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Wiater solubility values for 27 nitro compounds with experimentally
measured values were computed using the conductor-like
screening model for real solvent (COSMO-RS) based on the
density functional theory and COSMO technique. We have found
that the accuracy of the COSMO-RS approach for prediction
of water solubility of liquid nitro compounds is impressively high
(the errors are lower than 0.1 LU). However, for some solid
nitro compounds, especially nitramines, there is sufficient
disagreement between calculated and experimental values. In
order to increase the accuracy of predictions the quantitative
structure—property relationship (QSPR) part of the COSMO-RS
approach has been modified. The solubility values calculated
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by the modified COSMO-RS method have shown much better
agreement with the experimental values (the mean absolute
errors are lower than 0.5 LU). Furthermore, this technique has
been used for prediction of water solubility for an expanded
set of 23 nitro compounds including nitroaromatic, nitramines,
nitroanisoles, nitrogen rich compounds, and some their
nitroso and amino derivatives with unknown experimental
values. The solubility values predicted using the proposed
computational technique could be useful for the determination
of the environmental fate of military and industrial wastes

and the development of remediation strategies for contaminated
soils and waters. This predictive capability is especially
important for unstable compounds and for compounds that
have yet to be synthesized.

1. Introduction

Nitroaromatics, nitramines, nitroanisoles, nitrogen rich
compounds, and their nitroso and amino derivatives are of
primary use as explosives and propellants in the military
and inindustry (1, 2). Waste from nitro compounds are easily
disseminated during manufacturing, storage, transportation,
and utilization of munitions, leading to a potential hazard
for humans and the environment (3). A number of studies
have shown that nitro compounds, as well as their metabolites
of environmental transformation, byproduct of synthesis, or
incomplete combustion are harmful for the biosphere due
to their toxicity (3—6). Therefore, remediation of these
contaminants is a point of prominent concern for environ-
mental science. The main methods for the remediation of
nitro compounds are biological (7—10), physical (11—15),
and chemical (14, 16—21I) treatment of contaminated soils
and waters. The environmental fate of chemicals, as well as
the efficiency of in-solution treatment is determined largely
by their solubility in water. In particular, high water solubility
leads to expeditious distribution in water, i.e., chemicals that
rapidly and completely dissolve in water are transported along
with the general water flow. Low water solubility is generally
associated with high affinity for adsorption to solids in water
(soil particles or sediment). In addition, high water solubility
is associated with absorption of pollutants by living organ-
isms. Hence, solubility of hazardous chemicals is one of the
most fundamental physical properties of ecological im-
portance.

Unfortunately, due to the highly exothermic nature of
explosives, experimental data on many of their properties
are quite limited. Therefore, several robust partly- or fully
theoretical models have been developed for efficient estima-
tion of solubility. The general solubility equation proposed
by Jain and Yalkowsky in 2001 (22) estimates water solubility
of solid organic nonelectrolytes based on two parameters:
melting point (experimental or theoretically predicted) and
octanol—water partition coefficient. Group contribution
methods are based on the numbers and types of functional
groups in a molecule of interest (23). Quantitative struc-
ture—property relationship (QSPR) methods were developed
in order to associate the structure of molecules represented
by a set of descriptors with their physical or chemical
properties (24).

The conductor-like screening model for real solvents
(COSMO-RS) recently developed by Klamt and Eckert (25, 26)
is one of the most promising methods for the prediction of
physicochemical properties, in particular water solubility,
for virtually any compound of interest. This model is based
on high level quantum chemical calculations combined with
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the conductor-like screening model (COSMO) (27) and an
efficient statistical thermodynamics of interfacing surfaces.
In the study by Klamt et al. (28) the COSMO-RS model has
shown impressively high accuracy for prediction of the
solubility values of liquid compounds (0.3 logarithmic units
(LU)). In the same study this method was adapted for solid
at given temperature solutes and tested on drugs and
pesticides. The intrinsic error of ca. 0.5 LU obtained for solid
solutes is comparable with accuracy of experimental results
(28).

The COSMO-RS and group contribution methods have
been used by Toghiani and co-workers in 2008 (30) to
calculate the water solubility of nine high energetic materials
at different temperatures. The authors have shown that both
methods give quite accurate results when compared with
available experimental data. In 2007 the COSMO-RS method
was applied by our group (31) for the prediction of the major
ecologically important physicochemical properties, in par-
ticular, water solubility of 10 nitro compounds: trinitrotoluene
(TNT) and nitro and amino derivatives of toluene. It has
been shown that the COSMO-RS method give an intrinsic
error of 0.52 LU for prediction for water solubility for those
compounds, a value that is close to the COSMO-RS limitations
for solids estimated by Klamt et al. (28). However, as it will
be shown below, when we expanded the set of target
compounds to include nitramines, nitroanisoles, nitrogen
rich compounds, and their nitroso and amino derivatives,
the accuracy of predictions decreased sufficiently. That fact
has motivated us to (i) find the reasons for worse predictions
of water solubility in case of expanding the set of nitro
compounds; (ii) improve the solubility predictions for nitro
compounds within the COSMO-RS method; (iii) predict water
solubility with reasonable accuracy for those nitro com-
pounds that lack experimental data.

2. Methods

Quantum chemical calculations were performed for all
molecules in this study. We employed two levels of theory
proposed by Klamt and Eckert (26): DFT/COSMO/SVP
(abbreviated as SVP level further on) and DFT/COSMO/TZVP
(abbreviated as TZVP level). For the SVP level the geometries
of all compounds were optimized by the semiempirical AM 1
(33) method combined with the COSMO (27) model to count
the solvent effects using the MOPAC2009 (34) program. Based
on the optimized geometries the COSMO polarization charge
densities (0) of the molecular surfaces were computed at the
DEFT level of theory by application of the BVP86 functional
based on Perdew’s 1986 functional (35 combined with
Ahlrichs’ contracted basis set SVP (36) using the Gaussian03
program suite (37). For the TZVP level, the geometry
optimizations were carried out by the BVP86 functional
combined with Ahlrichs’ contracted Gaussian basis set of
triple-¢ valence quality (TZVP) (38) using the Gaussian03
program. The solvent effect was taken into account by a
conductor solvent model (CPCM) (39) based on the COSMO
model (27) using atomic radii and other parameters as
suggested by Klamt (27). Then, the single-point calculation
at the same level of theory was performed for each molecule
to generate the polarization charge density (o) for the
COSMOtherm program (32).

As the next step, the polarization charge density for each
molecule was computed at both SVP and TZVP levels of
theory, then converted into a distribution function (o-profile)
and treated statistically using the COSMO-RS model in the
COSMOtherm program to get the values of standard chemical
potentials («°). The obtaining of standard chemical potentials
of the compound in pure state and in dissolved state is
possible due to computation of charge distribution on the
surface of a specific cavity that surrounds a molecule of solute
or water (25—27). Then, estimating the interactions of such
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molecular cavities (solute with other solute molecules for
pure state, or solute with water molecules for solution state)
as described by Klamt (25, 26) one can calculate interaction
chemical potentials. For the calculation of the chemical
potential of solute in solution state the condition of in-
finite solution is applied to ensure absence of solute—solute
interactions. Thus, the resulting chemical potentials are
standard chemical potentials. The solubility values were
computed according to the equations proposed by Eckert
and Klamt (32) in the COSMO-RS theory:
(a) in the case of liquid solute:

108(Xy) = (gt — Hgoy)/ RTIN(10) )

where Xs is solubility in mole fractions, u2%; and u%,, are the
standard chemical potentials of a solute in its liquid state
and solute in solution, accorgingly, R is the universal gas
constant, and T is temperature;

(b) in the case of solid solute:

AG’g, ]/ RTIn(10), whereAG’, =
0,AGs =0 )
AGyyAGy, >0 &

log(XS) = [ﬂ(s)elf - :ugolv -

where AGy,s is Gibbs free energy of fusion. According to
definition AGg,s should have all positive values for solid at
given temperature substances. Since for liquids AGys is
negative by definition, eq 2 reduces to eq 1 for liquid solute.
The COSMO-RS approach uses a QSPR technique described
in detail by Klamt et al. (28) to estimate A Gy, values for solids.

For alternative A Gy, estimation, the simplex representa-
tion of molecular structure (SiRMS) QSPR approach devel-
oped by Kuz’'min and co-workers (40) was used in the present
study. The principal physical basis of SIRMS, in application
to AGys based on hypothesis that AGy,s mainly determined
not by the whole molecule, but by it structural parts, e.g.,
substituents, “pharmacophores”, etc (40). Bounded and
unbounded simplex descriptors of fixed composition and
topology (2D level) were generated. Simplexes were dif-
ferentiated by atom nature (element and type), partial charge,
lipophilicity, refraction, and its ability to be donor or acceptor
in H-bonding (see the Supporting Information (SI) for more
information). Statistical models have been obtained by the
partial least-squares or projections on latent structures (PLS)
method (41). Usage of SIRMS in combination with PLS allows
determining such fragments (simplexes) and their combina-
tions which are important to A Gfus variation. Each molecule
isrepresented by unified set of simplexes and can be explicitly
retrieved from this set.

3. Results and Discussion

3.1. Calculation of Water Solubility with the Original
COSMO-RS Approximation. Initially, available experimental
data on water solubility of nitro compounds was tabulated
from the literature (20, 42). These compounds, their CAS
registry numbers and corresponding solubility values are
shown in Table 1. Full names of all the compounds used in
this study along with structural formulas are given in SI Table
S1).

Some of those chemicals have been previously studied
using the COSMO-RS approach at the TZVP level in out recent
work (31). For all remaining species we have computed the
solubility values at the corresponding temperatures using
the original COSMO-RS procedure at both SVP and TZVP
levels as described in the Methods section.

There are two reasons why we did calculations using both
basis sets. First, to compare the accuracy of our results and
those reposted by Klamt et al. (28) (where only accuracy of
SVP level is estimated). Second, since the BVP86/SVP
calculations based on COSMO/AM1 geometry optimization



TABLE 1. Comparison of the Water Solubilities (Sy) Computed Using the COSMO-RS Approach and Availahle Experimentally

Measured Water Solubility Values

COSMO-RS Sy, log(mg/L)?

errors

compound CAS SVP TZvpP SVP TzvP exp. Sw, log(mg/L) * temp, °C
Solids
1 TNB 99-35—4 1.79 2.12 0.65 0.32 2.44 15
2 1,2-DNB 528—-29-0 2.33 2.83 0.21 0.71 212 25
3 1,3-DNB 99-65-0 2.76 2.88 0.03 0.15 2.73 25
4 1,4-DNB 100—25-4 2.47 2.86 0.63 1.02 1.84 25
5 1,4-DNsB 105—-12—-4 3.40 3.57 0.06 0.1 3.46 25
6 NsB 586—96—9 3.45 3.74 0.12 0.41 3.33 25
7 2,4,6-TNT 118—96—7 1.72 2.05 0.24 0.01 2.06 23
8 2,3,4-TNT 602—29-9 2.07 2.06 0.05 0.06 2.12 25
9 2,4,5-TNT 610—25—-3 1.71 2.04 0.48 0.15 2.19 25
10 2,3-DNT 602—-01—-7 2.57 2.38 0.23 0.04 2.34 25
11 2,4-DNT 121-14-2 2.50 2.55 0.07 0.12 243 22
12 2,5-DNT 619—-15—8 2.44 2.54 0.1 0.2 2.34 25
13 2,6-DNT 606—20—2 2.62 2.65 0.32 0.35 2.30 25
14 3,4-DNT 610—39—9 2.33 2.42 0.33 0.42 2.00 25
15 4-NT 99-99-0 2.98 2.94 0.33 0.29 2.65 30
16 2-Am-46-DNT 35572-78-2 3.53 3.80 0.44 0.71 3.09 25
17 4-Am-26-DNT 19406—51-0 3.79 4.03 0.7 0.94 3.09 25
18 2,4,6-TNAN 606—35—9 1.73 1.71 0.57 0.59 2.30 15
19 2,4-DNAN 119-27-7 2.79 2.61 0.6 0.42 2.19 15
20 3,5-DNAN 5327-44—6 2.01 2.22 0.47 0.26 2.48 25
21 RDX 121-82—-4 3.54 3.74 1.79 1.99 1.75 25
22 HMX 2691-41-0 2.42 3.72 1.77 3.07 0.65 25
23 CL-20 135285—90—4 1.80 2.99 1.24 2.43 0.56 25
24 tetryl 479—-45-8 1.84 1.84 0.03 0.03 1.87 25
MAE? 0.51 0.62
Liquids
25 NB 98—-95—-3 3.28 3.21 0.04 0.11 3.32 25
26 2-NT 88—72-2 3.05 2.95 0.24 0.14 2.81 30
27 3-NT 99-08—-1 2.87 2.83 0.17 0.13 2.70 30
MAE® 0.15 0.13

2 All COSMO-RS calculations were performed at the temperature of experimental measurements. °References for
experimental solubility values: CL-20 (26), all other compounds (53). ¢ Mean absolute error.

are much faster, than BVP86/TZVP calculations including
COSMO/BVP86/TZVP geometry optimization, the SVP level
is more attractive when it is a need to treat a large set of
chemicals.

The theoretically obtained values of solubility were then
compared with the collected experimental ones. The results
are displayed in Table 1. One can see that both the SVP level
and the TZVP level predicted solubility values for liquid
compounds (NB, 2-NT and 3-NT) are in very close agreement
with the experimental values (ca. 0.1 LU error). This is in
agreement with the reported accuracy for the COSMO-RS
method for liquids (0.3 LU) (28). However, the accuracy
decreases sufficiently in the case of solid solutes. Although
for some solids the predicted water solubility values are in
good agreement with the experimental values, the errors for
prediction of solubilities for some others, in particular, RDX,
HMX, and CL-20, are quite large: 1.6—2.5 LU. As a result, the
mean absolute error (MAE) for the SVP level is equal to 0.51
LU, and it is even worse for TZVP level: 0.62 LU. The errors
obtained for the SVP level is beyond the limitations of the
intrinsic error of the COSMO-RS method for solids, reported
as 0.5 LU (28). A higher degree of accuracy was expected for
predictions at the TZVP level since it is based on the higher
and more acute level of theory.

In order to determine the possible reasons for such
contradictions we have analyzed the contributions into eqs
1and 2 in detail. All the terms of eq 1 for the liquid compounds
at experimental measurement temperature and the terms of
eq 2 for solids are given in Table 2. Since the most compounds
of interest are solids under given temperatures we have paid
special attention to the values of AGy,s which are obtained
statistically in the COSMO-RS theory.

Analysis of the data presented in Table 2 suggests that the
difference of use®—uson” is negative. This corroborates the
meaning of these terms according to eqs 1 and 2, since
COSMO-RSis oriented to the prediction of solubility of rather
low soluble solutes (28). The difference psei’—uson” is negative
for low-soluble compounds, when energy of the compound
in pure state is lower, than in solution. The only valuable
parameter is the difference between e’ and uso1,°, thus we
put this difference value in Table 2 instead of individual values
of standard chemical potentials.

AGyys is not applicable for liquid compounds, therefore
this value is not estimated by the COSMO-RS procedure for
liquid solute, and solubility values are computed according
to eq 1. However, in the case of solid compounds, the
COSMO-RS estimated values of AGy,s are surprisingly nega-
tive. This finding contradicts the meaning of the A Gy, term,
which has a positive value for solids, interpreted as the energy
necessary to break intermolecular bonds in a crystal lattice.
A selective check of the value of this parameter for organic
nonelectrolyte compounds of different classes (in particular
those studied in the work (28) and implemented in the
COSMOtherm database) reveals that A Gy, values are always
positive.

Therefore, we have concluded that the QSPR equation
used in the original COSMO-RS method to predict AGgs is
inadequate for this class of nitro compounds. We can also
assume that the large error for nitramines is because those
compounds should have higher AGg,;s than nitroaromatic
compounds, and neglecting this value causes inaccuracy. In
order to increase the accuracy of the predictions of the
solubility values of nitro compounds and to expand the usage
of the COSMO-RS method for military compounds we have
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TABLE 2. Difference of the Standard Chemical Potentials and Free Energies of Fusion (AGys) Computed Using the COSMO-RS
Approach and the Water Solubility (Sy) Values Calculated Using These Terms According to Eq 1 for Liquid and Eq 2 for Solid

Solute
SVP TZVP
compound Hseli — Msowe kcal/mol  AGys, keal/mol Sy log(X)  prsenr — psons keal/mol  AGy, keal/mol Sy log(X)
Solids
1 TNB —6.96 —1.42 —5.28 —6.54 —1.84 —4.95
2 1,2-DNB —6.34 —0.75 —4.64 —b.65 —1.08 —4.14
3 1,3-DNB —5.75 —0.58 —4.21 —b.58 —1.01 —4.09
4 1,4-DNB —6.14 —0.68 —4.50 —5.6 —1.02 —4.10
5 1,4-DNsB —4.75 —0.09 —3.48 —4.52 —0.33 —3.31
6 NsB —4.28 0.25 —3.33 —3.96 0.18 —-3.03
7 2,4,6-TNT —7.29 —1.45 —5.38 —6.84 —1.95 —5.05
8 2,3,4-TNT —6.87 —1.30 —5.03 —6.88 -1.77 —5.04
9 2,45-TNT —7.35 —1.45 —5.39 —6.9 -1.94 —5.06
10  2,3-DNT —6.06 —0.58 —4.44 —6.31 —1.09 —4.62
11 2,4-DNT —6.08 —0.53 —4.50 —6.02 —1.03 —4.46
12 2,5-DNT —6.23 —0.61 —4.56 —6.09 —1.08 —4.46
13 2,6-DNT —5.99 —0.56 —4.39 —5.94 —1.08 —4.36
14 3,4-DNT —6.38 —0.68 —4.68 —6.26 -1.15 —4.59
15 4-NT —5.41 —0.10 —3.90 —5.47 —0.35 —3.94
16 2-Am-46-DNT —4.79 —0.17 —3.51 —4.42 —0.47 —3.24
17  4-Am-26-DNT —4.43 —0.04 —3.25 —4.1 —0.40 —3.01
18  2,4,6-TNAN -7.37 —1.53 —5.40 —7.14 —1.90 —5.42
19  2,4-DNAN —5.8 —0.55 —4.25 —5.84 -1.13 —4.43
20  3,5-DNAN —6.86 —0.88 —5.03 —6.58 -1.30 —4.82
21 RDX —4.84 —0.96 —3.55 —4.57 —1.64 —3.35
22 HMX —6.55 -1.37 —4.80 -4.77 -1.94 —3.49
23 CL-20 —7.61 —2.60 —5.58 -6 -2.77 —4.39
24 Tetryl —8.2 —2.25 —6.01 —7.31 —2.70 —5.36
Liquids
25 NB —4.86 —3.56 —4.95 —3.63
26 2-NT —5.32 —3.83 —5.46 —3.93
27  3-NT —5.56 —4.01 —5.62 —4.05

modified the QSPR procedure of A Gy, estimation as described
in the next section.

3.2. New QSPR Equation for Prediction of AGy, for
COSMO-RS. QSPR procedures require that a training set be
constructed for the property of interest. In the present study,
values for the training set for the free energy of fusion (A Gys)
were estimated according to eq 3 proposed in the work (28)
for free energy of fusion estimation:

AGy,, = RTIn(10)[log(Xcosmo-rs) — log(Xeyp)] 3

where xgxp is the experimental solubility values in mole
fraction at 25 °C; xcosmo-rs is COSMO-RS solubility values in
mole fraction at 25 °C calculated according to eq 1; and T
is the temperature considered equal to 25 °C.

The data set {xeq,} of experimentally measured water
solubility values was composed of 150 common organic and
drug compounds which are solid at 25 °C. This data set was
initially proposed by Duffy and Jorgensen (43) and then used
by Klamt et al. (28) for obtaining a regression equation for
A Gy estimation in the COSMO-RS approach for solid solutes.
The o-profiles of these compounds implemented in the
COSMOtherm database were used for computation of the
solubility values in COSMO-RS at both the SVP and TZVP
levels. Since all the compounds of the {x.} set are solids at
25 °C, all of the corresponding A G*j,s values are constrained
to be positive. Thus, all the compounds of the training set
with negative AG*g,s values were excluded. Then a data set
{Xexp} 0Of 125 remaining compounds and seven additionally
included nitro compounds (2-NT, 3-NT, 4-NT, 2,4-DNT, 2,6-
DNT, RDX, and 5-nitro-1,10-phenanthroline) was used to
create the training work set (shown in SI Table S2) for A Gy
estimation.

Starting from this step the QSPR protocol used in (28
was changed. Thus, instead of using the fitting equation with
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predetermined descriptors, the SIRMS QSAR approach (40)
was used for prediction of AGy,s values (see ref 40 and SI
Table S3 for more details regarding the developed models).
Basic statistical parameters which characterize the quality
of 2D PLS models for the SVP and TZVP levels are presented
in Table 3.

As follows from the analysis of the data collected in Table
3 we have succeeded in obtaining QSPR equations of near
the same quality for both SVP and TZVP levels that are both
robust and well-constrained.

3.3. Verification of the Developed QSPR Model. In order
to validate the predictive ability of the proposed models we
have applied these models to predict the A Gy,s and solubility
values of 53 drugs and pesticides collected from the literature
(28, 44, 45) plus five nitro compounds: TNB, TNT, 4-Am-
2,6-DNT, CL-20, and HMX. Our external validation set
consisting of 58 compounds shown in SI Table S4. The
standard chemical potentials, u%; and u2,, were computed
with the COSMO-RS approach. The modified solubility values
for this set of compounds were calculated according to eq

TABLE 3. Basic Statistical Parameters of Selected SiRMS
QSPR Models?

R? 0? S(ws) Slcv) A D M
SVP 0.86 0.78 0.43 0.55 2 28 132
TZVP 0.87 0.82 0.52 0.62 2 46 132

2 Note: R? is determination coefficient, Q? is the cross
validation determination coefficient, S(ws) is the standard
error of prediction for the work set, S(cv) is the standard
error of prediction for the work set in cross validation
terms, A is the number of PLS latent variables, D is the
number of descriptors, and M is the number of molecules
in the training set.




TABLE 4. Statistical Parameters for the External Validation Set
Prediction by the Considered SiRMS QSPR Models

R’test Q%test S(ts)
COSMO-RS/SVP, original 0.49 0.67 1.05
COSMO-RS/SVP, modified 0.46 0.51 1.29
COSMO-RS/TZVP, original 0.44 0.62 1.13

COSMO-RS/TZVP, modified 0.66 0.71 0.99

Note: R%. is the squared correlation coefficient for external
test set; P is the determination coefficient for external test
set. S(ts) is standard error of a prediction for external test set.

2. The original COSMO-RS method for solids, with the
QSPR procedure implemented with the COSMOtherm
program was also applied to compute solubility values.
The results of solubility predictions by both of these models
were compared with the experimental values (SI Table
S4). The statistical parameters of the developed models
are presented in Table 4.

The analysis of Table 4 shows that the modified COSMO-
RS/TZVP model can provide quite accurate predictions. The
modified COSMO-RS/SVP model does not fully satisfy the
predictivity requirements described by Golbraikh and Trop-
sha (46), so predictions by this model are expected to be less
reliable.

At the next step, to check how our modified model works
for nitro compounds, we have estimated the Gibbs free
energies of fusion for nitro compounds listed in Table 1. To
obtain a correct statistical picture of the influence of our
modification on the solubility prediction results, 4-NT, 2,4-
DNT, 2,6-DNT, and RDX were excluded from consideration
at this point, since, as mentioned above these compounds
were the constituents of the training set for the QSPR model
development. Since our QSPR model is developed to estimate
the AGy;s values at 25 °C, adjustments had to be done for
TNB, 2,4,6-TNT, 2,4,6-TNAN, and 2,4-DNAN to estimate their
AGr;s at the temperatures of experimental measurements
carried out at temperatures other than 25 °C.

As shown in the work (29) and then applied in ref 30 the
solubility can be estimated as

AH,
fus 1— T )
RT Tnelt

m

In(yex) =

where y,is the activity coefficient, A Hy is the enthalpy change
for melting the solute, Ty is the melting point temperature.
In the case of ideal solubility ys = 1, and the solubility is
determined only by the intermolecular forces in solid solute
crystal that are characterized by the free energy of fusion.
Thus, the eq 4 can be rewritten for AGys (47)

AGy(T) = —AHqu(l - L ) (5)

melt
Using the eq 5 the AGy,s at 25 °C (298K) obtained using the

proposed above QSPR model can be adjusted for temperature
T if the melting point temperature Tp. is known:

Toet — T
T 98 __melt
AGqu -4 fus(Tmelt - 298) ©
In the current work, the AGy,s values for TNB, 2,4,6-TNT,
2,4,6-TNAN, and 2,4-DNAN were adjusted depending on the
temperature of the experiment according to eq 6. Melting
point temperatures were taken from the PhysProp database
(42).

We believe that neglecting of nonlinear behavior of A G
dependence on temperature in this case does not generate

significant errors, since we do the adjustments in the small
region of temperatures (<10K).

Based on the AGy, values and standard chemical po-
tentials calculated with new QSPR model combined with the
COSMO-RS approach, we have calculated the new water
solubility values for solids, according to eq 2. In addition, we
have predicted the solubility values of these chemicals using
the U.S. Environmental Protection Agency recommended
EPI Suite and SPARC predictive tools. All the results are
collected in Table 5. As seen from Table 5, all the A Gy, values,
estimated by our QSPR model are positive, that is in
agreement with the physical meaning of this term.

For comparison of accuracy, we have calculated the mean
absolute errors for the predictions made for the 21 nitro
compounds listed in Table 5 for all models used. One may
see that the accuracy of the COSMO-RS technique with the
modified QSPR procedure is higher than the accuracy of
solubility predictions by the EPI and SPARC predictive tools.
Similar to the original COSMO-RS model, in EPI and SPARC
the highest errors are observed for nitramines. The errors of
the solubility values computed by the modified COSMO-RS
approach for both the SVP and TZVP levels are now within
the limits of the COSMO-RS method for solid solute. The
errors for all compounds under study are quite low. The
mean absolute error for the solubility values calculated with
the modified procedure for A Gy,s decreased by 0.13 LU when
compared to the original COSMO-RS method at the SVP level.
In the case of the TZVP level the predictions for all compounds
have improved, and the MAE decreased by 0.15 LU if
compared with the original model.

The comparison of the results obtained for the current
set of compounds at both levels shows that SVP method
gives quite accurate results, as well as TZVP. That allows
using of SVP level for calculation of water solubilities of large
sets of compounds. However, as statistical results in Table
4 show, the reliability of SVP model is lower, that TZVP (it
means that in some cases SVP can result in higher errors),
so if computational resources allow, we recommend using
TZVP level, as more reliable.

3.4. Application of the Modified COSMO-RS Approach
for Water Solubility Predictions for Nitro Compounds with
Unknown Experimental Values. At the final step of the
present work we have demonstrated the predictive role of
the method discussed to compute the solubility values at
room temperature for some more nitro-compounds of
interest for those experimental values have been never
measured, and some of those compounds have never even
been synthesized. Since the SVP and TZVP levels give almost
equally accurate results as shown in Table 5, we have used
both levels of theory for the prediction of water solubility
values for nitro compounds with unknown experimental
values at 25 °C, collected in Table 6.

Table 6 clearly demonstrates that all predicted A Gy, values
are positive that means this term is counted during the
calculation of solubility values by eq 2 for solid solute. Thus,
based on the results for the nitro-compounds with known
experimental values, we can expect these solubility values
are trustable and their accuracy is close to experimental.
The analysis of Table 6 demonstrates that all compounds
under study except four last nitrogen rich compounds are
low soluble. In contrast, the nitrogen rich compounds ANTA,
FOX-7, and HBT have shown the extremely high water
solubility values predicted by all applied models. Although
there is no available experimental data, we can assume that
these compounds are highly soluble, since several different
models give similar results on those compounds.

With regard to the change of water solubility depending
on polarity of the compound,Table 6 shows a clear trend of

VOL. xxx, NO. xx, XXXX / ENVIRONMENTAL SCIENCE & TECHNOLOGY = E



TABLE 5. Free Energies of Fusion (AGj,) Estimated on the Base of SiRSM Equations and Corresponding Water Solubility Values
(Sw) Computed at SVP and TZVP Levels along with Available EPI and SPARC Data

SVP? TZVP? S log(mg/L)
EPI®

compound AGys, kcal/mol S, log(mg/L) error AGys, keal/mol S, log(mg/L) error frag Kow SPARC? exp®
1 TNB 0.35 1.71 0.73 0.66 1.80 0.64 238 3.18 2.96 2.44
2 1,2-DNB 0.32 2.10 0.02 0.69 2.32 0.2 267 296 3.17 212
3 1,3-DNB 0.19 2.61 0.12 0.55 2.47 0.26 2.67 3.14 3.35 273
4 1,4-DNB 0.19 2.33 0.49 0.45 2.54 0.7 2.67 3.16 293 1.84
5 1,4-DNsB 0.38 3.12 0.34 0.16 3.45 0.01 2.04 3.46 6.13 3.46
6 NsB 0.48 3.28 0.05 0.41 3.57 0.24 260 3.33 4.47 3.33
7  2,4,6-TNT 0.37 1.49 0.57 0.69 1.63 0.53 1.88 274 2.32 2.06
8 2,34 TNT 0.36 1.81 0.31 0.64 1.59 0.53 1.88 2.41 2.08 212
9 245 TNT 0.36 1.45 0.74 0.97 1.33 0.86 1.88 2.41 2.44 2.19
10 2,3-DNT 0.36 2.30 0.04 0.76 1.82 0.52 218 2.48 2.69 234
11 2,5-DNT 0.23 2.27 0.07 0.52 2.16 0.18 2.18 2.48 3.04 234
12  3,4-DNT 0.36 2.07 0.07 0.76 1.86 0.14 218 2.56 2.96 2.00
13  2-Am-46-DNT 0.72 3.00 0.09 0.82 3.20 0.11 250 3.09 2.06 3.09
14 4-Am-26-DNT 0.72 3.26 0.17 0.82 3.43 0.34 250 3.09 2.27 3.09
15 2,4,6-TNAN 0.49 1.37 0.93 1.01 1.15 1.15 211 2.72 222 2.30
16 2,4-DNAN 0.31 2.56 0.37 0.90 2.10 0.09 241 2.80 243 219
17 3,5-DNAN 0.27 1.81 0.67 0.13 2.13 0.35 241 2.80 2.33 248
18 HMX 2.76 0.39 0.26 3.03 1.50 0.85 6.00 3.97 0.67 0.65
19 CL-20 2.21 0.18 0.38 3.77 0.23 0.33 6.00 295 573 0.56
20 Tetryl 0.56 0.78 1.09 1.34 0.86 1.01 2.48 2.76 1.06 1.87

MAE (original) 0.50 0.60 0.90 0.66 0.95
MAE (modified)*° 0.37 0.45

2 All COSMO-RS and SPARC calculations are at the temperature of experimental measurements indicated in Table 2.
b All EPI calculations are done at 25, because it is the only available option, frag - Sy values calculated from fragments,
Kow - Sw values calculated from octanol/water partition coefficients (Kows are theoretically estimated in EPI as well). ¢ The
experimental values here duplicate those in Table 2 and are displayed just for reader’s convenience. ¢ Mean absolute
errors for original and modified COSMO-RS models. MAE for the original COSMO-RS at both SVP and TZVP levels were
recalculated at this step for the set of 20 compounds collected in the current table in purpose of correct comparison of
predictive ability of original and modified COSMO-RS models.

TABLE 6. Modified COSMO-RS, EPI, and SPARC Predictions of Water Solubility Values for Nitro and Nitroso Compounds with
Unknown Experimental Values at Temperature 25 °C

CAS number SVP TZVP EPI

compound? CAS number AGy, keal/mol S, logimg/L)  AGs, keal/mol S, log(mg/L) frag” Kow” SPARC
1 TNsB 0.60 2.69 0.16 3.12 1.46 3.44 >6.00
2 1,3-DNsB 0.38 3.25 0.26 3.55 2.04 346 6.00
3 2,3,6-TNT 18292—-97-2 0.36 1.42 0.97 1.37 1.88 2.41 2.10
4  3-Am-2,6-DNT 0.82 3.60 0.85 3.80 250 262 262
5 2,4-Am-6-NT 6629—29—4 1.08 3.87 0.97 4.53 3.10 4.33 276
6 2,6-Am-4-NT 59229—-75-3 1.08 3.87 0.97 4.56 3.10 4.33 273
7 2,4,6-TAMT 88—-02—-8 1.44 4.51 1.12 5.22 3.99 558 >6.00
8 2-NHOH-4,6-DNT 59283-76—0 0.54 3.67 0.72 3.82 2.88 3.04 3.19
9 4-NHOH-2,6-DNT 59283—-75—9 0.54 4.40 0.72 4.33 2.88 3.04 3.17
10 2,3DNAN 0.27 2.02 0.65 1.81 241 280 2.06
11 2,5DNAN 0.27 2.15 0.52 2.09 241 280 2.69
12 3,4ADNAN 0.27 2.08 0.15 2.33 241 280 235
13  1,3-DN-5-NsTz 2.10 2.27 2.25 2.31 6.00 533 1.74
14 1-N-3,5-DNsTz 2.20 2.40 2.44 2.43 6.00 6.00 3.20
15 1,3,6-TNsTz 0.96 3.63 1.08 3.69 6.00 6.00 >6.00
16 1-HxAm-3,5-DNTz 2.19 4.23 2.20 5.42 6.00 6.00 5.00
17  1-HxAm-3-Ns-5-NTz 2.28 4.17 2.39 4.37 6.00 6.00 4.50
18 1-HxAm-3,5-DNsTz 1.04 5.33 1.03 5.48 6.00 6.00 5.87
19 CL-14 117907-74-1 1.72 3.30 1.70 3.30 6.00 3.50 N/A
20 Pentryl 4481-55—4 1.48 —1.65 2.98 —-1.73 1.54 1.96 0.14
21 ANTA 1.44 >6.00 1.59 >6.00 6.00 5.13 454
22 FOX-7 145250—81—-3 1.13 >6.00 0.47 >6.00 6.00 6.00 5.70
23 HBT 2.50 >6.00 1.60 >6.00 6.00 6.00 >6.00

2 Full names and structural formulas are given in S| Table S1. ® Frag—Sw values calculated from fragments, Kow—Sw
values calculated from octanol/water partition coefficients (Kows are theoretically estimated in EPI as well).

an increase of water solubility with substitution of nitro 3.5. Environmental Implications. The environmental
groups in with nitroso and, especially, amino groups in the fate of chemicals, as well as the efficiency of in-solution
derivatives. treatment is determined largely by their solubility in water.
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Hence, solubility of hazardous chemicals is one of the most
fundamental physical properties of ecological importance
(48). Unfortunately, due to the highly exothermic nature of
explosives, experimental data on many of their properties
are quite limited.

The proposed in the current study model is based on the
quantum chemical methods, COSMO-RS, and SiRMS QSPR
techniques. This powerful theoretical tool serves for predic-
tion of water solubility of nitro compounds and their nitroso
and amino derivatives. Furthermore, this computational
approach can be extended for treatment of a wide range of
organic contaminants. Thus, this tool can be useful for the
determination of the environmental fate and development
of degradation and remediation pathways of existing and
possible environmental contaminants, hazardous chemicals,
drugs, etc. It is especially useful for treatment of hazardous,
toxic or unstable compounds which are hard to be threaded
experimentally.

Itshould be noted that the current model limited to study
of rather low soluble compounds, and can result in large
errors in the case of highly soluble solutes. In addition, for
moderately to highly soluble compounds the errors of 0.5
order of magnitude give large numerical errors if compared
to low-soluble compounds.
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