the fusion
temperature at a rate of 5 °C/min. Measurements
were performed in triplicate. Data are summerized
in Table 2.

3.5. Statistical-analysis

Multiple weighed regression and analysis of
residuals were performed using a statistical com-
puter program (SAS version 6.12, SAS Institute-
Inc., Cary, USA).

4. Results and discussion

Experimental partial solubility parameters of
solutes can be obtained using individual solvents
or solvent mixtures. Individual solvents are gener-
ally preferred rather than mixtures because it is
easier from the same number of experiments to
cover a large solubility parameter region. A lim-
ited solvent set (Table 3) was choosen. It was
investigated if the above mentioned methods were
able to generate reasonable solubility parameters
for these structurally related drugs and if the
obtained solubility parameters reflect the struc-
tural differences between the benzodiazepines.

Extended Hansen solubility parameters were
calculated using Van Krevelens group contribu-
tion method (Table 4) and from experimentally
obtained solubilities using the regression models
(Eq. (1) and Eq. (3)) (Table 5); solute molar
volumes were calculated using Fedors list of mo-
lar volume increments. The �d-value, describing
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Table 4
Extended Hansen solubility parameters (MPa1/2) calculated
using Van Krevelens group contribution method

�d �p� �h

20.78 12.1425.41 8.16Dia
23.24 16.21Lora 13.5731.42
22.17 13.3329.27 13.69Oxa

Pra 24.42 20.78 10.37 7.54
21.72 15.4129.84 13.45Tem

Solute molar volumes are calculated using Fedors list of molar
volume increments.

value of Oxa was considerably lower (3 MPa1/2)
than that calculated by the group contribution
method. Differences in solubility parameters,
wether obtained experimentally or by group con-
tribution methods, may be attributed to possible
inaccuracy of the group contribution increments,
experimental errors in the determination of the
temperature and enthalpy of fusion and experi-
mental mole fraction solubilities of the drug, and
inter- and intramolecular interactions of the drug
in certain solvents influencing the experimentally
obtained solubility parameters. Inaccuracy of the
partial solubility parameters of the solvents used
in the regression model and the number and
nature of the solvents can also influence the exper-
imental solubility parameters, as a result of the
type of interaction between solvents and solute.

The �h-value, describing hydrogen bonding and
other electron-donor-acceptor interactions, is the
lowest for Pra and Dia, followed by Tem, Lora
and Oxa. This is reasonable and can be related to
the chemical structure of the drugs. Both Pra and
Dia lack a OH-group and the resulting hydrogen
bonding possibilities. The alkyl group on the
amide nitrogen of Pra sterically hinders possible
hydrogen bonding with the carbonyl function
more than the smaller amide nitrogen methyl
group of Dia. Lora, Oxa and Tem do have that
OH-function and additional hydrogen bonding
possibilities are reflected in higher �h-values. The
�h-value of Tem is slightly lower than those of
Oxa and Lora, probably due to sterical hindrance
for hydrogen bonding with the carbonyl function
by the amide nitrogen methyl group which is
absent in Oxa and Lora.

The group contribution method is a fast
method to obtain �, �d, �p and �h-values. How-
ever, the limited list of group increments, require-
ment of knowledge of the chemical structure of
the drug and the abscence of the possibility to
differentiate the �h in an electron-donor (�a ) and
an electron-acceptor solubility parameter (�b ) are
often cited as major drawbacks of this method.
Experimental partial solubility parameters, in-
cluding �a and �b, (Table 6) were obtained from
solubility measurements and subsequent regres-
sion analysis (Eq. (2) and Eq. (4)), solute molar
volumes were calculated using Fedors list of mo-
lar volume increments.

dispersion forces, does not vary much throughout
the five benzodiazepines investigated, either which
method used. However, the �d-values obtained by
the group contribution method are about 5 MPa1/

2 lower compared with those obtained by meth-
ods based on experimental solubility
measurements. The �p- value, describing dipolar
forces, shows variation throughout the benzodi-
azepines, which can be related to the structure of
the drugs. Pra has the lowest �p-value, due to the
presence of the alkyl chain on the amide nitrogen
and the abscence of an additional OH-function,
respectively. Pra is followed by Dia bearing a
smaller alkyl chain on its amide nitrogen com-
pared with Pra. Lora, Oxa and Tem have higher
�p-values due to the presence of an additional
OH-function. The experimentally determined �p-

Table 5
Extended Hansen solubility parameters (MPa1/2) calculated
from experimentally solubilities using the regression models
Eq. (1) (ln �2/U) and Eq. (3) (ln X2)

�hR2 �p�dF

15.83ln �2/U 13.35 8.230.979 39.40Dia
33.29 15.90 13.29 8.57Ln X 0.976

15.75Ln�2/U 15.81 13.100.637 4.38Lora
13.8315.6415.923.840.606Ln X

16.1315.4410.85 12.780.956ln �2/UOxa
Ln X 15.62 16.17 13.640.939 7.74
ln �2/U 0.972 29.11Pra 15.79 13.01 6.73

43.680.932Ln X 6.7912.6015.65
Ln�2/U 9.71Tem 15.920.981 15.5643.86

0.975Ln X 32.91 15.66 15.89 11.24

Solute molar volumes are calculated using Fedors list of molar
volume increments.
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Table 6
Expanded Hansen solubility parameters (MPa1/2) calculated from experimentally solubilities using the regression models Eq. (2)
(ln �2/U) and Eq. (4) (ln X2).

R2 F �d �p �a �b

0.949 17.99 16.02Dia 12.84ln �2/U 10.74 1.74
ln X 0.943 17.13 16.10 12.78 11.06 1.90

Lora 0.825ln �2/U 8.06 15.95 15.63 9.89 4.23
0.740 4.88 16.26ln X 15.65 10.67 5.41

ln �2/UOxa 0.955 36.60 15.40 15.85 12.04 4.85
ln X 0.945 29.27 15.74 15.93 12.62 5.67

0.954 18.96 15.78ln �2/U 11.97Pra 11.78 0.32
0.948 17.74 15.84 11.84ln X 12.18 0.57
0.984 17.50 16.09ln �2/U 14.22Tem 12.57 5.01
0.959 16.14ln X 16.12 14.31 12.98 5.51

Solute molar volumes are calculated using Fedors list of molar volume increments.

The �a-value does not vary a lot throughout the
benzodiazepines investigated. The presence of the
OH-function in Oxa, Lora and Tem is not
reflected in higher electron-donor solubility
parameters compared with Dia and Pra. This is
probably due to intramolecular and intermolecu-
lar hydrogen bonding rather than hydrogen bond-
ing with the electron-accepting moiety of the
solvents used. Evidence for inter- and intramolec-
ular hydrogen bonding in these molecules in the
solid state followed from Raman and infra red
spectroscopy (Neville et al., 1991). The �b-value is
the lowest for Pra and Dia, followed by Lora,
Oxa and Tem. Both Pra and Dia lack a OH-
group and the resulting hydrogen bonding possi-
bilities with a electron donating moiety. The
amide nitrogen alkyl group of Pra sterically hin-
ders possible hydrogen bonding with the electron
accepting carbonyl function more than the smaller
nitrogen methyl group of Dia. Lora, Oxa and
Tem have that OH-function and these additional
electron accepting possibilities are reflected in
higher �b-values. The presence of a methyl substi-
tuted nitrogen atom in Tem is not reflected in a
lower �b-value compared with the nitrogen bear-
ing a hydrogen atom in Oxa and Lora.

R2- and F-values are listed in Table 5 and
Table 6. All regression coefficients are statistically
significant at at least the 0.05 level. The obtained
R2-values are always equal or higher than 0.95,
except for Lora. The four parameter approach
results in slightly lower R2-values, except for

Lora, compared with the three parameter ap-
proach. Modification of the regression models as
proposed by Bustamante et al. (1993) results, both
in three and four parameter configuration, in
slightly lower R2-values compared with the corre-
sponding non-modified regression models.

Introduction of the Flory–Huggins size correc-
tion parameter (B), which corrects for the non-
ideal entropy of mixing due to differences in the
molal volumes of solvent and solute, in the regres-
sion models did not improve the R2- and F-values
as previously observed by several authors
(Richardson et al., 1992; Subrahmanyam et al.,
1996; Subrahmanyam and Suresh, 1999) (data not
shown). Regression models with Flory-Huggins
size correction term included, can be obtained by
replacing the left hand term in Eq. (1) or Eq. (3),
and Eq. (2) or Eq. (4) by B :

B= [ln �2− ln(V2/V1)−1+ (V2/V1)]/U

The values of the solubility parameters vary
with the method used in analyzing the solubility
data and they also depend on the number and
nature of the solvents used as a result of the types
of interactions between solvents and solute (Hoy,
1970). This can explain the differences between
the solubility parameters for Tem reported by
Richardson et al. (1992) (�d=21.84; �p=9.77;
�h=8.20) and our findings. However, our experi-
mentally obtained �p’s and �h’s for Tem are closer
to the corresponding values calculated by the
group contribution method.
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Low R2-values for Lora can be caused by inac-
curacy in temperature and enthalpy of fusion
measurements, due to overlap of the melting en-
dotherm by a decomposition event (Masse et al.,
1985). In the past, formation of pseudopoly-
morphs and polymorphs during equilibration in
the presence of the solvent was often incorrectly
proposed as a possible explanation for low corre-
lation coefficients. Theoretically, a compound can
have only one solubility in a certain solvent at a
certain temperature, the solubility at equilibrium.
The apparent higher solubilities of some solvates
and polymorphs are simply non-equilibrium su-
persaturated solutions. After sufficiently long time
the excess will precipitate resulting in the true
equilibrium solubility.

5. Conclusion

Although a limited number of solvents was
used, the present results indicate that the partial
solubility parameters obtained from the experi-
mental regression models clearly reflect the struc-
tural differences in five structurally related
benzodiazepines.
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