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Abstract Experimental solubilities of diazepam in binary and ternary solvents of poly-
ethylene glycols 200 and 400 with N-methyl pyrrolidone and water at 7 = 298.2 K are
reported. The Jouyban—Acree model was used to fit solubility data of diazepam in the
binary and ternary solvent mixtures (106 data points) in which the overall mean relative
deviations (OMRD %) is 13.1 % and the prediction OMRD % is 31.7 %. The combined
version of the Jouyban—Acree model with Hansen solubility parameters was used for fitting
and predicting the solubility data and the OMRDs % are 10.0 and 20.8 %, respectively.
Also, the previously proposed trained versions of the Jouyban—Acree model were used for
predicting the reported data in this work and all results are listed in the tables. The density
of the solute-free solvent mixtures were measured and employed to calculate the constants
of the Jouyban—Acree model and then the densities of the saturated solutions were
predicted.
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1 Introduction

In the pharmaceutical industry and in developing liquid dosage forms, the solubility of
drugs has a very important role because modifying the drug solubility sometimes affects
the bioavailability and may result in its improvement.

Diazepam (7-chloro-1,3-dihydro-1-methyl-5-phenyl-2H-1,4-benzodiazepin-2-one) is a
sedative—hypnotic drug which is classified in the benzodiazepine group. The main clinical
usages of diazepam are for treating seizures, anxiety, insomnia and depression. From the
physical properties point of view, diazepam is a white or yellow solid crystalline powder
with melting point in the range 131.5-134.5 °C and it is odorless and with a slightly bitter
taste. According to the British Pharmacopeia (BP) [1], diazepam is very slightly soluble in
water, soluble in alcohol and freely soluble in chloroform, and from the United States
Pharmacopeia (USP) [2], diazepam is described as practically insoluble in water, soluble 1
in 16 parts of ethyl alcohol, 1 in 2 parts of chloroform, and 1 in 39 parts of ether. In the
biopharmaceutics classification system (BCS) diazepam has been placed in class II, which
includes the poorly water-soluble drugs. The aqueous solubility is one of the most
important properties of the drugs in the pharmaceutical industry. When considering the use
of drugs dissolution of the drugs in the gastrointestinal fluid or in blood is an essential role
in the distribution and absorption of the drug throughout the body. So, the solubilities of
poorly water-soluble drugs such as diazepam are very important in the pharmaceutical
industry, especially when the formulation is as a liquid dosage (oral or parenteral). In
addition to the insufficient aqueous solubility of some drugs, their bioavailability is low
too, so these types of drugs are excluded from clinical research. Many solubilization
studies have been carried out to modify the solubility of poorly water-soluble drugs, and
each of several different methods such as cosolvency, complexation, surface-active agents,
and prodrugs and salt formation [3-5] have been used for increasing the solubility. In this
study our intent is to increase the solubility of diazepam by the cosolvency method.

Polyethylene glycols (PEGs) are nontoxic, odorless, neutral, lubricating, nonvolatile,
nonirritating polymers. Because of their low toxicity and high water solubility, they have a
variety of applications in pharmaceutical and medicinal fields as a cosolvent, dispensing
agent, ointment and suppository bases, vehicle, and tablet excipient [6—8]. PEGs are variable
in molecular weight; the range of their molecular weight is from 200 to 36,000 g-mol ™.
PEGs with molecular weights of 200-800 g-mol ™" are liquids freely miscible with water, and
PEGs with molecular weights higher than 1,000 g-molf1 are solids which are commonly used
for preparing nano-particles, which is another technique for increasing the solubility of drugs.

N-Methyl pyrrolidone (NMP) is a polar and stable solvent; it is a powerful solubilizing
agent that is used in some pharmaceutical products [9]. In the pharmaceutical and
medicinal fields, NMP has various applications such as a solubilizing agent for poorly
soluble drugs [10], entrapment of poorly water-soluble drugs in hybrid nanoparticles [11],
increasing the skin permeation of drugs [12], and is used in dental barrier membranes [13]
and subcutaneous drug delivery systems [14—16].

These solvents are safe pharmaceutical solvents, so for formulating diazepam in the
liquid form (oral or parenteral), the investigated solvent mixtures could be used after
passing the toxicity tests. Doing systematic solubility measurements and suggesting
applicable trained models for predicting the solubilities are necessary and important
because it is clear that the experimental measurement of the drug’s solubility is very time
consuming.

Recently prediction of the solubilities of drugs in the mixed solvents has been considered,
which could avoid doing the time-consuming experimental work. With this aim, several
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mathematical models have been presented for both correlating and predicting the solubilities
in solvent mixtures. One of these algorithms is the Jouyban—Acree model that provides very
accurate descriptions of the solute’s solubility dependence on temperature and solvent
composition. The general form of the Jouyban—Acree model can be written as [17]:

W1TW2 Z]i(wl _ Wz)i:| 7 (1)

i=0

logo Cy4 = wilogo CY4 + w2 logy, Cgart +

where Cfn“’T is the solute molar solubility in the binary solvent mixtures at temperature
T (K), w; and w, are the mass fractions of the solvents 1 and 2 in the absence of the solute,
and CS‘” and CS‘” denote the molar solubility of the solute in the neat solvents 1 and 2,
respectlvely. The J; terms are constants of the model and are computed by regressing

wiws wiwy (w1 —wy)

Sat Sat Sat :
values of (loglo Coir — wilog CY7 —wa logy C27T> against ~72, ——5—>, and

) 2y — 2 . . .
w. The Jouyban—Acree model has a theoretical basis [18], and it shows more

accurate correlations than other cosolvency models [19]. The only limitation of this model
is the necessity of knowing the solubility of the drug in single solvents for predicting the
solubility in the mixed solvents at various temperatures [20-22].

In practical applications of Eq. 1 at isothermal conditions, the equation can be written as:

10g10 C =Ww] 10g10 CSa —+ w» 10g10 C "4+ Wiwy |:A() —|—A1(W1 — Wz) —I—Az(Wl — W2)2i|
(2)

in which Ay = 22 A1 J‘ and A, = £ . A theoretical justification for this derivation has been
provided in an earller work [23]. The incorporation of T within the A terms makes the
appearance of the model slightly simpler; however, we recommend the use of Eq. 1. By using
Eq. 1, itis possible to calculate the J terms at one temperature and predict the solubility of a
drug at other temperatures by employing its experimental solubilities in the single solvents,
ie. Ci and C5“, at the temperature of interest. This hypothesis has been successfully
examined in earlier work [24-27] and provides a practical method to predict the solubility in
mixed solvents at various temperatures using minimal experimental information.

In addition to binary solvent mixtures, the extended versions of the model for predicting
the solubility data of drugs in ternary solvent mixtures are:
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where C§“} is the solute molar solubility in solvent 3 at temperature 7, and w; is the mass
fraction of the solvent 3 in the absence of the solute. The Jl’. and J;’ terms are computed
using the same procedure as for the J; terms. The J:/ terms are the ternary solvent inter-

action terms and are computed by regressing { logyq szatr — wi logyg CIS“} —wylogyg

2 , 2 ‘ 2
C5% — w3 logy €34 — [%Zfi(m - w)’} - {—z Ji(wi W3>’] - [— WA
i=0 i=0 i=0

2

W3)l} } against %2 Wi WZW'*(”}*WFW'*), and WWW}(W‘{WT‘”) . The existence of these model

T
constants that require a number of solubility data in solvent 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.

For covering the physicochemical properties of the solute or solvents, we can combine
the Jouyban—Acree model with the parameters that are used for determining the properties
of the substances. By combining the Jouyban—Acree model and the Hansen solubility
parameters, Eq. 1 can be written as:

Sat Sat Sat
log,, C,'r =wilogo C7'7 +walogo C37

wiw
F2 [Wo + Wi4s (31 — 0an)* + W20ps(0p1 — 5p2)2 + W30 (O — 5h2)2}
WIWZ(V;I —w2) [W(; + W, 045(0a1 — a2) + Wééps(épl — 51;2)2 + W30 (On1 — 5h2)2J
2
Wiwsr (Wi —w: " " " "
% |:W0 + ﬂ/1 5ds(5dl — 6d2)2 + W2 6p5(5p1 - 5172)2 + W3 6]15((3]11 - 5h2)2i| 3

(5)

where Jy4, O, and d,, are the Hansen solubility parameters that represent dispersion,
polarity and hydrogen bonding of the solute, respectively. The 41, Op1, 651 and g, 0o,
and J,, are the Hansen parameters for solvent 1 and 2, respectively, and the W terms are
the model constants.

For ternary solvent mixtures, Eq. 5 can be modified as:
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where d,3, 0,3, and ;3 are the Hansen solubility parameters for solvent 3.
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2 Experimental
2.1 Chemical

Diazepam (99.9 %) was purchased from Sobhan Pharmaceutical Company (Iran). The
purity of the drug was checked by determining its melting point and comparing its mea-
sured solubilities in single solvents with the corresponding data from the literature [28].
NMP (99.5 w/w %) was purchased from Merck (Germany), and PEGs 200 (95.0 w/w %)
and 400 (95.0 w/w %) were purchased from Merck (Germany). Double distilled water was
used for preparation of the solutions.

2.2 Apparatus and Procedures

The binary and ternary solvent mixtures were prepared by mixing the appropriate number of
grams of the solvents, with uncertainty of 0.1 g, to make a total quantity of 100 g of binary
and ternary solvent mixtures. Different methods have been presented for determining the
solubility of drugs [29]. The solubility of diazepam was determined using the classical
saturating shake-flask method of Higuchi and Connors, by equilibrating excess amounts of
diazepam at 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 (Nabziran,
Tabriz, Iran). The solutions were placed in the incubator for 72 h, then the saturated
solutions of diazepam were centrifuged at 13,000 rpm for 15 min, diluted with methanol,
and then assayed at 250 nm using a UV-Vis spectrophotometer (Beckman DU-650, Ful-
lerton, USA). Concentrations of the diluted solutions were determined from the calibration
curve. Each experimental data point represents the average of at least three repeat experi-
ments with the measured molar solubilities being reproducible to within 3.7 %. Densities
of the saturated solutions and the solute free solvent mixtures were measured using a 5 mL
pycnometer and the results reported are those from a single measurement.

3 Theory and Calculations

In the numerical analysis method I, the experimental solubility data of diazepam in binary
solvents were fitted with Eq. 1, the model constants were computed and the back-calcu-
lated solubilities were used to compute the mean relative deviation percent (MRD %)
values. In the next step, the obtained model constants were included in Eq. 3, and then it
was used to calculate the solubility of diazepam in ternary solvent mixtures. In order to
provide better calculations, the ternary interaction terms of Eq. 4 were calculated using a
linear regression analysis.

In the numerical analysis method II, the combined forms of the Jouyban—Acree model
were used for fitting and predicting the solubility data in binary and ternary mixtures. At
the first step the experimental solubility data of diazepam in binary mixtures were fitted
with Eq. 5, and the sub-binary model constants were calculated. Then, the experimental
solubility data in ternary mixtures were fitted with Eq. 6 by employing the calculated sub-
binary model constants. At this step the ternary model constants were also calculated.
Then, by employing the calculated sub-binary and ternary model constants and the solu-
bility data in single solvents, the solubility data in binary and ternary mixtures were
predicted.
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In the numerical analysis method III, to demonstrate the ability of the Jouyban—Acree
model to predict solubility data, the minimum number of data points of both binary and
ternary mixtures were used for fitting the model. The constants of Eq. 3 were computed by
fitting the minimum number of the experimental data (five data points with the mass
fraction compositions of 0.00 4+ 1.00, 0.30 4+ 0.70, 0.50 4+ 0.50, 0.70 4+ 0.30 and
1.00 + 0.00) for NMP (1)—PEGs 200 or 400 (2), PEGs 200 or 400 (2)—water (3) and
NMP (1)—water (3) mixtures and then the ternary interaction terms, i.e. J;”, were calcu-
lated by fitting a minimum number of experimental solubility data (six data points with the
mass fraction compositions of NMP + PEGs 200 or 400 + water: 0.10 + 0.80 + 0.10,
0.80 + 0.10 + 0.10, 0.10 + 0.10 + 0.80, 0.50 + 0.30 + 0.20, 0.50 + 0.20 + 0.30,
0.30 4 0.20 + 0.50) in ternary solvents. These trained versions were then used for pre-
dicting the solubility of diazepam in binary and ternary solvent mixtures, and the results
are compared with the results of the numerical analyses I and II and the applicability of the
Jouyban—Acree model is discussed.

In a previous study [30], a trained version of the Jouyban—Acree model was proposed
for modeling the solubility of drugs in PEG 400 (1)—water (2) mixtures as:

logy, CfftT = w logyy CfaTt + w2 logy, Cgart
TR [394.82 —355.28(w; — w2) + 388.89(w; — wz)z} RNC)

So, in numerical analysis method IV, this trained version was used to predict the
solubility data of diazepam in binary mixtures of PEGs 200 or 400 with water.

Previously, two generally trained models for PEG 600-water and NMP-water mixtures
have been proposed for Jouyban—Acree model [31]. The trained version for PEG 600 (1)—
water (2) mixtures is:

logo C’S”atT = wilogyo ClsaTt + walogy, Cgart +213.21 Wi (8)
and the trained version for NMP (1)—water (2) mixtures is:
logyo Coy = wilogyg CY + w2 log g G
. o)

[668.67 — 678.59(wy — wy) + 1220.13(w; — wz)z} .

In the numerical analyses methods V and VI, Egs. 8 and 9 were used for predicting
diazepam solubilities in aqueous binary mixtures with PEGs 200 or 400 and NMP,
respectively.

In addition to those trained versions of the Jouyban—Acree model, one generally trained
model for PEG 200 (1)—water (2) mixtures, using data sets taken from previous works
[22, 32, 33], is presented in this work; it is written as:

wiwp

logo Cyt = wi logo C1% + wa log, C34 + [164.74 4 552.654(w; — wy)].  (10)

In the numerical analysis method VII, Eq. 10 was used for predicting the solubility of
diazepam in the aqueous mixtures of PEG 200. In the next step of this analysis, the leave-
one-out cross-validation method was applied; one drug was excluded from the training sets
and Eq. 10 was trained with the rest of the data sets, and then by using the trained version,
the solubility of the excluded drug was predicted.

In addition to solubility data, the applicability of the Jouyban—Acree model for pre-
dicting the density of solvent mixtures at various temperatures was shown in previous
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Table 1 Experimental molar solubilities (Cf,;‘f’T) of diazepam in NMP (1)—PEG 200 or 400 (2)—water (3)

mixtures (mass fractions), at 298.2 K and their standard deviations (N = 3), along with the density (g»cm’3)
of the saturated and solute free solutions

NMP PEG 200 PEG 400 Water Cfn‘”T (£SD) Density of Density of the
the saturated solute free
solution solutions

0.10 - 0.80 0.10 0.0527 (0.015) 1.120 -

0.20 - 0.70 0.10 0.0802 (0.015) 1.100 1.059

0.30 - 0.60 0.10 0.1382 (0.010) 1.100 -

0.40 - 0.50 0.10 0.1965 (0.015) 1.090 1.082

0.50 - 0.40 0.10 0.2417 (0.021) 1.090 -

0.60 - 0.30 0.10 0.2673 (0.015) 1.080 1.076

0.70 - 0.20 0.10 0.3249 (0.015) 1.080 -

0.80 - 0.10 0.10 0.4088 (0.015) 1.070 1.065

0.10 - 0.70 0.20 0.0456 (0.015) 1.100 -

0.20 - 0.60 0.20 0.0679 (0.015) 1.100 1.067

0.30 - 0.50 0.20 0.0888 (0.020) 1.850 -

0.40 - 0.40 0.20 0.1106 (0.031) 1.080 1.064

0.50 - 0.30 0.20 0.1515 (0.020) 1.080 -

0.60 - 0.20 0.20 0.1997 (0.020) 1.070 1.056

0.70 - 0.10 0.20 0.2241 (0.015) 1.055 -

0.10 - 0.60 0.30 0.0273 (0.011) 1.098 1.063

0.20 - 0.50 0.30 0.0348 (0.011) 1.090 -

0.30 - 0.40 0.30 0.0410 (0.015) 1.080 1.079

0.40 - 0.30 0.30 0.0575 (0.010) 1.070 -

0.50 - 0.20 0.30 0.0655 (0.023) 1.060 1.052

0.60 - 0.10 0.30 0.0744 (0.010) 1.050 -

0.10 - 0.50 0.40 0.0111 (0.001) 1.085 1.073

0.20 - 0.40 0.40 0.0145 (0.002) 1.070 -

0.30 - 0.30 0.40 0.0344 (0.005) 1.070 1.063

0.40 - 0.20 0.40 0.0415 (0.015) 1.060 -

0.50 - 0.10 0.40 0.0605 (0.015) 1.050 1.046

0.10 - 0.40 0.50 0.0075 (0.005) 1.070 -

0.20 - 0.30 0.50 0.0105 (0.005) 1.060 1.057

0.30 - 0.20 0.50 0.0135 (0.005) 1.050 -

0.40 - 0.10 0.50 0.0166 (0.000) 1.040 1.035

0.10 - 0.30 0.60 0.0020 (0.000) 1.060 -

0.20 - 0.20 0.60 0.0030 (0.005) 1.050 1.049

0.30 - 0.10 0.60 0.0052 (0.001) 1.040 -

0.10 - 0.20 0.70 0.0018 (0.000) 1.050 1.039

0.20 - 0.10 0.70 0.0033 (0.001) 1.050 -

0.10 - 0.10 0.80 0.0007 (0.000) 1.035 1.027

- - 0.00 1.00 0.0002 (0.000) 1.003 0.997

- - 0.10 0.90 0.0003 (0.000) 1.025 -

- - 0.20 0.80 0.0003 (0.000) 1.040 1.017

- - 0.30 0.70 0.0005 (0.000) 1.057 -
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Table 1 continued

NMP PEG 200 PEG 400 Water Cfn'”T (£SD) Density of Density of the
the saturated solute free
solution solutions

- - 0.40 0.60 0.0008 (0.000) 1.073 1.035

- - 0.50 0.50 0.0021 (0.000) 1.088 -

- - 0.60 0.40 0.0041 (0.000) 1.100 1.067

- - 0.70 0.30 0.0137 (0.000) 1.120 -

- - 0.80 0.20 0.0704 (0.001) 1.130 1.098

- - 0.90 0.10 0.0804 (0.001) 1.140 1.114

- - 1.00 0.00 0.0879 (0.002) 1.145 1.124

0.00 - 1.00 - 0.0879 (0.002) 1.145 1.123

0.20 - 0.80 - 0.2355 (0.002) 1.114 1.108

0.40 - 0.60 - 0.3787 (0.005) 1.129 1.084

0.60 - 0.40 - 1.2608 (0.025) 1.102 1.075

0.80 - 0.20 - 2.3571 (0.036) 1.106 1.059

1.00 - 0.00 - 0.6320 (0.017) 1.117 1.051

0.00 1.00 - - 0.0588 (0.005) 1.127 1.112

0.20 0.80 - - 0.1261 (0.005) 1.114 1.104

0.40 0.60 - - 0.2126 (0.003) 1.129 1.080

0.60 0.40 - - 0.4449 (0.065) 1.102 1.073

0.80 0.20 - - 0.5934 (0.030) 1.106 1.057

1.00 0.00 - - 0.6320 (0.017) 1.117 1.051

- 0.00 - 1.00 0.0002 (0.000) 1.002 0.997

- 0.10 - 0.90 0.0002 (0.000) 1.010 -

- 0.20 - 0.80 0.0004 (0.000) 1.030 1.015

- 0.30 - 0.70 0.0006 (0.000) 1.035 -

- 0.40 - 0.60 0.0012 (0.000) 1.060 1.033

- 0.50 - 0.50 0.0024 (0.000) 1.074 -

- 0.60 - 0.40 0.0054 (0.001) 1.087 1.065

- 0.70 - 0.30 0.0167 (0.001) 1.100 -

- 0.80 - 0.20 0.0319 (0.001) 1.108 1.076

- 0.90 - 0.10 0.0463 (0.001) 1.116 1.098

- 1.00 - 0.00 0.0588 (0.002) 1.127 1.112

0.10 0.80 - 0.10 0.0261 (0.010) 1.090 -

0.20 0.70 - 0.10 0.0398 (0.015) 1.080 1.055

0.30 0.60 - 0.10 0.0539 (0.010) 1.080 -

0.40 0.50 - 0.10 0.0802 (0.010) 1.070 1.060

0.50 0.40 - 0.10 0.0934 (0.010) 1.070 -

0.60 0.30 - 0.10 0.1463 (0.025) 1.060 1.052

0.70 0.20 - 0.10 0.1908 (0.025) 1.060 -

0.80 0.10 - 0.10 0.2097 (0.020) 1.050 1.042

0.10 0.70 - 0.20 0.0176 (0.000) 1.085 -

0.20 0.60 - 0.20 0.0330 (0.005) 1.085 1.065

0.30 0.50 - 0.20 0.0687 (0.010) 1.070 -

0.40 0.40 - 0.20 0.0810 (0.010) 1.060 1.050
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Table 1 continued

NMP PEG 200 PEG 400 Water Cfn'”T (£SD) Density of Density of the
the saturated solute free
solution solutions

0.50 0.30 - 0.20 0.0930 (0.015) 1.060 -

0.60 0.20 - 0.20 0.1494 (0.015) 1.050 1.044

0.70 0.10 - 0.20 0.1968 (0.025) 1.040 -

0.10 0.60 - 0.30 0.0080 (0.005) 1.080 1.061

0.20 0.50 - 0.30 0.0131 (0.000) 1.075 -

0.30 0.40 - 0.30 0.0335 (0.005) 1.060 1.056

0.40 0.30 - 0.30 0.0587 (0.015) 1.050 -

0.50 0.20 - 0.30 0.0869 (0.015) 1.045 1.038

0.60 0.10 - 0.30 0.1009 (0.015) 1.035 -

0.10 0.50 - 0.40 0.0037 (0.001) 1.070 1.061

0.20 0.40 - 0.40 0.0065 (0.005) 1.055 -

0.30 0.30 - 0.40 0.0096 (0.005) 1.050 1.041

0.40 0.20 - 0.40 0.0264 (0.010) 1.040 -

0.50 0.10 - 0.40 0.0368 (0.015) 1.030 1.022

0.10 0.40 - 0.50 0.0030 (0.001) 1.050 -

0.20 0.30 - 0.50 0.0049 (0.000) 1.040 1.034

0.30 0.20 - 0.50 0.0068 (0.000) 1.030 -

0.40 0.10 - 0.50 0.0097 (0.000) 1.025 1.013

0.10 0.30 - 0.60 0.0028 (0.000) 1.040 -

0.20 0.20 - 0.60 0.0066 (0.000) 1.030 1.025

0.30 0.10 - 0.60 0.0096 (0.000) 1.020 -

0.10 0.20 - 0.70 0.0018 (0.001) 1.030 1.027

0.20 0.10 - 0.70 0.0030 (0.001) 1.030 -

0.10 0.10 - 0.80 0.0008 (0.000) 1.020 1.015

papers [31, 34]. For showing the model’s applicability in predicting the density of the
saturated solvent mixtures, in the numerical analysis method VIII, the Jouyban—Acree
model was fitted to the measured densities of the solute-free solvent mixtures (with the
uncertainty of 0.1 g) and a trained version was produced for each binary and ternary
solvent of PEGs 200 or 400 with NMP and water. Then, the densities of the saturated
solutions were predicted using these trained versions. Finally, the experimental and cal-
culated densities were used to convert the molar solubilities to the corresponding mole
fractions.

The MRD % between the calculated and observed (solubility/density) values are used to
evaluate the accuracy of the model. The MRD % values were calculated using

100 [ | €& - ¢
a xp
MRD % = —— 3 {120 I (11)
N i

where N is the number of data points in each set.
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Table 2 The constants of the Eq. 1 and the MRDs % of back-calculation for solubility of diazepam in
binary and ternary solvent mixtures of PEGs 200 or 400, NMP and water mixtures

Solvent system N Jo Ji Jr MRD %
PEG 400—water 11 —449.475 869.046 1,202.800 12.8
PEG 400—NMP 6 260.051 179.054 ° 32
PEG 200—water 11 -116.596 755.193 ° 7.4
PEG 200—NMP 6 261.246 138.201 b 4.0
NMP—water® 11 —186.345 —-1,448.733 266.121 3.0
OMRD % 6.1
NMP—PEG 400—water 36 5,388.563 9,346.591 6,965.564 29.7
NMP—PEG 200—water 36 3,776.716 8,144.600 b 419
OMRD % 358

# Experimental data are taken from a previous paper [39], and the solvent compositions were converted to
mass fractions

® Parameter not significant

4 Results and Discussions

Table 1 lists the experimental solubilities of diazepam in the binary and ternary solvent
mixtures along with the measured density of the saturated solution and solute free solvent
mixtures, respectively, at 298.2 K. The minimum solubility of diazepam (0.0002 mol-L™")
among the investigated solvent systems is observed for water and the maximum solubility
of diazepam (2.3571 mol-.L™") in the studied solvent mixtures is observed for the
NMP + PEG 400 (0.8 + 0.2) mixture.

With using the Hildebrand solubility parameter (4) as a polarity index, it has become
clear that the maximum solubility of a solute (J,) is observed in a solvent with the same
solubility parameter (J,) or [(d, — 5% = 0] [35, 36]. So, the very low solubility of
diazepam in water can be explained by considering its lesser polarity in comparison with
water. The addition of organic co-solvents to water can break the strong hydrogen bond
interactions among the water molecules and reduce the polarity of water; therefore, the
solubility of less polar solutes can be increased.

In the numerical analysis method I, Eqgs. 1 and 4 were used to fit the data sets of
diazepam, and the constants and MRD % values are shown in Table 2. Using these con-
stants, it is possible to predict the solubility of diazepam in all composition ranges of the
solvents at various temperatures just by employing the experimental solubility in the pure
solvents, i.e. C}4, C5% and Cg”T’ In the binary mixtures of diazepam the lowest MRD %
value belong to PEG 200 or 400—water mixtures with 3.0 % and the highest MRD %
value is observed for NMP—PEG 400 mixtures with 12.8 %. The overall MRD %
(OMRD %) values are 5.6 and 35.8 %, respectively, for the binary and ternary mixtures.
All the MRD % values along with the data set detail are listed in Table 2. The MRD %
values for ternary solvent mixtures are higher than those of the binary solvent mixtures.
More complex solute—solvent interactions in the ternary mixtures could be a possible
reason for higher MRD % values.

In the numerical analysis method II, the combined versions of the Jouyban—Acree
model and the Hansen solubility parameters for binary and ternary mixtures (Eqs. 5 and 6)
were used for correlating the whole solubility data set for diazepam at once. The observed
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prediction MRD % for all data points of binary and ternary mixtures of PEG 200, NMP
and water is 22.5 % and for PEG 400, NMP and water mixtures is 14.6 %. In the next step
all the data points, including PEGs 200 or 400, NMP and water, were used to train the
model at once and the prediction MRD % is 20.8 %.

In numerical analysis method III, the sub-binary model constants were calculated by
employing a minimum number of experimental data and then these were included in Eq. 4,
and the ternary interaction terms were calculated. The obtained equation for diazepam in
NMP (1)—PEG 200 (2)—water (3) mixtures is then:

wiwy
T
[374.99 —881.69(wy — w3) + 1247.27(w; — w3)2}

logo Co = wilogo Ci% 4+ walog g C34 +wslog C3% + [300.15+ 113.07 (w; — w»)]

wiws
_|_

Wwaws3

[184.20 —828.43(wy — w3) — 808.42(w» — wﬂ .
(12)

Equation 12 was used to predict the solubility data of diazepam, and the prediction
OMRD % is 42.3 %.

For NMP (1)—PEG 400 (2)—water (3) mixtures the trained model is:
wiwy

T
{374.99—881.69(w1 —w3)+ 1247.27(wy —W3)2}

log, Cyf = wilog o CY% +walogo C3% 4 wslog,o C3% + [295.49 +250.16(w; —w)]

WwWiws
+

waws3

[357.95 - 675.05(w2 — ws) — 421.98(2 — w3’ .

(13)

By using Eq. 13 the prediction OMRD % value for the solubility data of diazepam in
binary and ternary solvents is 22.0 %.

In numerical analysis method IV, the trained version of the Jouyban—Acree model for
aqueous solutions of PEG 400 (Eq. 7) has been used for predicting the solubility of
diazepam in binary mixtures of water and PEGs 200 or 400, and the prediction MRD % are
28.0 and 32.4 %, respectively.

In numerical analysis method V, the trained version of the Jouyban—Acree model for
aqueous solutions of PEG 600 (Eq. 8) has been used for predicting the solubility of
diazepam in binary mixtures of water and PEGs 200 or 400, and the prediction MRD % are
22.0 and 42.1 %, respectively.

In numerical analysis method VI, the trained version of the Jouyban—Acree model for
aqueous solutions of NMP (Eq. 9) has been used for predicting the solubility of diazepam
in binary mixtures of water and NMP, and the prediction MRD % is 50.7 %.

In numerical analysis method VII, another trained version of the Jouyban—Acree
model (Eq. 10), which is proposed in this work, was used to back-calculate the solubility
of diazepam in PEG 200 and water binary solvent mixtures. The back-calculated
MRD % value for diazepam solubility in this analysis is 42.0 %. The back-calculated
MRDs % of Eq. 10, the references of the employing data sets, and the MRDs % for the
leave-one-out method are shown in Table 3. In the back-calculated part, the lowest
(6.2 %) and highest (42.0 %) MRDs % are observed for lamotrigine and diazepam,
respectively. The back-calculated OMRD % value for Eq. 10 is 29.6 %. Comparing the
MRD % values of Eq. 10 with those of Eq. 1 (listed in Table 2) reveals that the MRD %
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values of Eq. 1 are less than those of Eq. 10. But the main advantage of Eq. 10 is the
requirement of only needing experimental solubility data of drugs in single solvents, but
for computing the constants of Eq. 1 at least three solubility data in mixed solvents are
needed. Therefore, with these advantage and weakness of Eq. 10, the MRD % values of
this equation are acceptable. In the leave-one-out method the lowest (6.3 %) and highest
(72.0 %) MRDs % are observed for lamotrigine and diazepam and the OMRD % of the
leave-one-out analysis is 35.2 %.

The most important advantage of the trained versions is that for predicting the solubility
data with these trained versions there is no need for any more experimental data points for
mixed solvents, only the solubilities in the single solvents. So, if we have two data points
for each solute, i.e. the solubilities in the single solvents, we can predict the solubility in
binary mixed solvents.

For predicting the densities of the saturated solutions (pﬁl“_’T), the densities of solute-free
binary and ternary solvent mixtures (p,, r) were measured and fitted to Eq. 14:

2
wiw i
23 il —wa]

logyg P = wilogyg p1 7 +walogyg pr 7 +wilogygpsr =+
=0

2
OIS m)"] : (14)
i=0

where p,, 7, p| 7. py7. and p; p are the densities of the solute-free mixed solvents and

solvents 1-3, respectively, at temperature 7 [37]. Then, by using these sub-binary con-
stants, the ternary constants of Eq. 15 were computed:

+ +

2
wiws ZJ;(WI . W3)l
T i=0

logyg pyr = wilogyg pi 7 +w2logyg por +wilogygpsr +
i=0

2
wiw ;
lT 2 E Ji(wy — Wz)’}

2 2
wiws / i Wows " i
+ T iZO:Ji(Wl *W3)l e T ;‘]i (W2W3)l:|
Wiwoaws 2 " i
+ T ‘Ii (W1 — Wy — W3)l:| . (15)
i=0

Table 3 The details of data sets and MRD % of the back-calculation and leave-one-out methods using
Eq. 10

Drug N Solvent system Reference MRD % MRD %
(Back- (Leave-
calculation) one-out)

Acetaminophen 6 PEG 200—water [22] 14.1 16.4

Ibuprofen 7 PEG 200—water [22] 40.4 44.6

Pioglitazone— 6 PEG 200—water [32] 332 36.9

HCl
Diazepam 6 PEG 200—water This work 42.0 72.0
Lamotrigine 6 PEG 200—water [33] 6.2 6.3
OMRD 29.6 35.2
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Table 4 The constants of the Eq. 15 and the back-calculated MRDs % for density of the solute free solutions

Solvent system Jo Ji J> Back-calculated
MRD %

PEG 400—water —2.737 @ @ 0.3

PEG 400—NMP -2.771 a a 0.1

PEG 200—water -2.150 é a 0.1

PEG 200—NMP 4.889 é a 0.1

NMP—water —0.401 a a 0.1
OMRD % 0.2

NMP—PEG 400—water 106.811 a @ 0.5

NMP—PEG 200—water 89.552 -78.639 4 0.4
OMRD % 0.5

# Parameter not significant

The model constants of the Jouyban—Acree model (after excluding the constants with
p > 0.10) for all studied data sets are listed in Table 4. Employing these model constants
and the densities of saturated solutions in single solvents, one can predict the densities of
the saturated solvent mixtures [31, 34]. The experimental and calculated densities were
used to convert the molar solubilities to the mole fraction solubilities separately. The
OMRD % value for the difference of the two groups of calculated mole fraction solubil-
ities is 4.5 %.

5 Conclusions

Experimental solubilities of diazepam are reported in aqueous and non-aqueous mixtures
of PEGs 200 or 400 with NMP that extend the available solubility database of pharma-
ceuticals in mixed solvents [38].

In this investigation the main goal was to improve the solubility of diazepam which is a
poorly water-soluble drug. As shown by the solubility data in Table 1, addition of NMP
and PEGs 200 and 400 caused the solubility to increase dramatically.

The Jouyban—Acree model fits well to the experimental solubility data of drugs at all
composition ranges of solvent mixtures. These findings are also supported by the small
MRD % values of the back-calculated and experimental solubility data, and the produced
MRDs % are very low, especially for sub-binary solvents. The trained versions of the
Jouyban—Acree model also have acceptable predicted MRD % values. So we can say that
generally the observed OMRDs % in these predictions show that the Jouyban—Acree
model provides more accurate predictions in the presence of one or two cosolvents. The
applicability of the Jouyban—Acree model in predicting the density of the saturated solu-
tions by training with the density of the solute free solutions is very considerable, because
the densities of the saturated solutions are necessary for converting the molar solubilities to
their corresponding mole fractions, and this model can save time and cost over measuring
the densities experimentally.
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