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ABSTRACT: In this work a new topological index (TI) was = 750
proposed based on atom characteristics (e.g., atom radius, atom 700¢ 700
electronegativity, etc.) and atom positions in the hydrogen- § 2 §
suppressed molecule structure. Using the TIs, a multiple linear _ gqol % gl
. . . ]
regression (MLR) model was developed for predicting the = R g
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decomposition temperature (Tg) of 158 ionic liquids (ILs), = BB Eo° £
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which are based on imidazolium, pyridinium, pyrrolidinium, qésoo ° © ;;500
ammonium, phosphonium, sulfonium, and guanidinium. * =
Because ILs are a class of molten salts which are composed 400 P S——— o0 Teo 400% I et

entirely of cations and anions, in general, the descriptors for ILs “o

are calculated from cations and anions separately, and the
interaction between them is neglected. In this study, except for
the two sets of TIs generated from cations and anions, a third TI was proposed to depict the interaction of anions and cations.
The regression coefficient (R*) and the overall average absolute deviation (AAD) are 0.893 and 3.07 %, respectively.
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B INTRODUCTION

Ionic liquids (ILs) have attracted much attention in recent
years, for their beneficial properties such as negligible vapor
pressure, high heat capacity, high density, high thermal
conductivity, high thermal stability, a wide temperature range
for liquids, and so on. The most interesting character is that the

properties of ILs could be altered by modifying the structures of roperty for ILs. The decomposition point is necessary to value
their cations or anions, which increases the unique features and property } P P il

the thermal stability which could d th lication of ILs.
applicability of ILs further. Due to the advantages mentioned Ne erma’ stablity which cou expane e appication of /58
o o ] 1.3 o model has been reported on predicting the decomposition

above, ILs have a diversity of applications: electrolytic media,

> _ temperature of ILs.
catalysis,*® solvents,”'* and telescope construction."" ot : ;
YSIS, y p | . ) The quantitative structure—property relationship (QSPR)
To extend the applications of ILs and design new potential

necessary to develop available mathematical models to predict the
properties of ILs.

ILs have large liquid ranges determined by their low melting
points as well as a high decomposition temperature (or boiling
point). ILs either undergo a boiling point or decomposition
point upon heating.'® As an idea of the upper operating range
of the fluids, decomposition temperature is an essential physical

method provides a sophisticated approach to the study of
ILs, the fundamental understanding of the physical and chemical
properties of ILs is essentially important. Some basic property
data are available from some databases and literature. The
International Union of Pure and Applied Chemistry (IUPAC) ILs
Database'” is a free database that allows users to access an up-
to-date data collection from publications on experimental inves-
tigations of thermodynamics and transport properties of ILs. The
Beilstein database is one of the largest databases in the field of
organic chemistry including ILs."> The Dortmund Data Bank is
also a useful database for ILs."* Although these databases and
literature are available, there is not a comprehensive database
publicly available for researchers to consult'® due to the lack of
experiments for the large number of kinds of ILs. Therefore, it is
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physical properties. Some QSPR models have been developed
for predicting the properties of ILs. Most work has been focused
on predicting the melting points of ILs."” "> There are also
QSPR models estimating other properties of ILs: viscosity,’*>"
surface tension,”> and ionic conductivity.*> The QSPR method
can predict the physical properties of compounds with similar
structural features accurately. In this work, a new topological
index (TI) was proposed only using the atom characters and
atom positions in the hydrogen-suppressed structure of molecule.
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The TIs are not only generated from cations and anions but also
from their interaction. Then a QSPR model was derived for
predicting the decomposition temperature of ILs with the TIs.

B METHODS

Data Set. A total of 158 ILs were used for developing
the QSPR model, which includes 43 imidazolium (Im), 18
pyridinium (Pyi), 14 pyrrolidinium (Pyo), 45 ammonium(Am),
4 phosphonium (Ph), 18 sulfonium (Su), and 16 guanidinium
(Gu). All of the data are obtained from 14 references.>*™*

Topological Index. Topological indexes (TIs) are
numerical quantities derived from a graphical theoretical
representation of the molecular structure through mathematical
invariants.* There are two main sources of TIs—the distance
(D) and adjacency (A) matrixes, which are defined as:

D = (dy)
dij _ {n if the path length between atoms i andj is n
0 otherwise (1)
A = (ay)
_ [ 1 ifthe pathlength between atomsiand j is I
= {0 otherwise ()

Wiener*” proposed the first TI/Wiener index W, from distance
matrix D. The Wiener index W is one of the most widely used TL
It is defined as the sum of the elements in a distance matrix. More
and more TIs have been devel%ped from then on: Schultz's mole-
cular tospological index MTL> Randic's molecular connectivity
index y, ! Pakmakar's PI index,*> Balaban's J index,*® and Hosoya's
Z topological index.>* The above processes only take into account
the route between apexes and the adjacency relationship of the
apexes. The type of atom and bond is neglected; therefore it will
be difficult to show the adjacency of the C atom with other
heteroatoms, which do limit its field of applications.

Some TIs have been proposed for resolving the heteroatom
differentiation. Ren® derived atom-type Al TIs from the
topological distance sums and vertex degree which are further
used to describe different structural environments of each atom
type in a molecule. Kier and Hall*® developed the ™y index, which
introduced the concept of valence connectivities to differentiate
heteroatoms using the valence electrons of each atom in the mole-
cule. Estrada®” proposed a possible solution to the problem of
differentiation of heteroatoms in molecular graphs by using weights
in the nondiagonal entries of the edge adjacency matrix.

Yao et al.>® generated three TIs from path matrixes A, B, and C
and two vectors (V), V; and V,. The three TIs provided a
sophisticated way to distinguish heteroatoms. They are defined as:

B = (ay)
{ 2 if the path length between atomsiandj is 2
as =
g 0 otherwise 3)
C = (ay)
{3 if the path length between atomsiandj is 3
a4y =
g 0 otherwise 4)
V= (a) ()
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a; is the square root of vertex degree of atom i.

vy = (a) (6)
a; is the square root of the van der Waals radii of atom i.
Then three TIs are defined as
A= }“ma.xl/z Ay = }‘ma.xz/z Ay = }‘ma.X3/2
™)

where A, to A3 are the largest eigenvalues of matrixes Z, to
Z,, which are defined as

2= [AN K] x [A | K] (8)
Z,=[BW V] x BV 1K )
Zy=[CWlx [yl (10)

Although so many TIs have been proposed, there is no
general TT that can be used for ILs separately. In this work a
new T1 is proposed based on Yao's method>® mentioned above
to solve this problem.

New TI. There are two steps to generate the T1I. First, obtain
the information of molecule and set it in a total matrix (TM),
which is generated from the distance matrix D and character
vector (CV). Instead of matrixes A, B, and C, D is used for
determining the positions of atoms in a molecule, because D
contains much more position information than A, B, and C
matrixes. The CV is used for determining the characters of
atoms in the hydrogen-suppressed molecule. For each TM only
one CV is used, and nine CVs are defined.

TM is defined as

T™ = [D cV] x [D cv]! (11)

Every atom in the hydrogen-suppressed graph is first numbered
randomly with different numbers from 1 to N, which is the total
number of non-hydrogen atom in the molecule. CV is defined as:

CV = (a;) (12)

a; is the element that characterize the atom i.

To depict the molecule all eight-sided CVs are defined using
eight elements. They are defined as follows:

CV,, a; w X van der Waals radij;

CV,, a; atom weight;

CV;, a; atom electronegativity;
CV,, a; & X atom radius;

CV,, a;: exp(vertex degree, defined as the number of adjacent
atoms);

CV,, a;: exp(fraction of hydrogen to atom i and hydrogens
adjacent to it);

CV,, a;: exp(1/atom electronic shell number);

CVy, a;: exp(1/atom outermost electron number).

Another CV is defined as:

CV,, a;: 0, which means no element.

The values of van der Waal radii, atom radius, and
electronegativity for all atoms are listed in Table 1.

Second, calculate TI from TM. The eigenvalues of TM are
calculated first. Then four TIs are obtained from the eigenvalues.

Four TIs are defined as:

T = Z tanh();)

Th =) X

(13)
(14)
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Table 1. Van der Waals Radii, Atom Radius, and Electronegativity for All Atoms Used in This Work

atom B C N (¢} E S P Cl Br I
van der Waals radii (A) 0.98 18 LS 14 1.35 1.85 19 1.85 1.95 218
atom radius (A) 1.17 0.91 0.75 0.65 0.57 1.09 123 0.97 112 1.32
electronegativity 2.04 2.55 3.04 3.44 3.98 2.58 2.19 3.16 2.96 2.66
Table 2. Parameters and Types of TIs for Equation 18%
TI type Tlc, Tlgn, Tlgop
m k n i Acaji j Ppny h Aroh
1 1 N 1 S51.15234
2 1 S 1 119.1479
4 1 42.2733S
3 2 S 2 0.198191
3 3 —0.19077
4 2 N 4 —9.71729
4 N 865.373
N 2 S 6 0.032891 2 —4.63978
3 7 0.069241 2 0.008505
4 8 —0.96874
6 2 N 3 —75.3089 3 —792.579
3 4 67.35157
4 S 270.8507
7 1 S 6 —224.412
4 9 9325.557 7 —313.48
8 2 S 10 9.62628 4 747.9859
4 11 —10191.3
9 1 N 8 248.7957
2 75.68239
3 10 —67.8251

“m: TI is obtained from TM generated from CV,, and D; k(1—4): Tlc,; or Tl,,; is defined as egs 13 to 16. n(S): Tlr,y, is defined as eq 17.

Ty = max(};) (15)
TI4 = mean(};) (16)

where A, are the eigenvalues of TM.

According to eqs 13 to 16, one TM will generate four TIs.
For one set, there are 36 TIs obtained from 9 TMs generated
from 1 D and 9 CVs. Because ILs are composed entirely of
cations and anions, two sets of TIs are generated from cations
and anions by the method mentioned above, respectively.

The decomposition temperature of IL is not the simple sum
of anion and cation contributions; therefore another set of TT is
proposed for depicting the interaction of cations and anions.

TI is defined as:

Tly = \/z MCai + 2 Mnji (17)

where Ac,; and A,,; are the eigenvalues of TMs from cations
and anions, respectively.

According to eq 17 another set of 9 TIs are obtained from 9
TMs generated from cations and 9 TMs generated from anions.
The detailed procedure for calculating the three sets of TIs
is shown in the Supporting Information by the example of
1-ethyl-3-methylimidazolium methylsulfate.

B RESULTS AND DISCUSSION

For each ILs, three sets of TIs containing 36, 36, and 9 TIs are
generated from cations, anions, and their interaction,
respectively. After many calculations, it was found that, for
the 81 TIs, some of them contain little valid information and
they cannot improve the prediction precisely. To simplify the

model, some of these TIs containing little valid information can
be omitted, and only the more valid TTs are selected to develop
the QSPR model. After attempting many calculations, 11, 10,
and 4 TIs selected from the cation set, anion set, and their
interaction set were used to develop the QSPR model. A MLR
model was developed as:

i=1
P=Py+a/NNey + D, acyiTlca
11

+ Z O‘An,j'TIAn,j + Z (xTo,h'TITO,h
10 4 (18)
N =158 R* = 0.893 F=4147
AAD = 3.07 % AAE = 17.38 K

where P is the predicted decomposition temperature; Tlc,;
Tla,5 and Ty, are TIs generated from cations, anions, and
their interaction, respectively; NN, is non-hydrogen atom
number of cations. Py, 4, dc,j @anj and Qr,y are parameters.
Py and a are —14421.8 and —218.9287, respectively. Other
parameters and the type of TIs are shown in Table 2.

_ XITgexp — Ta,call
B n (19)

1 1T Exp — T4,Call
n TaExp (20)
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Table 3. Overall Results of the MLR Model

chemical family Im Pyi Pyo
no. of samples 43 19 14
AAD-100 4.14 3.77 3.54

Am Ph Su Gu overall
45 4 18 16 158
2.60 1.13 2.16 1.87 3.07

where 7 is number of samples; T, and Ty, are the experimental
and calculated decomposition temperature values, respectively.
The overall calculation results of the model for each chemical
family are shown in Table 3. The overall AAD is 3.07 %, among
which the AAD of ammonium-, phosphonium-, sulfonium-, and
guanidinium-based ILs is small and the AAD of other three kinds
of chemicals is relatively bigger than the overall AAD, which is
because imidazolium-, pyridinium-, and pyrrolidinium-based ILs
contain more anion types. The calculated values by eq 18 and the
experimental data of decomposition temperature are compared in
Figure 1. Also, the AAD distribution is schematically shown in
Figure 2. The AAD for most of the samples is smaller than S %.
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Figure 1. Comparation of the predicted decomposition temperature
(T4/K) by the model (a) and leave-one-out cross-validation (b) with
the experimental T4/K.
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Figure 2. Distribution of the AAD by the model and leave-one-out
cross-validation.

In all, it can be found that it is reliable for calculating the decom-
position temperature by eq 18. The experimental data and the
calculated values by eq 18 for decomposition temperature are
shown in the Supporting Information. Also the Tl¢,; TIy,; and
TIy,, are presented as the Supporting Information.

The predicting ability of the model is checked by leave-one-
out cross-validation and external validation.

Leave-One-Out Cross-Validation. The results of leave-
one-out cross-validation are shown in Table 4. The results show
that the R?, AAD, and AAE are accepted although are not as

808

good as eq 18. The calculated values by leave-one-out cross-
validation and the experimental data of decomposition

Table 4. Result of Predicting Ability Test by Leave-One-Out
Cross-Validation

status no. samples R? AAE  AAD-100
model 158 0.893 17.38 3.07
leave-one-out cross-validation 158 0.842 21.29 3.78

temperature are compared in Figure 1. Also, the AAD
distribution of leave-one-out cross-validation is compared
with AAD distribution of eq 18, which is shown in Figure 2.
From Figure 2, it can be found that the AAD distribution of
leave-one-out cross-validation is almost the same with that of
eq 18, which means a good predicting ability of eq 18.
External Validation. The data set is randomly divided into
the training set (126) and testing set (32): then the QSPR
model is developed using the samples in the training set by the
same TI with eq 18 and the samples predicted in the testing set
by this model. R*, AAD, and AAE for the training set and
testing set are calculated, and they are listed in Table 5. From

Table 5. Result of the Predicting Ability Test by External
Validation

status no. samples R? AAE AAD-100
training set 126 0.888 17.68 3.11
testing set 32 0.888 19.46 3.53

Table 5, it can be found that the R? in the training set and in
the testing set is approximate to the overall R*. The AAE and
AAD in the training set are also approximate to the overall AAE
and AAD; AAE and AAD in the testing set are a little bigger
than the overall AAE and AAD. The calculated values in traning
set and the experimental data of decomposition temperature
are compared in Figure 3. The calculated values in testing set

750 750
_ o0 = 700
3 S
& N /
3 00 5 600 o
: : o, Ao
g g
S 5000 ‘S 500 0
2 g m] Og
> >
23] m O
00k . . . 4004 . . .
400 500 600 700 750 400 500 600 700

Predicted 7d/K
a

Predicted 7d/K
b

Figure 3. Comparation of the predicted decomposition temperature
(T4/K) by the training set (a) and testing set (b) in external validation
with the experimental T4/K.

and the experimental data of decomposition temperature are
also compared in Figure 3. The overall results show that this

method has a good predictive ability.
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B CONCLUSIONS

In this work, a TI was proposed from the atom characters (e.g.,
atom radius, atom electronegativity, etc.) and atom positions in
the hydrogen-suppressed molecule structure. A MLR model
for predicting the decomposition temperature of ILs was
developed by three sets of TIs generated from cations, anions,
and their interaction. In the model, not only the contributions
of cations and anions but also the interactions of cations and
anions were considered, which is distinguished from the ordinary
QSPR models. Using this model, the decomposition temperature
of 158 ILs was calculated, and the overall values of R* and AAD
for the model are 0.893 and 3.07 %, respectively. At the same
time, the results of the predictive calculations show that the
model has a good predictive ability. All of the results show that
the TI proposed in this work is not only simple but also efficient
for predicting the decomposition temperature of ILs.

B ASSOCIATED CONTENT

© Supporting Information

The detailed procedure for calculating the three sets of TIs by
the example of 1-ethyl-3-methylimidazolium methylsulfate
(pdf); the experimental and predicted decomposition temper-
ature data and the TIs used in eq 18 (xIs). This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: wang_q@tust.edu.cn or shuqianxia@tju.edu.cn.

Funding
This research was supported by National Natural Science
Foundation of China, No. 20976131 and the Programme of
Introducing Talents of Discipline to Universities (No.
B060006).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Ito, S;; Zakeeruddin, S. M;; Comte, P.; Liska, P.; Kuang, D,;
Gratzel, M. Bifacial dye-sensitized solar cells based on an ionic liquid
electrolyte. Nat. Photon. 2008, 2, 693—698.

(2) Kim, S. Y;; Kim, S.; Park, M. J. Enhanced proton transport in
nanostructured polymer electrolyte/ionic liquid membranes under
water-free conditions. Nat. Commun. 2010, 1, 88.

(3) Lu, W.; Fadeev, A. G.; Qi, B; Smela, E; Mattes, B. R;; Ding,
J; Spinks, G. M.; Mazurkiewicz, J; Zhou, D.; Wallace, G. G;
MacFarlane, D. R.; Forsyth, S. A.; Forsyth, M. Use of Ionic Liquids for
m-Conjugated Polymer Electrochemical Devices. Science 2002, 297,
983—-987.

(4) Parvulescu, V. L; Hardacre, C. Catalysis in Ionic Liquids. Chem.
Rev. 2007, 107, 2615—266S.

(5) Vygodskii, Y. S.; Sapozhnikov, D. A.; Shaplov, A. S.; Lozinskaya,
E. L; Ignat'ev, N. V,; Schulte, M.; Vlasov, P. S.; Malyshkina, I. A. New
ionic liquids with hydrolytically stable anions as alternatives to
hexafluorophosphate and tetrafluoroborate salts in the free radical
polymerization and preparation of ion-conducting composites. Polym. ].
2011, 43, 126—135.

(6) Zhao, H.; Holladay, J. E; Brown, H; Zhang, Z. C. Metal
Chlorides in Ionic Liquid Solvents Convert Sugars to S-Hydroxy-
methylfurfural. Science 2007, 316, 1597—1600.

(7) Ogoshi, T.; Onodera, T.; Yamagishi, T.-A.; Nakamoto, Y.; Kagata,
A.; Matsumi, N.; Aoi, K. Transparent ionic liquid-phenol resin hybrids
with high ionic conductivity. Polym. J. 2011, 43, 421—424.

(8) Cooper, E. R; Andrews, C. D.; Wheatley, P. S.; Webb, P. B,
Wormald, P.; Morris, R. E. Ionic liquids and eutectic mixtures as

809

solvent and template in synthesis of zeolite analogues. Nature 2004,
430, 1012—1016.

(9) Matsumi, N.; Nakamura, Y.; Aoi, K.; Watanabe, T.; Mizumo, T.;
Ohno, H. Enhanced Ionic Conduction in Organoboron Ion Gels
Facilely Designed via Condensation of Cellulose with Boric Acids in
Ionic Liquids. Polym. J. 2009, 41, 437—441.

(10) Rogers, R. D.; Seddon, K. R. Ionic Liquids—Solvents of the
Future? Science 2003, 302, 792—793.

(11) Borra, E. F.; Seddiki, O.; Angel, R; Eisenstein, D.; Hickson, P.;
Seddon, K. R;; Worden, S. P. Deposition of metal films on an ionic
liquid as a basis for a lunar telescope. Nature 2007, 447, 979—981.

(12) TUPAC. Physical and Biophysical Chemical Division, Ionic
Liquids Database. http://www.iupac.org/projects/2003/2003-020-
2-100.html (accessed June 22, 2011).

(13) The Beilstein Database. MDL Information Systems GmbH.
World Wide Web http://www.ib.ncsu.edu/databases/more_info.
php?database=17407 (accessed Nov 8, 2010).

(14) The Dortmund Data Bank (DDB), Ionic Liquids in the
Dortmund Data Bank. http://www.ddbst.de/new/frame_ionic_
liquids.html (accessed Apr 19, 2011).

(15) Zhang, S.; Sun, N.; He, X.; Lu, X;; Zhang, X. Physical Properties
of ITonic Liquids: Database and Evaluation. J. Phys. Chem. Ref. Data
2006, 35, 1475—1517.

(16) Greaves, T. L; Drummond, C. J. Protic Ionic Liquids:
Properties and Applications. Chem. Rev. 2007, 108, 206—237.

(17) Trohalaki, S.; Pachter, R. Prediction of Melting Points for Ionic
Liquids. QSAR Comb. Sci. 2005, 24, 485—490.

(18) Sun, N.; He, X;; Dong, K; Zhang, X;; Lu, X,; He, H.; Zhang, S.
Prediction of the melting points for two kinds of room temperature
ionic liquids. Fluid Phase Equilib. 2006, 246, 137—142.

(19) Katritzky, A. R; Jain, R; Lomaka, A.; Petrukhin, R.; Karelson,
M,; Visser, A. E,; Rogers, R. D. Correlation of the Melting Points of
Potential Ionic Liquids (Imidazolium Bromides and Benzimidazolium
Bromides) Using the CODESSA Program. J. Chem. Comput. Sci. 2002,
42, 225-231.

(20) Yan, C,; Han, M.; Wan, H.; Guan, G. QSAR correlation of the
melting points for imidazolium bromides and imidazolium chlorides
ionic liquids. Fluid Phase Equilib. 2010, 292, 104—109.

(21) Eike, D. M.; Brennecke, J. F.; Maginn, E. J. Predicting melting
points of quaternary ammonium ionic liquids. Green Chem. 2003, S,
323-328.

(22) Trohalaki, S.; Pachter, R, Drake, G. W.; Hawkins, T.
Quantitative Structure—Property Relationships for Melting Points
and Densities of Ionic Liquids. Energy Fuels 2004, 19, 279—284.

(23) Katritzky, A. R;; Lomaka, A.; Petrukhin, R; Jain, R; Karelson,
M,; Visser, A. E.; Rogers, R. D. QSPR Correlation of the Melting Point
for Pyridinium Bromides, Potential Ionic Liquids. J. Chem. Comput. Sci.
2001, 42, 71-74.

(24) Bini, R; Chiappe, C.; Duce, C.; Micheli, A.; Solaro, R.; Starita,
A.; Tiné, M. R. Ionic liquids: prediction of their melting points by a
recursive neural network model. Green Chem. 2008, 10, 306—309.

(25) Carrera, G; Aires-de-Sousa, J. Estimation of melting points of
pyridinium bromide ionic liquids with decision trees and neural
networks. Green Chem. 2005, 7 (1), 20—27.

(26) Torrecilla, J. S.; Rodriguez, F.; Bravo, J. L,; Rothenberg, G;
Seddon, K. R.; Lopez-Martin, I. Optimising an artificial neural network
for predicting the melting point of ionic liquids. Phys. Chem. Chem.
Phys. 2008, 10, 5826—5831.

(27) Ren, Y,; Qin, J.; Liu, H; Yao, X; Liu, M. QSPR Study on the
Melting Points of a Diverse Set of Potential Ionic Liquids by
Projection Pursuit Regression. QSAR Comb. Sci. 2009, 28, 1237—1244.

(28) Varnek, A.; Kireeva, N.; Tetko, I. V.; Baskin, L. L; Solov'ev, V. P.
Exhaustive QSPR Studies of a Large Diverse Set of Ionic Liquids: How
Accurately Can We Predict Melting Points? J. Chem. Inf. Model. 2007,
47, 1111—-1122.

(29) Huo, Y.; Xia, S.; Zhang, Y.; Ma, P. Group Contribution Method
for Predicting Melting Points of Imidazolium and Benzimidazolium
Ionic Liquids. Ind. Eng. Chem. Res. 2009, 48, 4176—4176.

dx.doi.org/10.1021/je201023a | J. Chem. Eng. Data 2012, 57, 805—810


http://pubs.acs.org
mailto:wang_q@tust.edu.cn
mailto:shuqianxia@tju.edu.cn
http://www.iupac.org/projects/2003/2003-020-2-100.html
http://www.iupac.org/projects/2003/2003-020-2-100.html
http://www.lib.ncsu.edu/databases/more_info.php?database=17407
http://www.lib.ncsu.edu/databases/more_info.php?database=17407
http://www.ddbst.de/new/frame_ionic_liquids.html
http://www.ddbst.de/new/frame_ionic_liquids.html

Journal of Chemical & Engineering Data

(30) Han, C; Yu, G.; Wen, L.; Zhao, D.; Asumana, C.; Chen, X. Data
and QSPR study for viscosity of imidazolium-based ionic liquids. Fluid
Phase Equilib. 2011, 300, 95—104.

(31) Billard, I; Marcou, G.; Ouadi, A.; Varnek, A. In Silico Design of
New Ionic Liquids Based on Quantitative Structure—Property
Relationship Models of Ionic Liquid Viscosity. J. Phys. Chem. B
2010, 115, 93—98.

(32) Gardas, R. L,; Coutinho, J. A. P. Applying a QSPR correlation to
the prediction of surface tensions of ionic liquids. Fluid Phase Equilib.
2008, 265, 57—65.

(33) Tochigi, K;; Yamamoto, H. Estimation of Ionic Conductivity
and Viscosity of Ionic Liquids Using a QSPR Model. J. Phys. Chem. C
2007, 111, 15989—15994.

(34) Yoshida, Y.; Kondo, M.; Saito, G. Ionic Liquids Formed with
Polycyano 1,1,3,3-Tetracyanoallyl Anions: Substituent Effects of
Anions on Liquid Properties. J. Phys. Chem. B 2009, 113, 8960—8966.

(35) Han, H.-B.; Nie, J.; Liu, K; Li, W.-K; Feng, W.-F,; Armand, M;
Matsumoto, H.; Zhou, Z.-B. Ionic liquids and plastic crystals based on
tertiary sulfonium and bis(fluorosulfonyl)imide. Electrochim. Acta
2010, 55, 1221—1226.

(36) Fang, S.; Yang, L; Wei, C; Jiang, C.; Tachibana, K.; Kamijima, K.
Tonic liquids based on guanidinium cations and TFSI anion as potential
electrolytes. Electrochim. Acta 2009, 54, 1752—1756.

(37) Yu, Y; Lu, X; Zhou, Q; Dong, K; Yao, H; Zhang, S.
Biodegradable Naphthenic Acid Ionic Liquids: Synthesis, Character-
ization, and Quantitative Structure—Biodegradation Relationship.
Chem.—Eur. ]. 2008, 14, 11174—11182.

(38) Gao, H; Hu, Z; Wang, J; Qiu, Z; Fan, F. Synthesis and
Properties of Novel Chiral Ionic Liquids from 1-Proline. Aust. ]. Chem.
2008, 61, 521—525.

(39) Papaiconomou, N.; Salminen, J.; Lee, J.-M.; Prausnitz, J. M.
Physicochemical Properties of Hydrophobic Ionic Liquids Containing
1-Octylpyridinium, 1-Octyl-2-methylpyridinium, or 1-Octyl-4-methyl-
pyridinium Cations. J. Chem. Eng. Data 2007, 52, 833—840.

(40) Luo, S.-P.; Xu, D.-Q.; Yue, H.-D.; Wang, L.-P.; Yang, W.-L.; Xu,
Z.-Y. Synthesis and properties of novel chiral-amine-functionalized
ionic liquids. Tetrahedron: Asymmetry 2006, 17, 2028—2033.

(41) Yuan, X. L; Zhang, S. J.; Lu, X. M. Hydroxyl Ammonium Ionic
Liquids: Synthesis, Properties, and Solubility of SO,. J. Chem. Eng.
Data 2007, 52, 596—599.

(42) Le, M. L. P; Alloin, F.; Strobel, P.; Leprétre, J.-C.; Pérez del
Valle, C.; Judeinstein, P. Structure—Properties Relationships of
Lithium Electrolytes Based on Ionic Liquid. J. Phys. Chem. B 2009,
114, 894—903.

(43) Zhang, Q.; Li, Z.; Zhang, J.; Zhang, S.; Zhu, L.; Yang, J.; Zhang,
X.; Deng, Y. Physicochemical Properties of Nitrile-Functionalized
Ionic Liquids. J. Phys. Chem. B 2007, 111, 2864—2872.

(44) Belieres, J.-P.; Angell, C. A. Protic Ionic Liquids: Preparation,
Characterization, and Proton Free Energy Level Representation.
J. Phys. Chem. B 2007, 111, 4926—4937.

(45) Fang, S.; Yang, L.; Wei, C.; Peng, C.; Tachibana, K.; Kamijima,
K. Low-viscosity and low-melting point asymmetric trialkylsulfonium
based ionic liquids as potential electrolytes. Electrochem. Commun.
2007, 9, 2696—2702.

(46) Holbrey, J. D.; Reichert, W. M.; Swatloski, R. P.; Broker, G. A;;
Pitner, W. R; Seddon, K. R;; Rogers, R. D. Efficient, halide free
synthesis of new, low cost ionic liquids: 1,3-dialkylimidazolium salts
containing methyl- and ethyl-sulfate anions. Green Chem. 2002, 4,
407—413.

(47) Tsunashima, K; Sugiya, M. Physical and electrochemical
properties of low-viscosity phosphonium ionic liquids as potential
electrolytes. Electrochem. Commun. 2007, 9, 2353—2358.

(48) Ernesto, E. Generalization of topological indexs. Chem. Phys.
Lett. 2001, 336, 248—252.

(49) Wiener, H. Structural Determination of Paraffin Boiling Points.
J. Am. Chem. Soc. 1947, 69, 17—-20.

(50) Schultz, H. P. Topological organic chemistry. 1. Graph theory
and topological indexes of alkanes. J. Chem. Inf. Comput. Sci. 1989, 29,
227-228.

810

(51) Randic, M. Characterization of molecular branching. J. Am.
Chem. Soc. 1975, 97, 6609—6615.

(52) Khadikar, P. V.; Kale, P. P.; Deshpande, N. V.; Karmarkar, S.;
Agrawal, V. K. Novel PI Indexes of Hexagonal Chains. J. Math. Chem.
2001, 29, 143—150.

(53) Alexandru, T, B. Highly discriminating distance-based
topological index. Chem. Phys. Lett. 1982, 89, 399—404.

(54) Hosoya, H. Topological index: A newly proposed quantity
characterizing the topological nature of structural isomers of saturated
hydrocarbons. Bull. Chem. Soc. Jpn. 1971, 44, 2332—2339.

(55) Ren, B. Application of novel atom-type Al topological indexs to
QSPR studies of alkanes. Comp. Chem. 2002, 26, 357—369.

(56) Kier, L. B; Hall, L. H. Structure-activity studies on
hallucinogenic amphetamines using molecular connectivity. J. Med.
Chem. 1977, 20, 1631—1636.

(57) Estrada, E. Edge adjacency relationships in molecular graphs
containing heteroatoms: a new topological index related to molar
volume. J. Chem. Inf. Comput. Sci. 1995, 35, 701-707.

(58) Yao, Y.; Xu, L, Yang, Y.; Yuan, X. Study on structure-activity
relationships of organic compounds: Three new topological indexes
and their applications. J. Chem. Inf. Comput. Sci. 1993, 33, 590—594.

dx.doi.org/10.1021/je201023a | J. Chem. Eng. Data 2012, 57, 805—810



