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Abstract This work introduces two simple correlations to
assess the glass transition temperature of five different
kinds of ionic liquids (ILs) including imidazolium, pyri-
dinium, ammonium, sulfonium and triazolium without
using any computer code. The first model is based only
suitable combination of elemental composition of cations
and anions divided by their molar masses. The second
model improves the reliability of the first one by consid-
ering the contribution of some specific cations and anions.
The reliability of two correlations will be compared with
one the best reliable method, which is based on complex
descriptors. For 139 ILs where the computed results of the
representative model were available, the root mean square
(rms) deviations of the first, the second and the represen-
tative models from the experimental data are 16.96, 7.60
and 9.28 K, respectively. Thus, the improved second cor-
relation provides higher reliable results. The reliability of
two correlations has also been checked for further 30 ILs
where the values of the rms of the first and the second
correlations are 12.50 and 9.92 K, respectively. In contrast
to available methods, which are usually based on complex
molecular descriptors and specific computer codes, the new
method can easily calculate the glass transition tempera-
tures of ILs including imidazolium, pyridinium, ammo-
nium, sulfonium and triazolium.
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Introduction

Ionic liquids (ILs) have melting points below 100 °C,
which are composed entirely of cations and anions. They
have suitable characteristics such as negligible vapor
pressure, high heat capacity, high density, high thermal
conductivity, high thermal stability and the existence of
liquid state over a wide range of temperature. They have
been used in different research fields such as lithium bat-
tery, solar cells and fuel cells [1, 2]. Some classes of ILs
containing energetic cations or anions have also some
applications as new energetic compounds, e.g., high
explosives and propellants [3—-6]. Due to importance of ILs,
some new methods have been developed to predict dif-
ferent physical and thermodynamic properties as well as
thermal stabilities, e.g., density [7-11].

The glass transition temperature of a material shows the
reversible transition in amorphous materials from a hard
and relatively brittle “glassy” state into a viscous or rub-
bery state, quite below the melting point, by increasing
temperature. It is one of the most important properties of
amorphous polymer [12-15]. It is one of the important
properties for ILs because viscosity and conductivity are
often reflected in the glass transition where low values
leading to favorable properties [16]. Differential scanning
calorimetry and differential thermal analysis (DSC/DTA)
were usually used to determine the glass transition of ILs.

Due to the lack of experimental data for the large
number kinds of ILs, it is essential to develop available
mathematical models to predict the glass transition tem-
perature of ILs. Several models have been developed for

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-017-6495-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-017-6495-x&amp;domain=pdf

2370

M. H. Keshavarz et al.

predicting the glass transition temperature of one kind or
multiple kinds of ILs using available literature data.
Mirkhani et al. [17] introduced a quantitative structure—
property relationship (QSPR) model to forecast glass
transition temperature of 73 ammonium-based ILs.
Mousavisafavi and coauthors [18] used a QSPR method to
develop linear and nonlinear models for estimation of the
glass transition temperature of 109 1,3-dialkyl imidazolium
ILs. These QSPR models are limited to one kind of ILs.
Mirkhani et al. [19] used QSPR method to estimate the
glass transition temperature of 139 ILs. Yan et al. [20]
developed a QSPR model on the basis of the general
topological index (TI) for predicting the glass transition
temperatures of five kinds of ILs including imidazolium,
pyridinium, ammonium, sulfonium and triazolium. The
QSPR model of Yan et al. [20] has the following form:

Ty = 431.847
7 16 2
+ Z Ocati X TIcat,i+ Z Olanij X TIani‘j"" Z Olto,h X TIto,h

i=1 Jj=1 h=1
(1)

where T, . is the glass transition temperature of a desired
ionic liquid in K; TIcy i, TLynij and Tl , are TIs generated
from cation, anion and their interaction, respectively; tcai,
Olani,j and o, 1, are parameters, which depend on the type of

QSPR and GC models have the advantage that they can be
used for predicting the glass transition temperature of
multiple kinds of ILs.

The purpose of this work is to introduce two new cor-
relations on the basis of the molecular structure of cations
and anions for accurate and reliable prediction of the glass
transition temperature of five kinds of ILs including imi-
dazolium, pyridinium, ammonium, sulfonium and tria-
zolium. The predicted results will be compared with the
computed outputs of QSPR model of Yan et al. [20]. For
some further ILs, the predicted results will be compared
with the measured values.

Materials and methods

Experimental data of glass transition temperature of 139
ionic liquids are given in Table 1, which were used by
Yan et al. [20] as training and test sets for developing
QSPR model. They are based on five kinds of ILs, which
are 63 imidazolium, 17 pyridinium, 48 ammonium, 7 sul-
fonium. These data were used to derive new correlations.
The results have shown that the following general equation,
which was obtained by the best fit to experimental data
through multiple linear regression method [24], can cor-
relate with elemental composition of cations and anions as:

Tyn —322.62+ 2153.5(n¢) y — 554.10(npy) oy +2202.4(ny) o, + 1466.9(n0) o,
7 Molar mass,
_2355.7(nc) i +3285.6(11N) i +3253.8(10) yi +4929-4(115) i

+7389.7(ncy) . + 15242 (ngy ), + 5257.9(ng)

ani ani ani

Molar mass,;

(2)

TIs. Although the accuracy of these QSPR methods is high,
they have three limitations: (1) they are based on complex
descriptors; (2) they require special computer codes; and
(3) they need the expert users. Gharagheizi et al. [21]
introduced a group contribution (GC) method for the esti-
mation of the glass transition temperature of 496 ILs.
Lazzis [22] developed another GC method for predicting
the glass transition temperature of 496 ILs. Mokadem and
coworkers [23] introduced a group interaction contribution
method for the estimation of glass transition temperature of
368 ILs. They proposed two models requiring binary
interactions between single groups with three order con-
tributions. Accuracy of group contribution methods is
usually less than the QSPR methods. Moreover, GC
methods can be applied only for those ILs that the contri-
butions of cations and anions have been considered. These
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where (1¢) s (1) o> (IN) e @nd (10),, are the number of
carbon, hydrogen, nitrogen and oxygen atoms in cation,
respectively; (nc)ani’ (nN)ani’ (no)ani’ (nF)ani’ (nCI)ani’
(npr),y; and (ns),, are the number of carbon, nitrogen,
oxygen, fluorine, chlorine, bromine and sulfur atoms in
anion, respectively; Molar mass.,; and Molar mass,,; are
the molar mass (g mol™") of cation and anion, respec-
tively. Since the contributions of the other elemental
composition do not change the coefficient of determination
or R-squared values of Eq. (2), their existences were
neglected.

Besides the contribution of elemental composition, the
existence of some specific cations or anions may enhance
or reduce glass transition temperature of ionic liquids.
Thus, the effects of these specific anions or cations can be
considered besides those variables given in Eq. (2).
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Table 1 Comparison of the predicted Ty /K and Tgf}[ /K of ionic liquids by Egs. (2) and (3) as well as training and test of Yan et al. [20] with

the experimental data

Exp.* Eq. (2) Dev Eq. 3) Dev Yan et Dev

al.

280.04 24039 -39.65 285.39 535 249.69 -30.35
181.15  205.53 2438  188.48 733 184.78 3.63
169.15  203.06 3391 18565 1650  170.32 1.17
214.15 21745 330 216.26 211  209.72 —4.43
220.15 21476 -539 21407 -6.08 22824 8.09
208.15  217.71 9.56  217.05 8.90  206.74 -1.41
244.68 23144 -1324 24793 325 24761 2.93
208.15 22780 19.65 213.88 573 207.59 -0.56
216.15  230.03 13.88 21527 —0.88 222.70 6.55
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Table 1 continued

Cation Exp*  Eq.(2) Dev  Eq.(3) Dev  Yamet  Dev
al.
21615 242.62 2647 22084 469 20279  _13.36
2115 23629 1514 21981 134  222.65 1.50
22115 23984 1869 22251 136 22072 043
22215 239.84 17.69 22251 036 22829 6.14
22415 23041 626 22974 559  230.52 6.36
22615 23622 1007 233.02 687  237.07 10.92
23315 23341 026 231.84 131 23066  —2.49
237.15 23486 229 23163 552  239.59 2.44
24215 23177 1038 22889 1326 24697 4.82
249.15 22580 2335 24856 059  254.62 5.47
25015 22722 2293 25099  0.84  253.26 311
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Table 1 continued

i

Exp.* Eq. (2) Dev Eq. (3) Dev Yan et Dev
al.
254.15  239.57 -14.58  257.92 377 22234 -31.81
255.15 22746 -27.69 25225 290  249.72 -5.43
257.15 22721 -2994  253.12 -4.03 24995 -7.20
261.15 22997 -31.18 255.14 -6.01 261.36 0.21
278.15 22891 -49.24 27691 -124  252.67 —25.48
279.15 23148 —-47.67 27872 —-0.43 26551 —13.64
22515 23629 11.14 23338 823 24251 17.36
204.15  200.19 -3.96 19843 -572  200.24 -3.91
223.15  227.52 437  226.89 3.74  226.15 3.00
190.15 191.15 1.00 191.60 1.45 188.06 -2.09
195.15 188.17 -6.98 19243  -2.72 195.86 0.71
204.15  209.83 5.68  210.78 6.63  206.74 2.59
196.15 21427 18.12 197.43 1.28 191.33 —4.82
183.15 197.72  14.57 182.03  -1.12 182.59 —-0.56
211.15 20831 284  209.53 -1.62  206.11 -5.04
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Table 1 continued

- Exp.* Eq. (2) Dev Eq. (3) Dev Yan et Dev
al.

208.15  212.11 3.96  212.64 449 21212 3.97

- 219.15 20942 -9.73 21044 -871  228.53 9.38
- 208.15 21237 422 213.43 528  208.17 0.02
- - 189.15 19331 416 193.04 3.89  193.83 4.68
- - 251.67 22610 -25.57 24431 -736  248.64 ~3.03
- 208.15 201.67 —648 19952 —8.63  200.83 -7.32
- 205.15  189.21 —15.94 19028 -14.87  205.60 0.45
- - 215.15 21233  -2.82  209.69 546  209.30 -5.85
- - 202.45 21892 1647 19886 —3.59  210.06 7.61
209.95 209.88 -0.07 205.60 -435  210.88 0.93

239.05 22856 -1049 22478 —1427 22566  —13.39

e

- - 20135 21645 1510 196.03 -532  205.38 4.03
- - 211.65 21551 386 21001 —1.64 225.04 13.39
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Table 1 continued

- Exp.* Eq. (2) Dev Eq.(3) Dev Yan et Dev
al.
226.65 20647 -20.18  229.73 3.08 22717 0.52
e
25425  225.16 -29.09 24891 -534  240.60  —13.65
- 237.65 22959 —8.06 22259 -15.06 231.87 -5.78
- 212.15  213.05 090 21261 0.46 22158 9.43
G 198.15  206.28 8.13 20837 1022  207.09 8.94
- 195.15 21072 1557 19502 —0.13  199.66 451
240.82 22255 —1827  241.90 1.08  250.62 9.80
230.81 218.13 -12.68  238.89 8.08  229.51 -1.30
193.15 19646 331  197.14  3.99  200.99 7.84
187.15  194.11 696 180.73 —6.42 18538 -1.77
G 186.15  203.75 17.60  206.65 20.50  201.13 14.98
191.15  208.19 17.04 19331 2.16  198.53 7.38
187.15 18217 —498 18544 —-1.71 19220 5.05
184.15 191.64 749 17790 -625 186.73 2.58
23821  220.02 -18.19  240.18 1.97  246.49 8.28
- 21085 22469 13.84 21821 736 217.03 6.18
- 217.15 21565 -150 21138 -577 217.86 0.71

@ Springer



2376

M. H. Keshavarz et al.

Table 1 continued
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Exp.* Eq. (2) Dev Eq.(3) Dev Yan et Dev
al.
208.85 22223 1338  220.81 11.96  212.36 3.51
205.15  205.84 0.69  205.31 0.16  203.76 -1.39
235.15  230.82 433 23093 422 23275 -2.40
193.15 20349 1034  202.47 9.32 193.26 0.11
203.00 19445 855 195.64 736 197.83 S5.17
195.15 198.14 299 19845 3.30 196.22 1.07
201.15 196.84 4231 197.47  -3.68  203.21 2.06
208.15 199.19 -896 20031 -7.84 207.75 —-0.40
196.15 196.84 0.69 19747 1.32 192.12 -4.03
209.15 187.80 -21.35 190.63 -18.52 198.88 -10.27
198.15 189.96  -8.19 192.08 -6.07 191.33 —6.82
216.15 21536 —-0.79 21524 091 199.81 -16.34
194.00 194.45 0.45 195.64 1.64  203.99 9.99
185.00  201.02  16.02  205.07  20.07 198.40 13.40
201.00 187.80 -1320  190.63 -10.37  206.55 5.55
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Table 1 continued

Exp.* Eq. (2) Dev Eq. 3) Dev Yan et Dev
al.
16495 15789 -7.06  170.64 569 17254 7.59
22535  198.70 -26.65 22438 -0.97 23541 10.06
145.65  170.78  25.13 14196 -3.69  151.02 5.37
176.75  179.43 2.68  183.74 6.99  185.26 8.51
241.85 23346 839 23406 -7.79 24095 —-0.90
14845  177.66  29.21 14839  -0.06  155.19 6.74
153.05 181.93  28.88 15238 -0.67 153.64 0.59
209.75  190.58 —19.17  194.16 -15.59  196.34 —13.41
223.15  196.12 -27.03  221.75 -1.40  203.67 —19.48
239.85  244.61 476 24448 4.63  247.26 7.41
223.05 22274 -031 22512 2.07 22248 —-0.57
170.15  186.01 15.86 161.44 -8.71 162.69 -7.46
252.85  248.70 -4.15 24538 747  259.17 6.32
18575  169.27 -1648 179.83 -5.92  189.86 4.11
184.85 18280 2.05 190.36 5.51 172.07 —-12.78
178.15  184.97 6.82  187.19 9.04 197.49 19.34
236.35 23346 -2.89 23406 229 24095 4.60
221.65 21159 -10.06 21470 -6.95 211.40 —-10.25
193.55 19349 -0.06  196.89 334 19552 1.97
237.15 24753 1038 24720 10.05 244.14 6.99
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Table 1 continued

- Exp.* Eq. (2) Dev Eq. (3) Dev Yan et Dev

al.
25645  244.61 —11.84 24448 —1197 24726 -9.19
_ 153.55  186.96 3341  157.08 3.53  146.53 ~7.02
_ 241.65 22777 -13.88  229.82 -11.83  223.71 —-17.94
_ 156.75  189.82  33.07  159.76 3.01  150.68 -6.07
_ 224.15 20401 -20.14  229.13 498  206.64  —17.51
_ 25755 25250  —5.05 251.85 570  250.40 -7.15
_ 233.65  230.63 -3.02 23249 -1.16 232.14 -1.51
236.45 24034  3.89 24048  4.03 24434 7.89
- 228.65 21846 -10.19 221.12 -7.53 21638  -12.27
- 152.05 18193 29.88  152.38 033 15233 0.28
- - 181.75  190.58 8.83  194.16 1241  193.39 11.64
- 176.65  201.15 2450  169.73 —-6.92  205.29 28.64
- 24095  249.64 8.69  249.18 823 24895 8.00
- - 21345 22777 1432 229.82 1637  227.19 13.74
- - 216.55 231.64 15.09 23344 16.89  224.54 7.99
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Table 1 continued

Exp.* Eq. (2) Dev Eq. 3) Dev Yan et Dev
al.
216.05  201.61 -—14.44 20447 -11.58 199.87 —-16.18
25435  255.64 129 25479 044  242.66 -11.69
214.05 23377 19.72 23543  21.38  226.01 11.96
196.15 171.14 -25.01 198.43 2.28 185.25 -10.90
178.15 167.34 —10.81 173.14  5.01 193.22 15.07
184.15 169.61 -14.54 175.27 -8.88 187.57 3.42
197.15 169.61 -27.54 196.99 -0.16 188.12 -9.03
190.45 17470 -15.75 186.01 —4.44 186.26 —4.19
156.75 188.23  31.48 163.96 7.21 155.60 -1.15
195.15 167.34 —27.81 194.87 -0.28 194.49 -0.66
188.15 167.98 —20.17 178.65  -9.50 189.24 1.09
191.15 169.27 -21.88 179.85 -11.30 186.70 —4.45
203.15 160.28 —42.87  203.45 030 202.32 -0.83
170.15 160.53  -9.62 159.97 -10.18 162.28 -7.87
191.15 18295 -8.20 177.59 -13.56 174.70 -16.45
149.15 152.90 3.75 154.25 5.10 148.85 —-0.30
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Table 1 continued

- - Exp.* Eq. (2) Dev Eq. 3) Dev Ya111 et Dev
152.15  161.46 9.31 16292 10.77 16aO..04 7.89
151.15  157.68 6.53  159.09 7.94  156.11 4.96
17415 17099 -3.16  169.64 —4.51 178.53 4.38
171.15  183.11  11.96  179.84 8.69  179.68 8.53
219.15  227.12 797 22479 5.64 21297 —6.18
218.15  222.11 396  221.68 353 219.10 0.95
223.15  228.77 5.62  227.63 448 22590 2.75
223.15  215.08 -8.07 21731 584  226.28 3.13

% Experimental data were taken from Yan et al. [20]

However, the following re-optimized correlation can be
derived using multiple linear regression method [24, 25]:

(1) The predicted data of Eq. (2) were compared with
experimental data and large deviations for various cations

7o 270,05 4. 2006-1(1C)y —415.58 (1) g+ 1981.0(nx )+ 144380
gl Molar massey
1942'9(nc)ani +2696.5 (nN)ani + 2579'2(n0>ani + 4139.5(n1:)ani + 6081 .7(nC1)ani + 12420(”Br)ani + 4894.0(}15)allli
B Molar mass,y;
241415 —27.150T;
(3)

where Tg is the corrected glass transition temperature in
K; T,y and T,y are two correcting functions that depend
on the contribution of some specific cations and anions.
The values of Tng o and T,y corresponding to specific
cations or anions are given in Table 2. For specification of
the values of T; i and Ty, , several steps have been done:
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and anions were recognized; (2) positive and negative large
deviations were identified; (3) specific cations and anions
that show large deviations were specified; (4) different
relative numbers have been initially selected and regression
have been done many times to obtain the least value of the
root mean square (rms) deviations of predictions. The
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Table 2 Contribution of T; . and T,y in ionic liquids
+
g,IL
. . +
Cation Anion T oIl
2.0
0.7

\:U

1.1 (if X containing

imidazole ring, -SH
O or NH

NH,

and MM )

2.0 (if X containing
o

R=alkyl group

a
\<qj BF., CI

(CHz)n
NC
\ 0.9
\N* &
PN o o
\ N
‘ \\s\/ \/s//
R | F%/ N \1< 1.8
~4 5
R 8
' \
CF,4
D’ 1.0
.
—NH F\O/l\O‘
"
1.0
(CHg)n o
HN *Hy _U,_o*
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Table 2 continued

Cation Anion 0.5

F 0.7

- F O\/ Ni\s//o F F F
PO SR DK

R=alkyl group, it may contain —-CN P N 05
N
\ //
group N
o 1.5
R
— o
N/\\ H
- \\/N\/ NH,
R= alkyl group, it may contain sulfur
= % 12
(CHz £ 3
“HgN “Hyf S\
(CHyN (CHzn \(on)n
) , o /\O
<. 1.0
5 o
SN N
Hy*
% = o
g &
and N _u_o-
\(CHz)n
/
Table 3 Standardized coefficients and some statistical parameters of Eq. (2)
Coefficients Standard error p value Lower bound (95%) Upper bound (95%)
Intercept 322.62 35.00 3.24E—16 253.45 391.80
(nc) e /Molar masscy 2153.5 395.6 2.18E—07 1371.6 2935.4
(1) o /Molar masscy; —554.10 70.30 6.93E—13 —693.00 —415.21
(nN) e/ Molar mass.q 2202.4 443.8 1.93E—06 1325.2 3079.6
(n0) oo/ Molar masscy 1466.9 722.2 0.044065 39.5 2894.3
(n¢) 4 /Molar mass,y; —2355.7 220.4 5.02E—20 —2791.3 —1920.1
(nN) 4 /Molar mass,p; —3285.6 286.4 4.43E-22 —3851.7 —2719.5
(10) y/Molar massgp; —3253.8 338.9 3.35E-17 —3923.6 —2584.1
(nF) i/ Molar massy; —4929.4 384.3 1.2E-25 —5689.0 —4169.9
(nc1) gni /Molar massy; —7389.7 660.5 2.45E-21 —8695.2 —6084.2
(Br) 4 /Molar mass,p; —15242 1575 2.19E—17 —18357 —12128
(ns) 4i/Molar massy; —5257.9 518.3 1.32E—18 —6282.4 —4233.4
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parameters Tgf i, and Ty are equal to zero if the specified
cations or anions in Table 2 are not satisfied.

Results and discussion
Statistical parameters of the new model

The values of the coefficient of determination (R?) of
Eq. (2) and Eq. (3) given in Table 1 are 0.663 and 0.932,
respectively [25]. R is a measure of the regression model
as whole that can be calculated by:

where SSg and SSt are residual (error) and total sum of
squares; yj, y; and y are the original data, the modeled and the
average values, respectively. If the value of R? is close to 1,
the predicted values by the model are closer to the actual
values. Thus, it can be expected that the reliability of Eq. (3)
ishigher than Eq. (2). The value of R? provides the proportion
of the variance (fluctuation) of glass transition temperature
that is predictable from the other variables given in Eq. (2) or
Eq. (3) because it is such that 0 < R? < 1. As it is seen in
Egs. (2) and (3), the coefficient of (ny),,, from cation and the
coefficients of all of the variables from anion have negative
values, which can provide a suitable pathway for getting
lower glass transition temperature in a new designed IL
through increasing their values.

Tables 3 and 4 show statistical parameters of Egs. (2)
and (3) corresponding to 11 and 13 variables, respectively.
The standard error (SE) of the desired model gives an
estimation of the deviation of the predicted values by the
model with respect to the experimental data. It is calcu-
lated by:

where N is the number of data points; k is the number of
regression coefficients to be determined. The values of SE
for variables in Egs. (2) and (3) show the significance of
individual variables in predicting the dependent variable.
Thus, if the value of SE of a desired variable is small
relative to corresponding coefficient, the variable is sig-
nificant. The p value shows the probability where a
parameter estimated from the measured data should have
the value that was determined. If p value of a variable is

Table 4 Standardized coefficients and some statistical parameters of Eq. (3)

Lower bound (95%) Upper bound (95%)

Standard error p value

Coefficients

335.96

223.93

7.25E—18

28.34

279.95

Intercept

2686.5

1445.7

8.16E—10
3.04E—11

313.9
57.67

2066.1

(¢ ) o/ Molar masscy

—301.59
2681.6

—529.57
1280.5
308.5

—415.58
1981.0

(M) o /Molar mass .,

1.12E-07
0.013052

3544
574.3

(nN) o /Molar massy

2579.1

1443.8

(10) oe/Molar masscy

—1566.7
—2220.9
—1995.8
—3491.7
—4973.0
—9805

—2319.0
—3172.0
—3162.6
—4787.3
—7190.4
—15035
—-5710.3
15.994

1.01E—18
2.56E-21
5.73E—15
4.91E-25

190.3
240.6

—1942.9
—2696.5
—2579.2
—4139.5
—6081.7
—12420

—4894.0
24.141

(nC) i /Molar mass,y;

(nN) 4y /Molar mass,pi

295.1

(10) g /Molar masspi

327.7
560.9
1323

(nE) yi /Molar massqp;

2.30E-20

(nc1) i /Molar massi)

1.30E—16
5.37E-23

(nBr) i /Molar massy

—4077.6
32.289

413.0
4.122

4.028

(1) i /Molar mass,g;

—19.188

—35.113

3.10E—08
3.61E-10

—27.150

+
2L
oIL

T,
T,
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Table 5 Comparison of the predicted Ty /K and T /K for further 30 ionic liquids by Egs. (2) and (3) with the experimental data

Cation Anion Exp.* Eq. (2) Dev Eq. 3) Dev
F F
el F F
b~ ~sg 173.15 178.44 529 181.87 8.72
NN F/'L E
F
NQN\ F—\B‘ F 173.15 181.35 8.20 184.19 11.04
\/\/\/ F/
N
= PN
NQN — F>r \ \l<‘ 189.00 196.64  7.64 18245  —6.55
\/\/\/
F
N 194.00 187.60  —6.40 189.19  —4.81
\/\/\/N\/ F / J:\ F
Y Br 224.00 22397 003 22448 0.48
\/\/\/N\/
F F
[ ~ i 183.15 179.70 345 18110 2.05
O e NN F/,T_- . ’ ’ ’ ’ ’
F F
PR F—\‘T F 186.15 182.61  -3.54 183.42 273
"0’ F/
F
F F
PP, = l\ . 206.30 211.98 5.68 207.82 1.52
F
PO . F—IL'—F 187.15 188.86 1.71 188.41 1.26
199.15 216.64 1749 199.04 0.11

¢
‘\\\/N \\ // 186.15 202.56 16.41 186.47 0.32
\/\ F o O F

185.15 193.52 8.37 193.20 8.05
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Table 5 continued

Cation Anion Exp.* Eq. (2) Dev Eq.(3) Dev
+
HN 0 0
N
T F \\/ \5// F
\\o o// 189.15 205.53 16.38 202.06 12.91
\ N\/ F F
N/ o o
N
/ F \\s/ \s.// F
\X} o// 194.15 19131 —2.84 189.72 443
_— F F
N+
H
J e -
F IL*—F 176.15 18227 6.12 182.88 6.73
= |
N+
H
CN
A N\ — < d
/\/\ 183.15 [26] 200.09 16.94 183.63 0.48
\__/ \CN
e
%/\N/ é,
/\/\ F l —F 188.15 [26] 191.15 3.00 191.60 3.45
F F
RN F \(;)/ F
/\/\ ! —/\— 215.15 [26] 21233 282 209.69 ~5.46
F F
F
@A\ — @i
/\/\ / F_l_F 205.15 [26] 189.21  -15.94 190.28 ~14.87
\ /CN
N IS)
/\N/\/ N\ 188.15 [27] 210.69 22.54 192.09 3.94
- CN
CN
aYa %
HN N 212.15 [28] 216.97 4.82 216.38 4.23
= \CN
':
N NN F o
®| \B/\ 197.15 [29] 19445 270 195.64 -1.51
e F/ F
F3;C
\.~°
= ®N/\/\ /3/ [e]
| o \ o u 189.15 [29] 203.49 1434 20247 13.32
2 S CF,
\ ﬂ
F3C\S
e N/\/\ /O o
®| = = U . 191.15 [29] 199.64 8.49 199.58 8.43
X
F:,C\S o u
AN — o
T:/\N/\/\/\ o= Ne_ U .. 189.15 [29] 196.64 749  196.02 6.87
= U
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Table 5 continued

Cation Anion Exp.* Eq. (2) Dev Eq.(3) Dev
HyC — F3C
o
7 = o
wd ‘\—\_\ o= \Ne g oF, 201.15 [29] 217.38 16.23 212.75 11.60
Br 204.15 [29] 225.35 21.20 226.12 21.97
HGC\ o N < o
A =7 0
’ o= \N@ g o 220.15 [29] 198.02 -22.13 197.66 -22.49
_u_ N
FsC
o—=° o
o= ANS !_CFB 220.15 [30] 218.67 -1.48 214.05 -6.10
i N\Q I
FsC
A O
@ /
f// o= \e ﬁ or. 187.15 [30] 21609 2894 21210 2495

4 Experimental data were taken from Mousavisafavi et al. [18] except that those are cited

less than 0.05, the effect of the variable will be significant
and the observed effect is not due to random variations.
Thus, the variables in Eqgs. (2) and (3) have a highly sig-
nificant impact as evidenced by their suitable statistical
parameters. As it is indicated in Tables 3 and 4, all of these
variables have a highly significant impact as evidenced by
their extremely small p values and SEs.

Reliability of the new method

The predicted results of Egs. (2) and (3) are given in
Table 1 and compared with the computer outputs of
Yan et al. [20] as one of the best available methods. For
139 data given in Table 1, the rms deviations of predictions
for Eq. (2), Eq. (3) and Yan et al. [20] relative to experi-
ment are 16.96, 7.60 and 9.28 K, respectively. However,
the reliability of Eq. (3) is surprisingly higher than com-
plex computer outputs of QSPR model of Yan et al. [20].

Table 5 contains glass transition temperature of further
30 ILs, which have been tested for checking the reliability
of Egs. (2) and (3). The rms deviations of the predicted
results relative to the measured glass transition temperature
for Egs. (2) and (3) are 12.50 and 9.92 K, respectively, on
the basis of data given in Table 5. According to the pre-
dicted results in both Tables 1 and 5, Eq. (3) gives more
reliable predictions than Eq. (2).

@ Springer

As it is seen in Table 1, maximum deviations are 49.24,
21.38 and 31.81 K for Eq. (2), (3) and Yan et al. [20]
relative to experiment, respectively. Maximum errors for
Eq. (2) and (3) in Table 5 are also 28.94 and 24.95 K,
respectively. By comparing geometrical complexities of
different derivatives of imidazolium, pyridinium, ammo-
nium and sulfonium given in Tables 1 and 5, it is found
that the overall agreement of the new simple approach with
reported glass transition temperature is quite good. As it is
indicated in Eq. (3), there are four pathways for maxi-
mizing glass transition temperature of ILs: (1) reducing
(”H)Cat§ (2) increasing (nC)cat’ (nN)cat and (no)cal; 3)
decreasing (nC)ani’ (nN)ani’(nO)ani’ (nF)ani’ (nC1)ani’ (an)ani
and (ns),,; and (iv) selecting those ILs that have T, .
Thus, Eq. (3) provides the easiest pathway for designing IL
derivatives containing the desired values of the glass
transition temperature.

ani?

Conclusions

Two simple correlations have been introduced to predict
the glass transition temperature of five kinds of ILs
including imidazolium, pyridinium, ammonium, sulfonium
and triazolium. In contrast to available QSPR methods,
there is no need to use complex descriptors, computer



A new method for assessment of glass transition temperature of ionic liquids from structure... 2387

codes and the expert users. Equation (3) provides more
reliable predictions than Yan et al. [20] as one of the best of
the predictive methods. Equations (2) and (3) are based on
a suitable combination of elemental composition. More-
over, the existence of two correcting functions T; 1. and
T,y in Eq. (3) is important to improve the predictive
reliability of Eq. (2). The predicted results for Eq. (3) gave

good results as compared to the best available complex
QSPR methods.
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