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Experimental solubilities of 5-(2-chlorophenyl)-7-nitro-1,3-dihydro-1,4-benzodiazepin-2-one (clonazepam),
7-chloro-1-methyl-5-phenyl-3H-1,4-benzodiazepin-2-one (diazepam), and 6-(2,3-dichlorophenyl)-1,2,4-
triazine-3,5-diamine (lamotrigine) in poly(ethylene glycol) (PEG) 600 (1) + ethanol (2), PEG 600 (1) +
water (3), and PEG 600 (1) + ethanol (2) + water (3) mixtures at T ) 298.2 K are reported. The
Jouyban-Acree model was used to fit the solubility data of each drug in the ternary and sub-binary solvent
mixtures in which the mean deviations for clonazepam, diazepam, and lamotrigine were 6.1 %, 8.3 %, and
10.9 %, respectively, and the overall value was 8.4 %.

Introduction

Poly(ethylene glycol)s (PEGs) are linear or branched
neutral polyethers and are available in a variety of molecular
weights. The number that denotes the approximate molecular
weight of PEG is written immediately following the polymer
name. There are several commercially available PEGs with
different viscosities and densities with the molecular weight
ranging from PEG 200 to PEG 36000. PEG 200 to PEG 800
are in liquid form, whereas PEG 1000 and higher molecular
weights are solids. Liquid PEGs are commonly used as
cosolvents for the solubilization of drugs in preclinical and
clinical studies.1 Because of strong H-bonding between PEGs
and water, they are freely soluble in water and in many
organic solvents. PEGs have variety of applications in the
pharmaceutical, chemical, cosmetic, and food industries.2

Their low toxicity and high water solubility enable their use
for purification of biological materials. They are used in food
packaging, as plasticizers, solvents, water-soluble lubricants
for rubber molds, wetting or softening agents, or antistatics
in the production of urethane rubber and also as components
of detergents. In medicinal applications, PEGs are used in
cosmetics, ointments, suppositories, ophthalmic solutions, and
sustained-release oral pharmaceutical formulations.3 In the
present study, PEG 600 is used to increase the solubility of
5-(2-chlorophenyl)-7-nitro-1,3-dihydro-1,4-benzodiazepin-2-
one (clonazepam), 7-chloro-1-methyl-5-phenyl-3H-1,4-ben-
zodiazepin-2-one (diazepam), and 6-(2,3-dichlorophenyl)-
1,2,4-triazine-3,5-diamine (lamotrigine) in water, in ethanol,
and in aqueous ethanol mixtures.

The solubility of drugs in solvent mixtures has received
considerable attention in recent years. Numerous models have
been presented for correlation/prediction of the solubility of
drugs in mixed solvents. Of the recently reviewed models,4

the Jouyban-Acree model is perhaps one of the most
versatile models. The model provides very accurate math-
ematical descriptions for how the solute solubility varies with
both temperature and solvent composition. The model for
representing the solubility of a solute in binary solvent
mixture at various temperatures is4
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Sat is the solute solubility in the solvent mixtures at

temperature T, w1, and w2 are the mass fractions of the
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representing the solubility of drugs in ternary solvent mixtures
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where C3,T
Sat is the solute solubility in the solvent 3 at

temperature T and w3 is the mass fraction of the solvent 3 in
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the absence of the solute. The Ji
′′′ terms are the ternary solvent

interaction terms and computed by regressing

{ log Cm,T
Sat - w1 log C1,T

Sat - w2 log C2,T
Sat -

w3 log C3,T
Sat - [w1w2

T ∑
i)0

2

Ji(w1 - w2)
i] -

[w1w3

T ∑
i)0

2

Ji′(w1 - w3)
i]

-[w2w3

T ∑
i)0

2

Ji′
′(w2 - w3)

i] }
against (w1w2w3)/(T), (w1w2w3(w1 - w2 - w3))/(T), and
(w1w2w3(w1 - w2 - w3)2)/(T).

Experimental solubilities of three antiepileptic drugs in
ethanol + water mixtures at T ) 298 K were reported in a
previous work.5 In this work, the experimental solubilities
of clonazepam, diazepam, and lamotrigine in PEG 600 +
water, PEG 600 + ethanol, and PEG 600 + ethanol +
water mixtures at T ) 298.2 K are reported. In addition,
we illustrate the applicability of the extended form of
the Jouyban-Acree model for describing the measured
drug solubility data in the ternary and sub-binary solvent
mixtures.

Experimental Method

Materials. Clonazepam and diazepam were purchased
from Sobhan Pharmaceutical Company (Iran), and lamot-
rigine was purchased from Arastoo Pharmaceutical Company
(Iran). The purity of the drugs was checked through melting
point determinations and a comparison of the measured
solubilities in monosolvents with the corresponding data from
the literature.5-7 Ethanol (with mass fraction purity of 0.995)
was purchased from Merck (Germany), and PEG 600 was a
gift from Daana pharmaceutical company (Iran). Double-
distilled water was used for the preparation of the
solutions.

Apparatus and Procedures. The solvent mixtures were
prepared by mixing the appropriate amount of the solvents
with the accuracy of 0.001 mass fraction. The solubility of
clonazepam, diazepam, and lamotrigine in the presence of
these two cosolvents was determined by equilibrating an
excess amount of drug at T ) 298.2 K using a shaker
(Behdad, Tehran, Iran) placed in an incubator equipped with
a temperature controlling system maintained constant within
( 0.2 K. Because of the high viscosity of PEG 600, after a
sufficient length of time (> 98 h), the saturated solutions of
the drugs were centrifuged in 13 000 rpm for 0.25 h, diluted
with water, and then assayed at 309 nm for clonazepam, 250
nm for diazepam, and 306 nm for lamotrigine, using a
ultraviolet-visible (UV-vis) spectrophotometer (Beckman
DU-650, Fullerton, U.S.). Concentrations of the diluted
solutions were determined from the calibration curves. Details
of calibration curves are given in Table 1. Each experimental

data point represents the average of at least three repetitive
experiments with the measured mol ·L-1 solubilities with σn-1

) 0.00005 to σn-1 ) 0.02788 being reproducible to within
( 3.2 %. Densities of the saturated solutions are measured
using a 5 mL pycnometer as a single determination.

Computational Methods. Equation 1 is fitted to the experi-
mental solubility data of each drug in binary mixtures, and
the back-calculated solubilities are used to calculate the
accuracy of the fit. In the next analysis, eq 2 is fitted to the
solubility of drugs in ternary mixtures. The mean relative
deviation (MRD) is used to check the accuracy of the
prediction methods and is calculated using:
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Sat )|
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Sat ) }

N
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where N is the number of data points in each set.

Results and Discussion

Tables 2 and 3 list the experimental solubilities of
clonazepam, diazepam, and lamotrigine in PEG 600 + water,
PEG 600 + ethanol, and PEG 600 + ethanol + water
mixtures at 298.2 K along with the densities of the saturated
solutions. There were good agreements among the reported
solubilities of clonazepam in water6 (0.00012 mol ·L-1 at T
) 298.2 K), lamotrigine in water7 (0.000664 mol ·L-1 at T
) 298.15 K), and diazepam in water8 {0.00014817 mol ·L-1

at temperatures of (295.15 to 297.15) K} from the literature
and the measured solubilities for solubility of clonazepam
in water (0.000103 mol ·L-1 at T ) 298.15 K), diazepam in
water (0.000191 mol ·L-1 at T ) 298.2 K), and lamotrigine
in water (0.000728 mol ·L-1 at T ) 298.2 K), in this work.
The minimum solubilities of three drugs are observed in
aqueous solutions, and addition of the cosolvents to the
aqueous solutions resulted in an increased solubility. The
maximum solubility of clonazepam and lamotrigine are
observed in neat PEG 600, whereas the maximum solubility
of diazepam is achieved in PEG 600 + ethanol at an ethanol
mass fraction of 0.20.

The Jouyban-Acree model was fitted to the binary and
ternary solvent data as described above, and the model
constants for clonazepam, diazepam, and lamotrigine solu-
bilities are reported in Table 4. The model provides a
reasonably accurate mathematical description of the observed
solubility data of the investigated drugs in the three sub-
binary solvent systems at all cosolvent compositions. This
finding is also supported by small MRD values for the back-
calculated solubility data. Larger deviations were noted for
the ternary PEG 600 + water + ethanol mixtures.

Table 1. Details of the Calibration Curves of the Drugs

drug
ε

L ·mol-1 · cm-1
C

mol ·L-1
correlation coefficient

(standard error)
calibration curve
(A: absorbance)

clonazepam 11900 to 12143 8.2 ·10-6 to 8.2 ·10-5 0.999 (0.001) A ) 11853.0C + 0.0045
diazepam 10835 to 11454 2.2 ·10-5 to 6.7 ·10-5 0.998 (0.018) A ) 11637.0C - 0.0201
lamotrigine 8283 to 8597 2.2 ·10-5 to 6.6 ·10-5 0.999 (0.001) A ) 8136.9C + 0.0102
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Table 2. Experimental Solubilities Cm,T
Sat of Clonazepam, Diazepam, and Lamotrigine in Binary Mixtures of Water (3), Ethanol (2), and PEG

600 (1) at a Temperature of 298.2 K and Density G of the Saturated Solutions

mass fractions C m,T
Sat /mol ·L-1 (N ) 3) F (N ) 1)

w1 (PEG 600) w3 (Water) Clonazepam
0.00 1.00 0.000103 0.9991
0.10 0.90 0.000213 1.0053
0.20 0.80 0.000318 1.0197
0.30 0.70 0.000403 1.0321
0.40 0.60 0.000698 1.0465
0.50 0.50 0.001443 1.0712
0.60 0.40 0.003805 1.0856
0.70 0.30 0.012739 1.1021
0.80 0.20 0.038977 1.1103
0.90 0.10 0.106471 1.1227
1.00 0.00 0.180714 1.1309

w1 (PEG 600) w2 (Ethanol)
0.00 1.00 0.016114 0.7931
0.10 0.90 0.018645 0.8116
0.20 0.80 0.022863 0.8261
0.30 0.70 0.028853 0.8528
0.40 0.60 0.038977 0.8776
0.50 0.50 0.055260 0.9023
0.60 0.40 0.072134 0.9188
0.70 0.30 0.096347 0.9806
0.80 0.20 0.116595 1.0115
0.90 0.10 0.146967 1.0691
1.00 0.00 0.180714 1.1309

w1 (PEG 600) w3 (Water) Diazepam
0.00 1.00 0.000191 1.0037
0.10 0.90 0.000300 1.0144
0.20 0.80 0.000601 1.0293
0.30 0.70 0.001031 1.0486
0.40 0.60 0.002260 1.0700
0.50 0.50 0.004041 1.0914
0.60 0.40 0.008178 1.1000
0.70 0.30 0.019062 1.1128
0.80 0.20 0.052423 1.1192
0.90 0.10 0.107222 1.1256
1.00 0.00 0.184102 1.1342

w1 (PEG 600) w2 (Ethanol)
0.00 1.00 0.082835 0.7961
0.10 0.90 0.083441 0.8196
0.20 0.80 0.090518 0.8496
0.30 0.70 0.114150 0.8838
0.40 0.60 0.138625 0.9074
0.50 0.50 0.171125 0.9459
0.60 0.40 0.204004 0.9908
0.70 0.30 0.235977 1.0015
0.80 0.20 0.243705 1.0443
0.90 0.10 0.223248 1.1000
1.00 0.00 0.184102 1.1342

w1 (PEG 600) w3 (Water) Lamotrigine g · cm-3

0.00 1.00 0.000728 0.9951
0.10 0.90 0.001258 1.0079
0.20 0.80 0.002922 1.0315
0.30 0.70 0.005259 1.0379
0.40 0.60 0.010538 1.0572
0.50 0.50 0.023590 1.0807
0.60 0.40 0.061729 1.1085
0.70 0.30 0.116953 1.1342
0.80 0.20 0.213228 1.1449
0.90 0.10 0.388169 1.1556
1.00 0.00 0.607484 1.1663

w1 (PEG 600) w2 (Ethanol)
0.00 1.00 0.014158 0.7790
0.10 0.90 0.024916 0.8111
0.20 0.80 0.039746 0.8389
0.30 0.70 0.051699 0.8795
0.40 0.60 0.070093 0.9116
0.50 0.50 0.092396 0.9330
0.60 0.40 0.122528 0.9844
0.70 0.30 0.170555 1.0293
0.80 0.20 0.266802 1.0657
0.90 0.10 0.403688 1.1042
1.00 0.00 0.607484 1.1663
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Table 3. Experimental Solubilities Cm,T
Sat of Clonazepam, Diazepam, and Lamotrigine in Ternary Mixtures of PEG 600 (1) + Ethanol (2) +

Water (3) at a Temperature of 298.2 K and Density G of the Saturated Solutions

mass fractions C m,T
Sat /mol ·L-1 (N ) 3) F (N ) 1)

w1 (PEG 600) w2 (Ethanol) w3 (Water) Clonazepam g · cm-3

0.10 0.10 0.80 0.000262 1.0054
0.10 0.20 0.70 0.000853 1.0108
0.20 0.10 0.70 0.000684 0.9630
0.30 0.10 0.60 0.001987 0.9553
0.20 0.20 0.60 0.001312 0.9727
0.10 0.30 0.60 0.001059 1.0109
0.10 0.40 0.50 0.002118 1.0228
0.20 0.30 0.50 0.004817 0.9861
0.30 0.20 0.50 0.004649 0.9617
0.40 0.10 0.50 0.005324 0.9327
0.50 0.10 0.40 0.006336 1.0363
0.40 0.20 0.40 0.009036 1.0034
0.30 0.30 0.40 0.008192 0.9667
0.20 0.40 0.40 0.009542 0.9355
0.10 0.50 0.40 0.008529 0.9048
0.60 0.10 0.30 0.017810 1.0674
0.50 0.20 0.30 0.018147 1.0248
0.40 0.30 0.30 0.018991 0.9905
0.30 0.40 0.30 0.017979 0.9540
0.20 0.50 0.30 0.016047 0.9166
0.10 0.60 0.30 0.013684 0.8962
0.70 0.10 0.20 0.041357 1.0845
0.60 0.20 0.20 0.040682 1.0432
0.50 0.30 0.20 0.058230 1.0010
0.40 0.40 0.20 0.036632 0.9666
0.30 0.50 0.20 0.028195 0.9348
0.20 0.60 0.20 0.020771 0.9045
0.10 0.70 0.20 0.019421 0.8729
0.80 0.10 0.10 0.084215 1.0783
0.70 0.20 0.10 0.071054 1.0416
0.60 0.30 0.10 0.057218 1.0286
0.50 0.40 0.10 0.050131 0.9795
0.40 0.50 0.10 0.040344 0.9366
0.30 0.60 0.10 0.032920 0.9173
0.20 0.70 0.10 0.028533 0.8945
0.10 0.80 0.10 0.021446 0.8473

Diazepam
0.10 0.10 0.80 0.000986 1.0144
0.10 0.20 0.70 0.001977 1.0208
0.20 0.10 0.70 0.003341 0.9780
0.30 0.10 0.60 0.008805 0.9673
0.20 0.20 0.60 0.005172 0.9887
0.10 0.30 0.60 0.002865 1.0229
0.10 0.40 0.50 0.005809 1.0358
0.20 0.30 0.50 0.010317 0.9951
0.30 0.20 0.50 0.014951 0.9737
0.40 0.10 0.50 0.022931 0.9437
0.50 0.10 0.40 0.012021 1.0443
0.40 0.20 0.40 0.018082 1.0144
0.30 0.30 0.40 0.028234 0.9737
0.20 0.40 0.40 0.038993 0.9395
0.10 0.50 0.40 0.042478 0.9138
0.60 0.10 0.30 0.027477 1.0764
0.50 0.20 0.30 0.037781 1.0358
0.40 0.30 0.30 0.040407 1.0015
0.30 0.40 0.30 0.051620 0.9630
0.20 0.50 0.30 0.065864 0.9266
0.10 0.60 0.30 0.067379 0.9052
0.70 0.10 0.20 0.068484 1.0935
0.60 0.20 0.20 0.078623 1.0529
0.50 0.30 0.20 0.083138 1.0101
0.40 0.40 0.20 0.083441 0.9758
0.30 0.50 0.20 0.083502 0.9437
0.20 0.60 0.20 0.084411 0.9138
0.10 0.70 0.20 0.090715 0.8817
0.80 0.10 0.10 0.103746 1.0871
0.70 0.20 0.10 0.103933 1.0507
0.60 0.30 0.10 0.114453 1.0379
0.50 0.40 0.10 0.116575 0.9887
0.40 0.50 0.10 0.120211 0.9459
0.30 0.60 0.10 0.121424 0.9266
0.20 0.70 0.10 0.124454 0.9031
0.10 0.80 0.10 0.128091 0.8560
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Table 3. Continued

mass fractions C m,T
Sat /mol ·L-1 (N ) 3) F (N ) 1)

Lamotrigine
0.10 0.10 0.80 0.003599 1.0165
0.10 0.20 0.70 0.007687 1.0229
0.20 0.10 0.70 0.008339 0.9823
0.30 0.10 0.60 0.017838 0.9694
0.20 0.20 0.60 0.016164 0.9887
0.10 0.30 0.60 0.013864 1.0229
0.10 0.40 0.50 0.028036 1.0593
0.20 0.30 0.50 0.030882 1.0079
0.30 0.20 0.50 0.033420 0.9844
0.40 0.10 0.50 0.035244 0.9459
0.50 0.10 0.40 0.075203 1.0529
0.40 0.20 0.40 0.056617 1.0229
0.30 0.30 0.40 0.058011 0.9865
0.20 0.40 0.40 0.051971 0.9480
0.10 0.50 0.40 0.052900 0.9095
0.60 0.10 0.30 0.148618 1.0871
0.50 0.20 0.30 0.132820 1.0400
0.40 0.30 0.30 0.100225 1.0058
0.30 0.40 0.30 0.053760 0.9673
0.20 0.50 0.30 0.045001 0.9309
0.10 0.60 0.30 0.038032 0.8967
0.70 0.10 0.20 0.524217 1.1107
0.60 0.20 0.20 0.311593 1.0636
0.50 0.30 0.20 0.179633 1.0186
0.40 0.40 0.20 0.132982 1.0015
0.30 0.50 0.20 0.115698 0.9459
0.20 0.60 0.20 0.083730 0.9202
0.10 0.70 0.20 0.047673 0.9095
0.80 0.10 0.10 0.493318 1.1385
0.70 0.20 0.10 0.360846 1.0764
0.60 0.30 0.10 0.212159 1.0400
0.50 0.40 0.10 0.131681 1.0015
0.40 0.50 0.10 0.122388 0.9480
0.30 0.60 0.10 0.086518 0.9138
0.20 0.70 0.10 0.053806 0.8774
0.10 0.80 0.10 0.035406 0.8453

Table 4. Model Constants and the MRDs for the Solubilities of Clonazepam, Diazepam, and Lamotrigine

J0 J1 J2

drug solvent system K-1 K-1 K-1 MRD %

clonazepam PEG 600 (1) + ethanol (2) -13.855 146.219 a 2.1
PEG 600 (1) + water (3) -564.870 280.725 1077.110 2.0
ethanol (2) + water (3)b 641.259 814.535 -655.500 7.3
PEG 600 (1) + ethanol (2) + water (3) 2700.808 a a 13.1

diazepam PEG 600 (1) + ethanol (2) 171.742 324.261 -42.734 1.1
PEG 600 (1) + water (3) -195.330 192.804 283.607 6.9
ethanol (2) + water (3)b -441.610 629.139 1474.210 5.5
PEG 600 (1) + ethanol (2) + water (3) 2377.250 -2798.200 12034.300 19.7

lamotrigine PEG 600 (1) + ethanol (2) -10.035 -231.790 210.875 1.9
PEG 600 (1) + water (3) 98.680 284.827 a 5.9
ethanol (2) + water (3)b 53.416 813.345 2122.283 8.0
PEG 600 (1) + ethanol (2) + water (3) 4114.706 6521.672 14406.844 27.7

8.4

a Not statistically significant with zero. b Experimental data are taken from a previous paper,5 and the solvent compositions are converted to mass
fractions.
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