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2,4(5)-Dinitroimidazole (2,4(5)-DNI) is an important energetic material, and it is also an important pre-
cursor for the preparation of drugs and energetic materials. In this study, the solubility of 2,4(5)-DNI in
eleven pure solvents (chlorobenzene, benzene, 1,2-dichloroethane, toluene, water, isopropyl alcohol,
ethyl acetate, acetonitrile, methanol, 1,4-dioxane and acetone) were measured by using a dynamic test
method from 278.15 K to 323.15 K under 101.1 kPa. Four solubility models were used to fit the experi-
mental data, which were ideal model, modified Apelblat equation, polynomial empirical equation, and ih
equation. Meanwhile, the relative average deviation and root-mean-square deviation between the exper-
imental data and the fitted data were also calculated. Furthermore, the three thermodynamic parameters,
i.e., dissolution enthalpy, dissolution entropy and Gibbs energy were obtained based on solubility data.
Finally, the crude product of 2,4(5)-DNI was crystallized with acetone as solvent, and the purity of the

Three thermodynamic parameters
Cooling crystallization

crystalline product was greater than 99.5%.

© 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

2,4(5)-Dinitroimidazole (2,4(5)-DNI, CAS No: 5213-49-0, see
Fig. 1) is an important organic intermediate, which can be used
to manufacture medicine and energetic materials [1-18]. Table 1
listed the physical properties of 2,4(5)-DNI, which can be used as
an energetic material[4-11]. At present, the main method for the
synthesis of 2,4(5)-DNI is: nitration of imidazole to obtain 4(5)-
nitroimidazole, and further nitration of 4(5)-nitroimidazole yields
1,4-dinitroimidazole, then thermal rearrangement 1,4-
dinitroimidazole to obtain 2,4(5)-DNI in chlorobenzene [7-11].
However, in the process of preparing 2,4(5)-DNI from 1,4-
dinitroimidazole thermal rearrangement, a small amount of 4(5)-
nitroimidazole may be generated due to the failure of thermal rear-
rangement. Therefore, the impurities of 2,4(5)-DNI may be a small
number of 4(5)-nitroimidazole and incompletely reacted 1,4-
dinitroimidazole. When 2,4(5)-DNI is used as a precursor for
preparing energetic materials and drugs, especially when itself is
used as an energetic material, which needs to have a higher purity
(>99.5%). However, the purity of 2,4(5)-DNI is difficult to meet the
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requirements of energetic materials as used in weapons, which is
prepared using current methods [7-11]. Therefore, the crude pro-
duct of 2,4(5)-DNI needs to be purified.

Solution crystallization is an important means to separate and
purify for solid compounds, which is based on the solubility of
the target compound in the solvent. Meanwhile, solution crystal-
lization is also used for the purification of energetic materials, such
as 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexazaisowurtzitane (CL-
20) [19,20], 2,20,4,40,6,60-hexanitrostilbene (HNS) [21,22], 3,4-bi
s(3-nitrofurazan-4-yl)furoxan (DNTF) [23-25], 1,1-diamino-2,2-
dinitroethylene (FOX-7) [26,27], 5,5'-Bistetrazole-1,1’-diolate
(TKX-50) [28], 2,4,6-trinitroresorcinol hydrate [29,30], and the like.
However, only the solubility of 2,4(5)-DNI in ethanol was reported
in the literature [31], and these data cannot meet the requirements
for purification of 2,4(5)-DNI. Thence, in this work, the solubility of
2,4(5)-DNI have been measured in chlorobenzene, benzene, 1,2-
dichloroethane, toluene, water, isopropyl alcohol, ethyl acetate,
acetonitrile, methanol, 1,4-dioxane and acetone with dynamic test
method at temperature from 278.15 K to 323.15 K. These solvents
are commonly used reagents in experiments, and the test temper-
ature range is determined by the lowest boiling point of the sol-
vent. The solubility data of 2,4(5)-DNI were fitted by using the
ideal model [32], modified Apelblat equation [33], polynomial
empirical equation [23] and 1h equation [34]. These four solubility
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Fig. 1. The structure of 2,4(5)-DNL

models were often used to fit the solubility data of solid com-
pounds in pure solvents [22,23,30,31]. Furthermore, three thermo-
dynamic parameters were calculated based on the solubility data
of 2,4(5)-DNI in eleven pure solvents. Finally, solution crystalliza-
tion was used to purify the crude product of 2,4(5)-DNI and
obtained satisfactory purity, which was prepared in our laboratory.

2. Experimental
2.1. Materials

2,4(5)-DNI was prepared according to the procedures reported
in the previous literature [8], and its purity was measured to be

greater than 99.5% by using a high performance liquid chromatog-
raphy. All solvents were analytical grade and purchased from Sino-

pharm Chemical Reagent Co., Ltd., China, which were analyzed by
gas chromatography without further purification.

2.2. Apparatus and methods

The solubility test device of 2,4(5)-DNI was shown in Fig. 2. It
was widely used in our previous researches [22,25-29,31], which
means that its reliability can be guaranteed. The experimental
device consisted of a constant temperature water bath (error
of + 0.05 K, type SYP, China), a jacketed glass container (100 ml),
a condenser tube, a magnetic stirrer, and a laser monitoring equip-
ment (JDW-3, Department of Physics, Peking University). The
model of the analytical balance was Mettler Toledo ML-T (Switzer-
land), and its accuracy is 0.0001 g. Pipette (a standard error of 0.1
ul) was used to add solvent, which was manufactured by DLAB Sci-
entific Co., Ltd., China.

Before the start of the experiment, turn on and preheat the sol-
ubility test device for 0.5 h. The excess of 2,4(5)-DNI and a certain
volume of solvent were added to the jacket glass bottle. At a con-
stant temperature, the solution was stirred for 2 h. Then, using a
pipette to add solvent until the solute was completely dissolved
at a rate of 1 ml-h~!, which was supervised by the laser monitoring
equipment. At the beginning of the experiment, the laser beam was
blocked by many undissolved 2,4(5)-DNI particles. As the solvent
increases, the 2,4(5)-DNI particles gradually decrease, and the
intensity of the laser beam passing through the jacketed glass con-
tainer also increases. When the 2,4(5)-DNI particles were com-
pletely dissolved, the intensity of the laser beam passing through
the jacketed glass bottle reached the maximum value. Finally, the
volume of solvent was recorded, and the solubility of 2,4(5)-DNI
was calculated. The solubility experiments of each solvent were
implemented three times at a constant temperature, and the abso-

Table 1
The physical properties of 2,4(5)-DNIL

Melting point/  Decomposition Crystal density/ Detonation velocity/ Detonation pressure/ Impact sensitivity/  Friction

°C temperature/°C g.cm 3 m-s~! GPa cm sensitivity/N

228 [4] 288 [4] 1.77% [5] 8580 [6] 34.51 [6] >1002 [6] 360 [6]
@ Test temperature at 23 °C.
@ The mass of the drop hammer is 2.5 kg.
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Fig. 2. Device for solubility test. 1—laser generator; 2—condenser tube; 3—burette; 4—mercury thermometer; 5—glass vessel; 6—photoelectric switch; 7—magnetic stirrer;

8—digital display; 9—thermostatic bath.
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lute standard uncertainty of the experimental solubility data was
not more than 0.3%.

Eq. (1) was used to calculate the saturated solution mole frac-
tion solubility of 2,4(5)-DNI (xr).

ml/M1

_ _ 1
X =My + pV M, (1

Here, x7 stands for the saturated solution mole fraction solubil-
ity of 2,4(5)-DNI in pure solvent at absolute temperature; m, is the
mass of 2,4(5)-DNI; M; and M, signify the molar mass of 2,4(5)-
DNI and solvent, respectively; p represents the density of solvent
at 293.15 K; and V, the volume of solvent.

2.3. Fourier transform infrared spectroscopy analysis

In order to analyze whether 2,4(5)-DNI has changed (transfor-
mation of crystal form, formation of solvent compounds, reaction,
etc.) before and after solubility measurement, Fourier transform
infrared spectroscopy (FT-IR) (Vertex 80 FTS spectrometer, Bruker,
Germany) was used for analysis the raw material and the equilib-
rium solid phases obtained from the solubility measurement. After
the solubility test of 2,4(5)-DNI at 323.15 K, the system was cooled
down and the solids were precipitated. Then the equilibrium solid
phases could be obtained by drying at 40 °C.

2.4. Solubility models

2.4.1. Ideal model

The solution was assumed to be in an ideal state (activity coef-
ficient y = 1), then the ideal model (Eq. (2)) can be used to fit the
solubility of 2,4(5)-DNI [32], which describes the relationship
between the natural logarithm of saturated solution mole fraction
solubility and the reciprocal of the absolute temperature:

B
Inxr =A+ = 2
X = A+ (2)
where A and B signify parameters for the ideal model; T stands for
the absolute temperature.

2.4.2. Modified Apelblat equation

The modified Apelblat equation (Eq. (3)) was proposed by Apel-
blat [33], which can be used to correlate the relationship between
the solubility of 2,4(5)-DNI and the absolute temperature.

Inxp = A+ ? +CInT (3)

Here A, B, and C represent parameters for the modified Apelblat
equation.

2.4.3. Polynomial empirical equation

The polynomial empirical equation (Eq. (4)) describes the rela-
tionship between the mole fraction solubility of 2,4(5)-DNI and
cubic curve of absolute temperature at atmospheric pressure [23].

xr =A+ BT + CT* + DT* (4)

Here A, B, C and D denote constants for the polynomial empiri-
cal equation.

2.4.4. Jh equation

2h equation (Eq. (5)) was first used to describe the solid-liquid
equilibrium system by Buchowski [34], which describes the rela-
tionship between saturated solution mole fraction solubility, abso-
lute temperature, and melting point of solid compound. Where
Tm = 502.18 K denote the melting temperature of 2,4(5)-DNI; 4
and h stand for the association number of solute molecules in

the non-ideal solution and the excess enthalpy of solution,
respectively.

In {1 +%‘T"T)} :th—Tl—m) (5)

3. Results and Discussion
3.1. Fourier transform infrared spectroscopy analysis

The equilibrium solid phases obtained from the solubility mea-
surement were compared with the raw material by FT-IR, and the
results were shown in the Fig. 3. It can be seen that the infrared
spectrum of equilibrium solid phases are consistent with that of
the raw material, and there is no peak change. Which shows that
2,4(5)-DNI did not change before and after the solubility
measurement.

Raw material —— Chlorobenzene Benzene
——1,2-Dichloroethane Toluene —— Water

Isopropyl alcohol =~ —— Ethyl acetate Acetonitrile

Methanol —— 1,4-Dioxane Acetone

| | | | 1 | |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 3. The infrared spectrum of raw material and equilibrium solid phases of 2,4
(5)-DNI in pure solvents.

3.2. Solubility data and discussion

Table 2 listed the experimental mole fraction solubility values
(x$) and calculated solubility data (x§) by the ih equation of 2,4
(5)-DNI in eleven pure solvents. Meanwhile, the experimental data
points and the curves fitted by the calculated data points were
shown in Fig. 4. From Table 2 and Fig. 4, the following conclusions
can be obtained:

(1) At the same temperature, the solubility of 2,4(5)-DNI
increases in the order of chlorobenzene, benzene, 1,2-
dichloroethane, toluene, water, isopropyl alcohol, ethyl acetate,
(acetonitrile or methanol), 1,4-dioxane, acetone. It can be seen that
the solubility of 2,4(5)-DNI is not only affected by the temperature,
but also by the solvent at the same time. Generally, the solubility of
substances conforms to the “similar compatibility” principle,
which means that solubility is closely related to polarity. Table 3
listed the solvent property parameters. 2,4(5)-DNI has an asym-
metric structure and a certain polarity. Meanwhile, the nitrogen
atom of the imidazole ring of 2,4(5)-DNI contains a lone pair of
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Experimental mole fraction solubility (x$) and calculated solubility values (x§) by the Zh equation of 2,4(5)-DNI in eleven pure solvents at the temperature from 278.15 K to 323.15
K under 101.1 kPa.

T/K Chlorobenzene Benzene 1,2-Dichloro-ethane Toluene Water Isopropyl alcohol
10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x;
278.15 0.0547 0.0493 0.1285 0.1296 0.2170 0.2161 0.3868 0.3786 0.5257 0.5100 3.484 3.444
283.15 0.0676 0.0637 0.1615 0.1629 0.2644 0.2617 0.4348 0.4365 0.5947 0.5815 3.838 3.818
288.15 0.0848 0.0817 0.2046 0.2032 0.3153 0.3149 0.5009 0.5011 0.6778 0.6605 4.241 4.223
293.15 0.1088 0.1038 0.2515 0.2517 0.3750 0.3767 0.5719 0.5729 0.7586 0.7476 4.672 4.659
298.15 0.1343 0.1310 0.3070 0.3095 0.4431 0.4481 0.6551 0.6526 0.8518 0.8434 5.113 5.129
303.15 0.1661 0.1639 0.3788 0.3781 0.5287 0.5302 0.7482 0.7409 0.9529 0.9487 5.588 5.636
308.15 0.2023 0.2038 0.4612 0.4591 0.6246 0.6243 0.8351 0.8383 1.062 1.064 6.104 6.181
313.15 0.2499 0.2517 0.5566 0.5543 0.7341 0.7317 0.9429 0.9458 1.182 1.190 6.748 6.767
318.15 0.3081 0.3088 0.6640 0.6655 0.8543 0.8538 1.062 1.064 1.315 1.328 7.407 7.397
323.15 0.3719 0.3767 0.7940 0.7949 0.9929 0.9924 1.192 1.194 1.456 1.479 8.139 8.075
T/K Ethyl acetate Acetonitrile Methanol 1,4-Dioxane® Acetone
10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x; 10%x;
278.15 5.332 5.336 6.843 6.745 6.784 6.559 32.29 32.24
283.15 6.016 5.996 7.496 7.439 7.367 7311 34.55 34.58
288.15 6.702 6.715 8.167 8.184 8.131 8.126 13.28 13.15 37.02 37.06
293.15 7.514 7.498 8.941 8.984 8.983 9.008 16.22 16.14 39.66 39.66
298.15 8.327 8.349 9.787 9.843 9.866 9.961 19.56 19.66 42.38 42.40
303.15 9.250 9.273 10.72 10.76 10.83 10.99 23.60 23.79 45.32 45.29
308.15 10.29 10.27 11.70 11.75 12.00 12.10 2845 28.59 48.39 48.33
313.15 11.38 11.36 12.82 12.81 13.22 13.30 34.33 34.15 51.49 51.54
318.15 12.53 12.53 13.89 13.94 14.57 14.59 40.51 40.53 54.89 54.92
323.15 13.80 13.80 15.28 15.16 16.20 15.97 47.84 47.81 58.50 58.48

Note: The standard uncertainty u(T) = 0.05 K, u(p) = 0.2 kPa, Relative standard uncertainty u{xr) < 2.26%.

@ Since the freezing point of 1,4-dioxane is 283.15 to 285.15 K, the solubility measurement temperature starts from 288.15K when it is used as a solvent.

Table 3

Solvent property parameters of selected solvents [35].

Solvent n® 0@ DA u® Dielectric constant® Cohesive energy density®
Chlorobenzene 0.71 0.00 0.07 1.69 5.70 321.47
Benzene 0.59 0.00 0.14 0.00 2.27 316.69
1,2-Dichloroethane 0.81 0.10 0.11 1.80 10.13 368.46
Toluene 0.54 0.00 0.14 0.38 2.37 289.05
Water 1.09 1.17 0.47 1.87 78.36 2095.93
Isopropyl alcohol 0.48 0.33 0.56 1.56 19.26 489.11
Ethyl acetate 0.55 0.00 0.45 1.78 5.99 300.64
Acetonitrile 0.75 0.07 0.32 3.92 35.69 522.95
Methanol 0.60 0.43 0.47 1.70 32.61 808.26
1,4-Dioxane 0.51 0.00 0.64 0.00 2.21 37217
Acetone 0.71 0.04 0.49 2.88 2049 362.07

D polarity/dipolarity of the solvent.

@ Ssummation of the hydrogen bond donor propensities of the solvent.

@ Summation of the hydrogen bond acceptor propensities of the solvent.

@ Dipole moment, p/D.

z Dielectric constant at T = 293.15 K.

Cohesive energy density in the unit of J-mol~!-ml~.

electrons, which may form hydrogen bonds with some solvents.
However, the order of solubility is different from the order of sol-
vent polarity and summation of the hydrogen bond acceptor
propensities of the solvent (3°f). Therefore, the solubility of 2,4
(5)-DNI may be jointly determined by these two factors. Usually,
it is difficult to explain solubility for one reason, which is affected
by many factors, such as solute-solvent interactions and the shape
and size of molecules, especially in the nonpolar atomic interac-
tions, hydrogen bonding interactions, van der Waals force, cohe-
sive energy density and so on.

(2) In the same solvent, the solubility of 2,4(5)-DNI increases
with increasing temperature, which shows that its dissolution pro-
cess is an endothermic process. Meanwhile, it can be obtained that
the solubility of 2,4(5)-DNI has an intersection at 291.77 K in ace-
tonitrile and methanol. The solubility of 2,4(5)-DNI in acetonitrile

is greater than that in methanol, when the temperature is lower
than 291.77 K; however, the opposite is true if the temperature
is greater than 291.77 K. This means that the solubility of 2,4(5)-
DNI is different in sensitivity to temperature in methanol and ace-
tonitrile. With the increase of temperature (278.15-323.15 K), the
solubility increase (A10%x7) of 2,4(5)-DNI in different pure solvents
were listed in Table 4. Due to the larger A103xy for 2,4(5)-DNI and
the smaller A103x; for 4(5)-nitroimidazole are more favorable to
obtain 2,4(5)-DNI by cooling crystallization purification, thus ace-
tone and 1,4-dioxane can be used as preferred solvents for cooling
crystallization (Table 4). However, compared with acetone, 1,4-
dioxane has stronger environmental and human hazards and a
higher freezing point. Therefore, acetone was selected as the best
solvent for cooling crystallization in this study. In the same solvent,
the solubility of 2,4(5)-DNI is greater than that of 4(5)-
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nitroimidazole. The possible reason is that 2,4(5)-DNI has one
more nitro group than 4(5)-nitroimidazole, and its acidic increase
makes the -NH of the imidazole ring easier to ionize, and the
increase of nitro groups increases the chance of forming inter-
molecular hydrogen bonds with solvent molecules.

3.3. Correlation of the solubility data

The ideal model, modified Apelblat equation, polynomial
empirical equation, and 2h equation were used to fit the solubility
of 2,4(5)-DNI. Meanwhile, in order to evaluate the error of calcula-
tion results of four models, relative average deviation (RAD, Eq. (6))
and root-mean-square deviation (RMSD, Eq. (7)) were engaged.

1 N XS — x&
RAD:NZ<—| TX$ T|> (6)

i=1

RMSD =

Here N denotes the number of experimental points.

Table 5 listed the fitted values of the parameters, and the RAD
and RMSD values of the fitted results for the four solubility models.
The maximum values of RAD and RMSD did not exceed 3.07 x 102
and 22.3 x 1075, which shows that the error between the fitting
value of the solubility model and the experimental value is very
small. Meanwhile, the RAD and RMSD values of modified Apelblat
equation and polynomial empirical equation are relatively close,
and smaller than those of ideal model and /h equation. Thus, the
modified Apelblat equation and polynomial empirical equation
can better match the experimental data in this work.

3.4. Calculation of thermodynamic properties

Three thermodynamic parameters, such as dissolution enthalpy
(AqisH), dissolution entropy (Ag;sS) and Gibbs energy (AgisG) can be
calculated, when the solubility curves of 2,4(5)-DNI have known.
Eq. (8) [36] can be employed to calculate Ag;sH and Ag;sS.

AdgisH | AdisS
RT R (8)

Here, R = 8.3145 J-K "-mol !, the gas constant.

The solid lines were the relationship between the mole fraction
solubilityof 2,4(5)-DNI and absolute temperature in Fig. 5, which
were fitted by polynomial empirical equation. The slope and inter-
cept obtained from Fig. 5, which can be used to calculate A4;sH and
AqgisS, respectively. The relationship between AgisH, AgisS and AgisG
can be described by Eq. (9).

AdisG = AdisH - TmeanAdiss (9)

lnxT = —

Here, Tyhean Stands for the mean temperature of the experiment,
which can be obtained from Eq. (10):

N
Tt

Egs. (11) and (12) were used to describe the contribution of
AdisH and AdiSS to AdisG-

_ |AdgisH|
|AdisH| + |Tmean Adiss|

Tmean =

(10)

H

x 100% (11)

é _ |TmeanAdiss‘
s |AdisH| + ‘TmeanAdisS|

x 100% (12)
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Fig. 4. The saturated solution mole fraction solubility (xt) of 2,4(5)-DNI in eleven
pure solvents at the temperature from 278.15 K to 323.15 K under 101.1 kPa. (a) W,
Chlorobenzene; [J, Benzene; %, 1,2-Dichloroethane; v, Toluene; A, Water; (b) O,
Isopropyl alcohol; vy, Ethyl acetate; <, Acetonitrile; «, Methanol; @, 1,4-Dioxane; V¥,
Acetone; (c) the diagram of ethyl acetate and methanol, in order to clearly observe
their intersection; solid lines are calculated curves by the Zh equation.

The calculated values of AgisH, AgisS, AdisG, ¢n, and &s were
shown in Table 6. The dissolution process of 2,4(5)-DNI is an
endothermic process in these eleven pure solvents, which can be
proved by the positive value of Ag;sH. Due to &y is always greater
than &s in eleven pure solvents, which means that the contribution
of AqisH to AgisG is more than Ag;sS. However, the contributions of
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Table 4
The solubility increase (A10%xr) of 2,4(5)-DNI and 4(5)-nitroimidazole [31] in
different pure solvents.

A10%x; 2,4(5)-DNI 4(5)-Nitroimidazole®
Chlorobenzene 0.3171 —
Benzene 0.6655 0.5116
1,2-Dichloro-ethane 0.7759 -
Toluene 0.8048 0.5191
Water 0.9307 -
[sopropy! alcohol 4.655 —

Ethyl acetate 8.468 0.7260
Acetonitrile 8.433 1.038
Methanol 9.411 5.152
1,4-Dioxane 34.56®2 0.5834®
Acetone 26.21 1.772

@ Temperature range from 278.15 to 323.15 K.
@ Temperature range from 288.15 to 323.15 K.
o Temperature range from 284.15 to 323.15 K.

AgisH to AgisG vary greatly in different solvents, which contributes
up to 93% in the three solvents of toluene, water and isopropyl
alcohol, while only about 40% in benzene and 1,4-dioxane. Ag;sG > 0,
and the order of its decrease is basically the same as the order of
solubility increase, which shows that the dissolution process is a
non-spontaneous and favorable process. Except for water, the Ag;sS
are all positive, indicating that the dissolution process in the
remaining solvents in this study is an entropy-driven process.

0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
T7YK!

Fig. 5. The relationship between Inx and 1/T of 2,4(5)-DNI in eleven pure solvents at
temperature from 278.15 K to 323.15 K under 101.1 kPa: @ Chlorobenzene; A
Benzene; ¥ 1,2-Dichloroethane; % Toluene; « Water; O Isopropyl alcohol; B Ethyl
acetate; ® Acetonitrile; v+ Methanol; » 1,4-Dioxane; A Acetone; solid lines were
calculated lines by polynomial empirical equation equation.

3.5. Analysis of crystallization products

Using acetone as crystallization solvent and starting tempera-
ture at 323.15 K, the crude product of 2,4(5)-DNI (purity, 97.38%)

Table 5
Values of parameters obtained using four solubility models.
Model Parameter Chlorobenzene Benzene 1,2-Dichloroethane Toluene Water Isopropy! alcohol
Ideal model A 4.02 4.11 2.47 0.28 -0.25 3.86
B —3854.06 —3635.70 —3035.21 —2269.29 —2031.74 —2650.04
RADx10? 1.10 0.355 0.528 0.671 0.343 0.520
RMSDx10° 0.230 0.143 0.320 0.479 0.385 435
Modified Apelblat equation A -59.83 9.34 -30.71 -33.74 -19.58 —64.61
B —1001.05 —3869.35 —1552.50 —749.08 —1168.06 1220.63
C 9.52 —0.78 495 5.07 2.88 9.69
RADx10? 0.764 0.312 0.329 0.488 0.150 0.300
RMSDx10° 0.114 0.136 0.196 0.354 0.170 2.09
Polynomial empirical equation A —2.79x1072 —3.47x1072 —2.14x1072 ~1.03x107* —2.04x1072 -0.27
B 3.05x107* 3.93x107* 2.56x107* 2.66x107° 2.26x107* 2.79x1073
C ~1.12x10°° ~1.49%x10°° ~1.03x10°° —2.09x1077 -8.62x1077 -9.87x10°¢
D 1.38x10°° 1.92x107°° 1.41x10°° 4.31x10°1° 1.15x10°° 1.20x10°8
RADx10? 0.897 0.319 0.319 0.445 242 0.207
RMSD x10° 0.117 0.145 0.154 0.333 0.130 1.32
*h equation i 3.22x10°2 4.10x1072 2.58x1072 1.19x1072 1.16x1072 3.31x10°2
h 125451.86 87503.52 115669.38 182745.00 170182.14 44432.59
RADx10% 3.07 0.468 0.392 0.519 1.41 0.601
RMSDx10° 0.352 0.157 0.211 0.401 1.30 3.93
Model Parameter Ethyl acetate Acetonitrile Methanol 1,4-Dioxane Acetone
Ideal model A 1.58 0.75 1.24 —7.57 0.83
B —1896.39 —1600.86 -1741.25 —3428.55 —1188.55
RADx10? 0.386 0.872 1.29 0.410 0.418
RMSDx10° 421 11.5 184 11.7 22.3
Modified Apelblat equation A —24.92 —66.06 -102.94 5.09 -31.44
B —712.12 1384.92 2914.16 —3317.61 253.73
C 3.95 9.97 15.54 0.37 4.81
RADx10% 0.177 0.180 0.253 0.408 0.0732
RMSDx10° 1.58 3.00 2.94 10.3 3.52
Polynomial empirical equation A —6.22x1072 —0.12 -0.32 -1.86 ~1.20x1072
B 7.98x107* 1.41x1073 3.59%x1072 2.11x1072 3.18x107*
C ~3.57x10°° ~5.67x10°° -1.35x10°° ~8.06x10°° ~2.19x10°°
D 5.65x107° 8.06x10°° 1.74x10°8 1.04x1077 5.82x107°
RADx10? 0.177 0.179 0.272 0.388 0.0717
RMSD x10° 1.56 3.04 3.05 9.67 3.50
Ah equation A 7.96x10 2 5.46x10 2 7.63x10°2 2.30 9.46x10 2
h 21640.36 25148.14 20676.11 1514.32 8865.66
RADx10? 0.173 0.416 0.979 0.488 0.0777
RMSDx10° 1.63 5.49 124 11.1 3.66
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Table 6

The calculated of AgisH, AdisS, AdisG, ¢n , and s for 2,4(5)-DNI in eleven pure solvents at 299.96 K.
Solvent AdgisH/k]-mol ! AdisG/k]-mol ! AdisS/]-K"-mol ! Eul% Esl%
Chlorobenzene 32.04 22.03 33.40 76.18 23.82
Benzene 47.55 18.57 96.62 62.13 37.87
1,2-Dichloroethane 25.24 19.07 20.55 80.37 19.63
Toluene 18.87 18.16 235 96.40 3.60
Water 16.90 17.53 —-2.08 96.44 3.56
Isopropyl alcohol 14.00 13.05 3.16 93.66 6.34
Ethyl acetate 15.77 11.83 13.13 80.02 19.98
Acetonitrile 13.31 11.43 6.27 87.62 12.38
Methanol 14.48 11.39 10.29 82.43 17.57
1,4-Dioxane® 28.52 9.30 62.99 59.73 40.27
Acetone 9.88 7.81 6.91 82.66 17.34

D Tpean Of 1,4-dioxane was 305.22 K.

800 | (@)  2,4(5)-DNI

Crude product
700 |+

600
500 -
400

Signal/mV

300
200

100 4(5)-nitroimidazole

/min

900

300 |- ®  245)-DNI —— Crystallization product

700 |-
600
500 -
400

Signal/mV

300
200 -

Ea

t/min

Fig. 6. HPLC curves for crude and crystallization products of 2,4(5)-DNI, a) crude product, b) crystallization product.

was purified by cooling crystallization. It can be seen from Fig. 6
that the purity of 2,4(5)-DNI was greater than 99.5% after once
cooling crystallization, which can meet military standards.

4. Conclusions

In this paper, the solubility of 2,4(5)-DNI was determined by
using a dynamic test method in eleven solvents. The solubility of
2,4(5)-DNI increases in the same solvent with increasing tempera-
ture. At the same temperature, the solubility of 2,4(5)-DNI
increases in the order of chlorobenzene, benzene, 1,2-
dichloroethane, toluene, water, isopropyl alcohol, ethyl acetate,
(acetonitrile or methanol), 1,4-dioxane, acetone. Meanwhile, the
solubility of 2,4(5)-DNI has an intersection at 291.77 K in acetoni-
trile and methanol, which means that the solubility of 2,4(5)-DNI
in these two solvents are different in sensitivity to temperature.
Four solubility models were employed to fit the experimental sol-
ubility values of 2,4(5)-DNI, and the calculated results matched the
experimental values very well. The maximum values of RAD and
RMSD did not exceed 3.07 x 1072 and 22.26 x 10~°. Three thermo-
dynamic parameters were calculated in eleven solvents, and the
dissolution enthalpy was all positive, indicating that the dissolu-
tion of 2,4(5)-DNI was an endothermic process. Meanwhile, using
acetone as the solvent, the crude product of 2,4(5)-DNI was puri-
fied using the cooling crystallization method, and the purity of
the product after crystallization was not less than 99.5%.
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