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Abstract: The relationship between the structural descriptions and osmotic
coefficients of binary mixtures containing sixteen different ionic liquids and
seven kinds of solvents has been investigated by back propagation artificial
neural network (BP ANN). The influence of temperature on the osmotic coef-
ficients was considered and the concentrations of ionic liquids were close to
1 mol kg!, except in acetonitrile. Multi linear regression (MLR) was used to
choose the variables for the artificial neural network (ANN) model. A three
layer BP ANN with seven variables containing structural descriptions of the
ionic liquids and the character of the solvent as input variables was developed.
Compared with experimental data, the osmotic coefficients calculated using the
ANN model had a high squared correlation coefficient (R?) and a low root
mean squared error (RMSE).

Keywords: binary mixture; back propagation; artificial neural network; multi
linear regression.

INTRODUCTION

Ionic liquids (ILs), as a type of widely applied green solvents, have aroused
popular interest of academic community. Their excellent properties, such as
chemical stability, thermal stability, low vapor pressure, high electronic conduct-
ivity, etc.! determine the extensive application of ionic liquids in different
fields.2 Currently, ILs have been successfully used in the extraction of bioactive
components from natural products3 and extraction of biological substances, such
as proteins, amino acids, DNA, efc.# The use of an extraction solvent demands an
understanding of its physical chemistry. In these properties, the osmotic coef-
ficient is thought to be very important for the selection of an extraction solvent.
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Moreover, ionic liquids are thought to be designable solvents because their syn-
thesis is relatively simple. A model that could predict the osmotic coefficients of
ionic liquids would aid in the design of new and excellent ionic liquids as ext-
raction solvents. A prediction model that could guide the chemical synthesis of
ionic liquids is required by chemists.

Recently, the osmotic coefficients of ionic liquids in some ordinary solvents,
such as water, alcohols, benzene, acetonitrile, etc., have been studied by experi-
mental and theoretical methods.8 However, compared with other physico-
chemical and related properties of ionic liquids (see Fig. 19-19), theoretical
models for estimating the osmotic coefficients of ionic liquids are relatively little

researched at present.
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Fig. 1. Reported calculation methods in the study of some properties of ionic liquids.

For aqueous solutions, the osmotic coefficients could be calculated theor-
etically by the Pitzer equations or by the three-characteristic parameter correl-
ation (TCPC) model.20 In addition, the earlier and more popular Pitzer model
was successfully used to correlate the osmotic coefficients of ionic liquid dis-
solved in water and acetonitrile.>2! Furthermore, Karimzadeh et al.19 used
Monte Carlo simulations to compute the osmotic coefficient of aqueous solutions
of ionic liquids and reviewed computational models in the investigation of binary
mixtures containing ionic liquids.

Within the methods concerning the investigation of ionic liquids, the quan-
titative structure—property relationship (QSPR) model has been widely used in
the study of the properties of ILs and was proved to be an ideal method to fit and
predict related data.2? The artificial neural network (ANN) method that is good at
predictions is a very important algorithm to develop a QSPR model and was suc-
cessfully adopted to study the electronic conductivity of ionic liquids in a pre-
vious work.18 In this context, a QSPR model based on the ANN method was set
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up to correlate the structural characteristics and osmotic coefficients of seven
solvents containing sixteen different ionic liquids.

COMPUTATIONAL DETAILS

Dataset and descriptors

84 sets of osmotic coefficient data for 16 types of ionic liquids in 7 kinds of solvents
(chemical names and acronyms for the ILs are provided as Table I) at different temperatures
were collected from the Ionic Liquid Database?? and other references. 682425

TABLE I. Acronyms used for the studied ILs

Name Acronym
1-Methyl-3-methylimidazolium methyl sulfate [Mmim] [MeSO4]
1-Butyl-3-methylimidazolium methyl sulfate [Bmim][MeSOy]
1-Ethyl-3-methylimidazolium ethyl sulfate [Emim] [EtSOy4]
1-Ethyl-3-methylpyridinium ethyl sulfate [Empy][EtSO4]
1-Butyl-3-methylimidazolium octyl sulfate [Bmim][OctSOy4]
1-Ethyl-3-methylimidazolium chloride [Emim][CI]
1-Butyl-3-methylimidazolium chloride [Bmim][Cl]
1-Hexyl-3-methylimidazolium chloride [Hmim][Cl]
1-Ethyl-3-methylimidazolium bromide [Emim][Br]
1-Propyl-3-methylimidazolium bromide [Pmim][Br]
1-n-Butyl-3-methylimidazolium bromide [nBmim][Br]
1-Pentyl-3-methylimidazolium bromide [Pnmim][Br]
1-Hexyl-3-methylimidazolium bromide [Hmim][Br]
1-Butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF,]
1-Octyl-3-methylimidazolium tetrafluoroborate [Omim][BF4]
1-Butyl-3-methylimidazolium hexafluorophosphate [Bmim][PFg]

The 3D structural coordinates of ionic liquids were obtained from the Cambridge Struc-
tural Database (CSD).26 To reflect the prediction capability of model, the data points of the
same solvent containing the same ionic liquid were not divided into different datasets. The 84
sets of data were divided into three datasets, i.e., a training set, a validation set and a test set
containing 46, 24 and 30 % of the total data, respectively (Table II).

TABLE II. The solvents with ionic liquids and data sets; training set: entry 1-15, validation
set: entry 1624, test set: entry 25-36

Entry  Solvent IL Corrlzg?gg_tll N Temperature, K C(?:;g;t;t

1 1-Propanol [Bmim][MeSQOy4] 1.0071 323.15 0.629

2 1-Propanol  [Empy][EtSOy4] 0.9272 323.15 0.605

3 2-Propanol [Mmim] [MeSOy] 0.9721 323.15 0.461

4 Ethanol [Bmim][C1] 1.096 313.15 0.742

1.096 333.15 0.63

5 Water [Bmim][MeSOy4] 0.9552 298.15 0.698
0.9552 308.15 0.716
0.9552 318.15 0.732

0.9552 328.15 0.76
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TABLE II. Continued
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Entry  Solvent IL COI;;S?E;EOH’ Temperature, K c(?jfrgg;;t
6 Water [Emim][Cl] 1.0472 313.15 0.861
1.0472 333.15 0.812
7 Water [Bmim][BF,] 0.9322 298.15 0.523
7 Water [Bmim][BF,] 0.9322 308.15 0.545
0.9322 318.15 0.564
0.9322 328.15 0.589
8 Water [Empy][EtSO,] 1.0336 313.15 0.813
1.0336 333.15 0.784
9 Water [Pmim][Br] 1.0292 298.15 0.702
1.0292 308.15 0.714
1.0292 318.15 0.717
1.0292 328.15 0.724
10 Benzene  [Bmim][OctSO,] 1.1483 298.15 0.018
1.1483 303.15 0.016
1.1483 308.15 0.027
1.1483 313.15 0.039
11 Methanol  [Bmim][OctSO4] 1.1872 298.15 0.373
1.1872 303.15 0.466
1.1872 308.15 0.579
1.1872 313.15 0.71
12 1-Propanol [Omim][BF4] 1.0008 298.15 0.045
1.0008 303.15 0.097
1.0008 308.15 0.165
1.0008 313.15 0.201
13 Acetonitrile ~ [Bmim][PFg] 0.1015 318.15 0.3139
14 Methanol [Omim][BF4] 1.2766 298.15 0.327
1.2766 303.15 0.401
1.2766 308.15 0.481
1.2766 313.15 0.543
15 Water [Emim][Br] 0.4422 298.15 0.85881
16 1-Propanol  [Bmim][OctSO,] 1.0548 298.15 0.057
1.0548 303.15 0.202
1.0548 308.15 0.319
1.0548 313.15 0.417
17 2-Propanol  [Emim] [EtSOy] 0.9702 323.15 0.575
18 Ethanol =~ [Bmim][MeSOy] 0.9851 323.15 0.496
19 Ethanol [Empy][EtSO4] 0.982 323.15 0.498
20 Water [nBmim][Br] 0.9713 318.15 0.7125
21 Water [Mmim] [MeSOy4] 0.9792 313.15 0.896
0.9792 333.15 0.87
22 Benzene [Omim][BF,] 1.4487 298.15 0.026
1.4487 303.15 0.036
1.4487 308.15 0.075
1.4487 313.15 0.173
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TABLE II. Continued

Entry  Solvent IL Coﬁs?gg_tllon’ Temperature, K c(?:tffr'i(c)it;t
23 Water [Hmim][CI] 1.0049 313.15 0.765
1.0049 333.15 0.732
24 Water [Hmim][Br] 1.1189 298.15 0.384
1.1189 308.15 0.397
24 Water [Hmim][Br] 1.1189 318.15 0.413
1.1189 328.15 0.429
25 1-Propanol [Emim] [EtSO4] 0.9772 323.15 0.596
26 2-Propanol [Bmim][MeSQOy4] 0.9823 323.15 0.523
27 2-Propanol  [Empy][EtSOy4] 0.9707 323.15 0.594
28 Ethanol  [Emim] [EtSOy4] 0.9888 323.15 0.504
29 Ethanol [Mmim] [MeSOy4] 0.9868 323.15 0.449
30 Ethanol [Hmim][Cl] 1.0138 313.15 0.677
1.0138 333.15 0.5679
31 Water [Pnmim][Br] 1.0258 298.15 0.618
1.0258 308.15 0.637
1.0258 318.15 0.632
1.0258 328.15 0.649
32 Water [Emim] [EtSO4] 0.8919 298.15 0.706
0.8919 308.15 0.721
0.8919 318.15 0.73
0.8919 328.15 0.747
33 Ethanol [Omim][BF,] 1.0646 298.15 0.107
1.0646 303.15 0.197
1.0646 308.15 0.255
1.0646 313.15 0.33
34 1-Propanol [Mmim] [MeSOy] 0.9815 323.15 0.454
35  Acetonitrile  [Bmim][BF,] 0.1043 318.15 0.3139
36 Ethanol  [Bmim][OctSOy4] 0.7636 298.15 0.036
0.7636 303.15 0.061
0.7636 308.15 0.106
0.7636 313.15 0.137

The cations and anions of the ionic liquids were optimized using the B3LYP method?7-?8
with the 6-31G(d) basis set, respectively. The optimization calculations were performed with
the Gaussian03 program?® and quantum mechanics descriptors, such as energy (£), volume
(¥), the highest occupied molecular orbital energy (Eyomo), the lowest unoccupied molecular
orbital energy (Ey ymo) of the cations and anions, were considered. The molecular connect-
ivity index, which is thought to be helpful in the investigation of the physical properties,3? was
considered and chi index of zero order (°X), first order (1X) and second order (2X) of the ions
were also calculated. All descriptors of the ions are listed in Table III.

The solvents were described by their dielectric constant. The osmotic coefficients of
ionic liquids are influenced by temperature and their concentration in solvents. In this context,
the concentration of ionic liquids was kept close to 1 mol kg'!, except for acetonitrile, because
the osmotic coefficient is much larger in this solvent than in the other solvents and related
experimental data are lacking. To predict the osmotic coefficients of ionic liquids at different
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temperatures, temperature must be considered as a variable in the related models. To decrease
the redundancy existing in the descriptor data matrix, the correlation among related des-
criptors and their correlation with the osmotic coefficient of the ILs were examined and col-
linear descriptors (i.e., [r| > 0.9) were detected.3! Among the collinear descriptors, those show-
ing high correlation with the osmotic coefficient were retained and the others were removed
from the data matrix.

TABLE III. Data on the calculated descriptors of cations and anions

V Enomo  Erumo 0 1 2

E/Ha  dmoll eV eV X X X

[Mmim]* -305.2307599 79.190 —0.43626-0.184674.5875126942.1765975201.663519480
[Bmim]t —423.1786802 131.637 —0.42798-0.176976.1106756493.7527184712.226796000
[Emim]" -344.5497093 91.159 -0.43158 —0.1805 5.2946194752.7527184711.828497838
[Empy]" -366.6178078 106.616 —0.44336-0.233575.9247560003.2112030001.979076000
[Hmim]* -501.8072113 176.128 —0.40700-0.175727.5248892004.7527180002.933903000
[Pmim]* -383.8648154 98.590 —0.42903-0.178395.4035690003.2527180001.873243000
[nBmim]* —423.1828425 122.342 —0.42344-0.170917.0875130003.4529910003.427070000
[Pnmim]* —462.4932894 101.983 —0.42303-0.176626.8177824304.2527184712.580349390
[Omim]* —580.4349008 166.481 —0.37963-0.175458.9391028005.7527180003.641010000
[MeSOy4]" —738.9948944 72.761 —0.06002 0.25643 3.0802070001.0908220000.495772000
[EtSO4]" —778.3139770 102.525 —0.06373 0.23851 3.7873135391.6783561020.834257000
[OctSO4]" —1014.197168 149.131 —0.06399 0.14990 8.0299542304.6783561023.549402980

Ton

[c1y —460.2522333 22.518 0.01479 0.64337 0.00 0.00 0.00
[Br] —2571.7613390 35.840 0.21400 0.50035 0.00 0.00 0.00
[BF4] —424.4990828 39.883 —0.11504 0.45846 2.2189646731.0690449680.606092000
[PF¢] —940.6433857 60.874 —0.15668 0.28100 2.7677868381.1338934191.071429000

Prediction models

The retained descriptors, temperature and concentration were selected as input variables
of the multilinear regression model (MLR) model. To decrease the number of input variables
for an ANN model, the descriptors usually need to be selected. The MLR model was thought
to be a simple selection method that was successfully used in other studies.!832 All the 84 sets
of data were used to study the MLR relationship between the descriptors and osmotic
coefficients by statistical products and service solutions (SPSS) software. The descriptors
contributing the most were selected according to the squared correlation coefficient (R2) of
MLR model. The descriptors selected by MLR model were collected as input variables for the
back propagation (BP) ANN model. A brief description of the ANN has already been given:3?
“A computational neural network consists of simple processing units called neurons. The
strength of the neurons is determined by the weights (adjusted) that are first summed (com-
bined) and then passed through a transfer function to produce the output for that neuron.” The
BP algorithm means that the determination of the weight change is based on the error of the
output unit. The fundamental theory and formulas of BP ANN and transfer functions can be
found elsewhere.3334 The experimental data of the osmotic coefficients were the output
variable. A three-layer BP ANN model usually used to deal with data was set up. All para-
meters were first normalized to a scale of 0 to 1 before training, validation or testing to avoid
numerical overflows during the ANN processing. The initial weights of the training network
and momentum factor were random. Then different transfer functions, learning rates and num-



PREDICTION OF ILS OSMOTIC COEFFICIENTS 405

ber of neurons were inputted to calculate the osmotic coefficient of the ILs in the training sets
by the BP ANN method. The ANN algorithms were implemented in MATLAB programming
language.

RESULTS AND DISCUSSION
Descriptor selected by MLR method

The collected descriptors were the independent variables and the osmotic
coefficient was the dependent variable. The good correlations with the experi-
mental osmotic coefficient were selected based on the squared correlation coef-
ficient (R2). After discarding the descriptors without effective influence on the
squared correlation coefficient, the model with the least number of descriptors
and a high R? was developed. The correlation obtained for 84 data points of the
osmotic coefficient of the ILs was presented by a seven-parameter equation as
follows:

Y = 0.496 +0.00459X; + 0.00148X, —0.0440X3 +
+0.00376X4 + 0.202X5 —0.268X¢ +0.212X7

R?2=0.774, F =37.199, adjusted R? = 0.753
Standard error = 0.129

where Y is the predicted osmotic coefficient of the ionic liquids and X7 to X7
represent the descriptors of ionic liquids and solvents. The MLR model was
developed to predict the osmotic coefficient of the ILs as follows: X7 is the
dielectric constant of the solvents; X> is the energy of the cations; X3 is the anion
chi index of second order; Xy is the temperature; X5 is the concentration of the
ILs in solution; Xg and X7 are the energies of the HOMO and LUMO of the
anion, respectively.

The root mean squared error (RMSE), which is calculated as below, was
used to measure the difference between the actual and the estimated values.

(1

n

exp calc 2
2 (370 e

RMSE ==L - (2)

where i represents the i-th sample, y;*P is an experimental value, ;21 is the cor-
responding value predicted by the model and » is the number of samples in the
dataset.3> The RMSE of the above MLR model was 1.0014, which showed that
the calculated osmotic coefficient of the ionic liquids had large deviations from
the experimental data. The MLR model to predict the osmotic coefficient of the
ionic liquids did not have enough precision to guide in the design of new ionic
liquids. However, the descriptors that enabled the MLR model to have high R?
values in Eq. (1) may be major factors influencing the osmotic coefficient.
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To avoid chance correlations, the y-randomization test was applied to the
MLR model. The calculation procedure was repeated twenty-five times after
shuffling the y vector randomly. The y-randomization results were that the high-
est RZ within 25 time-calculations was 0.151, and the average R? of 25 time-
-calculations was 0.077. The low R? values suggest minor risk of chance correl-
ations.

BP ANN model

The descriptors selected by the MLR model were used as input variables for
the BP ANN model, and the osmotic coefficient was the output variable. A three-
layer ANN, which was usually used in QSPR models because of the good pre-
diction capability, was chosen in this study. After optimization for the model
several times, the number of neurons in the hidden layers was 7 and the learning
rate was 0.06. A tan-sigmoid transfer function within the hidden layer and a
linear transfer function within the output layer were selected for the ANN model.
Multiple calculations were performed in order to obtain the global best results.
Finally, the developed ANN model that achieved the goal of the training set and
had good performance for the validation set was selected as the prediction model
for the osmotic coefficient of ILs. The test set without contribution in model dev-
elopment steps was calculated to test the prediction capability of the ANN model.
The osmotic coefficients calculated by the ANN model are displayed in Fig. 2.

o Training set
W Validation set o

.
[

A Test set "Y' .

e m

¢cal
<

A
n L
£
0.0 +=2 : : , :
0 0.2 0.4 0.6 0.8

¢exp

Fig. 2. The plots of the osmotic coefficient calculated by the ANN model versus the
experimental values. The dotted line presents y = x.
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The R? of the training set, the validation set and the test set were 0.9733,
0.9478 and 0.9102, respectively. The RMSE of the training set, the validation set
and the test set were 0.0428, 0.0658 and 0.0726, respectively. The results in Fig.
2 suggest that the osmotic coefficient calculated by the ANN model were similar
to the experiment data. The training set was used to construct the ANN model,
the high R? and small RMSE suggested that the ANN model was able to fit the
osmotic coefficient of ionic liquids. The validation set was used to determine the
parameters of the ANN model. The data of test set did not appear in training and
validation sets and did not participate in the construction of the ANN model.
Thus, the test set could examine the prediction ability of the ANN model. The
small RMSE of the test set suggested that the ANN model could be used to
predict the osmotic coefficient of ionic liquids.

Variable analysis

The value of the variation inflation factor (VIF), which is thought to reflect
the statistic significance of a model,35 was calculated using the following equation:

Vi =— 3)

where, r is the correlation coefficient of the multiple regression equation between
one descriptor and the others. The VIF value of the seven variables employed in
the MLR and ANN models were 2.025, 2.532, 3.257, 1.453, 1.748, 4.000 and
1.261, respectively. For each descriptor, its VIF value was less than five, which
indicated the model had obvious statistical significance. In the seven variables,
except temperature and concentration, the other five variables were dielectric
constant of solvents, the energy of cations, the anion chi index of second order,
and the energy of the HOMO and LUMO of the anion, respectively. There were
three descriptors related with the anion: the chi index belonging to molecular
topology information, which affects the combination of atoms in a molecule, and
the energies of the HOMO and LUMO, which is related to the reaction activity of
molecule. There was only one descriptor of the cation, which affects the stability
of ions in the model.

CONCLUSIONS

In this study, an ANN model was established based on MLR analysis to fit
and predict the osmotic coefficient of seven solvents containing various ILs at
different temperatures. The ANN model with RZ = 0.9733 and RMSE = 0.0428
for the training set showed its good fitting capability. The predictive capability of
the ANN model was proven by R? = 0.9102 and RMSE = 0.0726. The selection
of the descriptors by the MLR method were investigated and proved by good
results. The analysis of the descriptors reflected the model had obvious statistical
significance.
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Penanuja ysmehy CTpyKTypHHX ONHCHMKA M OCMOTCKUX KoedHlHjeHaTa OWMHApHUX
CMella Koje cafpKe LIECHAeCT PasIMYUTHX jOHCKMX TEYHOCTH WU CejlaM BpCTa pacTBapaua
UCTpa’KMBaHa je ca yHaTpar Hampenyjyhum BeIITaYKUM HEYPpOHCKUM Mpexama (BP ANN).
Y3eT je y 0d3up yTHLaj TeMnepaTtype Ha OCMOTCKe KoedHUIjeHTe a KOHLeHTpalrja jOHCKUX
TeunocTu je Gmna Gmusy 1 mol kg'! usyses y aueTomumTpmiy. MynaTmimHeapHa perpecuja
(MLR) xopuirheHa je 3a u3bop Bapujadnu 3a Mozen BemrTauyke HeypoHcke mpexe (ANN).
PasByjen je tpocnojun BP ANN ca cenam Bapujabnu koje cagpke CTPYKTypHE ONHCHHKE
jOHCKMX TEYHOCTH M KapakTepa pacTBapaua kao ysa3He Bapujabne. Ilopehemem ca excre-
PUMEHTIHUM II0JjalliMa, OCMOTCKM KoedHLUjeHTH uspadyHaTd ca ANN MopnenoM uMajy
BHCOK KOpeJTalloHH koeduuujent (R%) u many mpoceuny ksagpaTHy rpemxy (RMSE).

(ITpumsseno 17. centemdpa, pesuaupaHno 23. nenemdpa 2016, npuxsaheno 9. janyapa 2017)
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