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Experimental solubilities of chlordiazepoxide, diazepam, and lorazepam in polyethylene glycol 200 (PEG
200) + water mixtures at 303.2 K were reported. The solubility of each drug increased exponentially with
the addition of PEG 200 and reached the maximum value in neat PEG 200. The Jouyban-Acree model was
used to mathematically describe the experimental data, and the solubilities were predicted using a previously
trained version of the Jouyban-Acree model for PEG + water mixtures and the solubility data in
monosolvents. The overall mean relative deviations of the models were 3.7 % and 18.3 %, respectively, for
the fitted model and the trained version.

Introduction

Polyethylene glycols (PEGs) are water-soluble polymers with
a general formula of HO-(CH2CH2O)n-H and have been used
in many pharmaceutical formulations including oral, parenteral,
topical, ophthalmic, and rectal preparations.1,2 Generally, they
are regarded as nontoxic and nonirritant materials. PEGs are
also utilized in the industry to precipitate/crystallize proteins,
and stable formulation of protein powders has been developed
employing PEG-induced precipitation.3 PEGs are used in
pharmaceutical formulations by acting as a cosolvent (lower
molecular weight PEGs) to increase the aqueous solubility of
poorly water-soluble drugs in liquid pharmaceutical formulations
and/or as dissolution rate enhancers (higher molecular weight
PEGs) in solid dispersions.4 PEGs are stable and low toxic
pharmaceutical excipients which are used in many commercially
available oral and parenteral pharmaceutical formulations of
poorly soluble drugs.5,6 In addition to the solubilization power
of polyethylene glycol 200 (PEG 200), it possesses stabilization
ability on the enzymes and facilitates the biotransformation of
low aqueous soluble substrates in aqueous solutions.7

The solubility of drugs in PEG 200 + water mixtures is essential
information in drug development studies. The composition of PEG
200 in pharmaceutical preparations should be kept as low as
possible (usually a volume fraction less than 50 %), and the often
used method to optimize the solvent composition of the mixtures
for dissolving a desired amount of a drug in a given volume of the
solution is the trial-and-error approach which is both time-
consuming and expensive. Moreover, in the early stages of drug
discovery processes, the scarcity of the drug and/or drug candidate

is another limiting factor. To address this issue, numerous
mathematical models have been presented for predicting the
solubility of drugs in water-cosolvent mixtures. These models and
their advantages and limitations were recently reviewed.8

Of the models developed in recent years, the Jouyban-Acree
model is perhaps one of the more versatile models. The model
provides very accurate mathematical descriptions for how the
solute solubility varies with both temperature and solvent
composition. The model is
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where xm,T
Sat is the solute (mole fraction) solubility in the binary

solvent mixtures at temperature T; �1 and �2 are the volume
fractions of the solvents 1 (PEG 200) and 2 (water) in the absence
of the solute; x1,T

Sat and x2,T
Sat denote the mole fraction solubility of

the solute in solvents 1 and 2, respectively; and Ji are the constants
of the model computed by a regression analysis.8 Knowledge of
these model constants, which requires a number of solubility data
in water-cosolvent mixtures for the training process, is a limitation
for the model when the solubility predictions are the goal of the
computations in early drug discovery studies. This limitation could
be overcome using a trained version of the model for a given
water-cosolvent mixture. The trained version of the Jouyban-Acree
model for prediction of drug solubility in PEG 400 + water
mixtures at temperature (T) is9
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which was trained using 80 data sets of Rytting et al.10 and
produced reasonable prediction error (≈40 %).9 It should be
noted that we considered that the addition of the solvent 1
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increases the solubility of drugs; in other words, the numerical
value of solubility in solvent 1 is more than the solubility in
solvent 2 (x1,T

Sat > x2,T
Sat). Equation 2 was developed assuming that

the extent of solute-solvent interactions in the binary solvent
of PEG 400 and water are the same, and the effect of solute
structures is only affected by x1,T

Sat and x2,T
Sat values. Since ethylene

glycols possess the same functional groups, eq 2 is applicable
for solubility prediction of drugs in aqueous mixtures of ethylene
glycols (including PEG 200) as shown in a previous report.11

There were no published data on the solubility of chlordiaz-
epoxide, diazepam, and lorazepam in PEG 200 + water mixtures
at 303.2 K. The aim of this work is to report the solubility of
chlordiazepoxide, diazepam, and lorazepam in binary aqueous
mixtures of PEG 200 at 303.2 K. In addition, the applicability
of the Jouyban-Acree model to the measured solubility data
and the prediction capability of the above-mentioned trained
model for predicting the solubility of these drugs in PEG 200
+ water mixtures were investigated.

Experimental Method

Materials. Chlordiazepoxide (CAS # 58-25-3), diazepam
(CAS # 439-14-5), and lorazepam (CAS # 846-49-1) were
purchased from Loghman pharmaceutical company (Iran). PEG
200 (99.7 %) was purchased from Merck (Germany); methanol
(99.8 %) was obtained from Caledon (Canada); and double
distilled water was used for preparation of the solutions.

Solubility Determinations. The binary solvent mixtures were
prepared by mixing the appropriate volumes of the solvents with
the uncertainty of 0.001 volume fraction. The solubility of the
three benzodiazepines in PEG 200 + water mixtures was
determined by equilibrating excess amounts of the solids at
303.2 K using a shaker (Behdad, Tehran, Iran) placed in an
incubator equipped with a temperature-controlling system
maintained constant to within ( 0.2 K (see Figure 1). After a
sufficient length of time (> 24 h), the saturated solutions were
filtered using hydrophilic Durapore filters (0.45 µm, Milipore,
Ireland), and diluted with methanol. After the first dilution, the
solutions are further diluted at the laboratory temperature and
then assayed using a UV-vis spectrophotometer (Beckman DU-
650, Fullerton). Concentrations of the diluted solutions were
determined from calibration curves. Details of calibration curves
are summarized in Table 1. Each experimental data point
represents the average of at least three repetitive experiments
with the measured mole fraction solubilities being reproducible
on a relative basis to within ( 4.9 %. The relative standard
deviations of mole fraction solubilities ranged from 0.6 % to
5.0 %. The densities of the saturated solutions were determined
using a 5 mL pycnometer with the uncertainty of (σn-1 ) 0.004
to σn-1 ) 0.028) g · cm-3.

Computational Methods. In the numerical analysis of method
I, eq 1 was fitted to the experimental solubility data of each
drug, and the back-calculated solubilities were used to calculate
the accuracy of the fit. In method II, the solubilities of three
drugs were predicted using eq 2 employing the experimental
solubilities of drugs in neat PEG 200 and water. The mean
relative deviation (MRD) was used to check the accuracy of
each prediction method and is calculated using
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where N is the number of data points in each set. Goodness-
of-fit to the method was also shown by plotting the predicted
and experimental solubilities of the drugs against the volume
fraction of PEG 200.

Results and Discussion

Table 2 lists the experimental solubilities of chlordiazepoxide,
diazepam, and lorazepam in PEG 200 + water mixtures at 303.2

Figure 1. Schematic representation of the incubator used in the solubility
determination procedure.

Table 1. Details of Calibration Curves of Drugs

drug λ/nm ε/L ·mol-1 · cm-1 c/mol ·L-1 correlation coefficient calibration curve (A: absorbance)

chlordiazepoxide 234 30167 to 31568 2.25 ·10-6 to 3.34 ·10-5 0.999 c ) 3.326 ·10-5A - 1.125 ·10-7

diazepam 231 33234 to 38033 2.37 ·10-6 to 3.51 ·10-5 0.999 c ) 3.041 ·10-5A - 3.710 ·10-7

lorazepam 231 37980 to 38924 2.10 ·10-5 to 3.11 ·10-5 0.999 c ) 2.638 ·10-5A - 5.615 ·10-8

Table 2. Experimental Mole Fraction Solubilities of Drugs (xm,T
Sat ) in Different Volume Fractions of Polyethylene Glycol 200 (�1) in Polyethylene

Glycol 200 (1) + Water (2) Mixtures at 303.2 K and Density G of the Saturated Solutions

xm,T
Sat F/g · cm-3

�1 chlordiazepoxide diazepam lorazepam chlordiazepoxide diazepam lorazepam

0.000 0.000006 0.000004 0.000003 0.998 0.998 0.998
0.100 0.000034 0.000017 0.000015 1.014 1.016 1.020
0.200 0.000091 0.000044 0.000046 1.030 1.032 1.035
0.300 0.000172 0.000100 0.000119 1.052 1.053 1.050
0.400 0.000331 0.000233 0.000334 1.068 1.061 1.072
0.500 0.000704 0.000502 0.000864 1.082 1.084 1.082
0.600 0.001600 0.001230 0.002650 1.099 1.098 1.094
0.700 0.002950 0.003330 0.008250 1.103 1.106 1.116
0.800 0.006400 0.007290 0.025700 1.113 1.116 1.129
0.900 0.013800 0.016850 0.057700 1.124 1.122 1.146
1.000 0.023180 0.034380 0.095800 1.130 1.129 1.163
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K. Our measured value for the solubility of diazepam in water
(0.194 mmol ·L-1 at 303.2 K) is larger than the published
solubility data of Loftsson and Hreinsdottir (0.14817
mmol ·L-1 at (295.15 to 297.15) K)12 and of Shyanfar et al.
(0.15 mmol ·L-1 at 298.15 K)13 as expected. Published studies
were performed at slightly lower temperatures, and the sol-
ubility of crystalline materials increases with temperature as is
evident from this work. The solubility of the benzodiazepines
was predicted using numerical methods I and II. The experi-
mental and predicted solubilities of the drugs versus the volume
fraction of PEG 200 in the binary mixtures were plotted in
Figure 2. As shown in the figure, the Jouyban-Acree model
provides a very good mathematical description of the experi-
mental solubility data of drugs at all composition ranges of PEG
200. The predicted data by using the previously trained eq 2
agree reasonably well with the corresponding experimental
solubilities for chlordiazepoxide and diazepam and deviated
slightly for lorazepam in the PEG 200 rich area. This finding is
also supported by small MRD values between the back-
calculated and experimental solubility data.

The main limitation of eq 1 is that it should be trained for
each drug employing a minimum number of experimental data
in binary solvents. The predictive version of the model, i.e., eq
2, predicts the solubility values with reasonable MRD values.
To the best of our knowledge, there is no accurate model to
predict the solubility of drugs in monosolvents at various
temperatures; therefore, the experimental values of x1,T

Sat and x2,T
Sat

should be used as input data to predict the solubilities in mixed
solvents. The predicted solubilities were compared with the
corresponding experimental data, and MRD values were com-
puted and listed in Table 3. Generally, the overall MRDs of
the Jouyban-Acree model reveal that its trained version for
PEG 400 + water mixtures is a robust model to predict the

solubility of drugs in PEG + water mixtures and could be used
for prediction purposes with a relative uncertainty of less than
19 %.
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