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Viscosity data for ionic liquids (ILs) are needed for the theoretical study on viscosity or for the design/development of
industrial process that involves ILs, understanding the relationship between ionic structure and viscosity is also desired to
more rationally design and synthesize ILs with ideal viscosity. A database for the viscosity of pure ILs and their binary/
ternary mixtures with molecular compounds is created by performing a comprehensive collection from published scientific
literature sources worldwide covering the period from 1970 to 2009. In this database, there are 5046 data entries, 696 ILs,
306 cations, and 138 anions. Following the database, a direct observation of the effects of ionic structure along with
temperature, pressure, and impurity on the viscosity is summarized, and a quantitative structure-property relationship
(OSPR) correlation is performed to understand the viscosity at a micro-electronic or molecular level. Through direct
observation and QSPR, the relationship between ILs structure and viscosity is addressed. © 2011 American Institute of

Chemical Engineers AIChE J, 58: 2885-2899, 2012
Keywords: ionic liquids, viscosity, database, QSPR

Introduction

ITonic liquids (ILs) are a new class of solvents.! As illus-
trated in Scheme 1, ILs are entirely composed of cation and
anion, and this is very different from traditional organic sol-
vents that are composed of neutral molecules. ILs have
extremely low-vapor pressure and negligible volatility,24
e.g., the value of vapor pressure for toluene is 447,366 Pa at
446 K, whereas it is only 0.0067 Pa for [CGmim][Nsz].3
Thus, the solvent loss, environment pollution, and safety
concerns from ILs volatilization may be substantially
reduced, comparing with conventional volatile organic sol-
vents.' Coupled with some other desirable properties such as
wide liquidus range, high thermal/chemical stability, excel-
lent and adjustable solution power for organic, inorganic,
and polymeric compounds, and wide electrowindows, ILs
have been under intensive studies in a variety of domains,
e.g., separation technology, catalysis, electrochemistry, func-
tional materials, etc., and presented a good perspective.S_9
This work is focused on the viscosity of ILs.

Generally, ILs are much more viscous than conventional
organic solvents, and the viscosity values of most ILs are 2—
3 orders of magnitude larger than organic solvents, e.g., the
viscosity of toluene is only 0.6 cP at room temperature,
whereas it is 70 cP for [Cemim][NT£,]'® and even as
high as 5647 cP for [NHH,(C,OH),][OAc]'' where
[NHH,(C,OH),]" is bis(hydroxyethyl)ammonium  and
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[OAc] is acetate. Evidently, high viscosity will give rise to
some problems in chemical processing, ranging from a nega-
tive effect on power requirements and handling (dissolution,
decantation, filtration, etc.) to reduction of mass- and/or
heat-transfer rate in reaction and separation processes. How-
ever, highly viscous ILs are favored in some applications
such as stationary phases for gas-liquid chromatography,'*
and a fixed viscosity range is generally required when ILs
are used as lubricants.'® Therefore, to prepare ILs with ideal
viscosity value is certainly a necessity. In addition to deter-
mining ILs viscosity experimentally, a fundamental under-
standing of the relationship between viscosity and ionic
structure is also necessary to more rationally design and syn-
thesize an IL with the desired viscosity value.

Quantitative structure-property relationship (QSPR) is an
effective approach to determine a quantitative relationship
between the viscosity and ionic structure for ILs. Some
QSPR correlations have been performed to study the proper-
ties of ILs such as melting point,'*?° conductivity,?"** den-
sity,zo’23 toxicity,24’25 surface tension,% and infinite dilution
activity coefficient of organic solute in ILs.2"° A few
QSPR studies on ILs viscosity were reported where limited
ILs were involved.?"?**! In our previous work, ILs were
expanded to include [C,mim]"-, [C,mim]"-, [BF,] -, and
[NTf,] -based ILs.>** Besides QSPR, some other more
qualitative analyses through direct observation showed that
ILs viscosity is related to the cation—anion pairing and their
structural characteristics such as cationic size, length of sub-
stituted group, flexible ether oxygen on alkyl chain, anionic
size, and anionic shape.g"MS In addition, some theoretical
studies using modeling and simulation were performed for
ILs viscosity, e.g., Arrhenius,”"“)*53 Vogel-Tamman—
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Scheme 1. 1-hexyl-3-methylimidazolium  bis(trifluoro-
methylsulfonyl)imide, [Cemim][NTf5].

Fulcher (VTF),**%2% Litovitz,>*” and (1/5)® =a + bT
(Ref. 59) equations were used to describe the dependence of
viscosity on temperature, the pressure dependence was also
correlated’®>”; Eyring’s absolute rate theory with universal
quasichemical activity coefficient was proved capable in
describing the viscosity of binary mixtures of imidazolium-
based ILs and organic solventsm; Stokes-Einstein and
Stokes-Einstein-Debye relations were not valid for pure
[Comim][NTf,] and [Comim][NTf,]/chloroform mixture
down to the miscibility gap (at 50 wt % IL)°'; molecular
dynamic simulations®*~®* were used to calculate the viscosity
of ILs or coupled with ab initio calculations®>*® and spec-
trum analyses67 to understand the relationship between the
viscosity and micro-structure/-interaction, and some amine-
appended imidzolium- and guanidinium-based ILs were stud-
ied by the authors.®®"?

The viscosity data of ILs are the basic data information
for the theoretical studies such as QSPR and other modeling
or simulation mentioned above as well as for the design or
development of an industrial process involving ILs (e.g., the
calculations of heat transfer, mass transfer, and power
requirements for mixing and pumping in many unit opera-
tions such as fluid transport, reactor, extraction, distillation,
and heat exchanger). Therefore, data collection or database
for ILs viscosity is valuable and desired. There are a few
general databases or handbooks such as Merck KGaA,73 IL
Thermo,’* CrossFire Beilstein/Gmelin,”> and ILs database
from Institute of Process Engineering, Chinese Academy of
Sciences (IPE),’® where a wide range of physicochemical
properties of ILs can be found, e.g., melting point, density,
surface tension, heat capacity, viscosity, etc. However, the
viscosity data and other information are relatively limited.
One cannot differentiate the real value from several viscosity
values in different literatures if information such as ILs im-
purity, experimental or simulated determination method of
viscosity, or ILs source (purchased or synthesized) are not
provided because these factors will remarkably change the
viscosity value, e.g., viscosity of ILs is sensitive to trace
amounts of water and other impurities,77’78 the viscosity
of [Cymim][NTf,] with water content of 19 ppm is 51 cP
(Ref. 79), whereas it is 27 cP (Ref. 6) with 3280 ppm water.
The publication of new viscosity data over the last few years
is voluminous. Therefore, a comprehensive and distinct data-
base for the viscosity of ILs is necessary.

In this work, a viscosity database for ILs is created which
includes necessary information on basics (name, ID, abbrevi-
ation, formula, molecular weight, structural formula, and
CAS number), sample (sample sources, initial and final pu-
rity, purification method, and purity analysis), and viscosity
(temperature, pressure, viscosity value, measurement meth-
ods or model, and reference). The viscosity data of the bi-
nary and ternary mixtures of ILs and molecular compounds
are also incorporated. Following the database, some direct
observations of the effect of molecular structural characteris-
tic on the viscosity of ILs are summarized; QSPR study is
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performed, and the relationship between ILs structure and
viscosity is illustrated. This work provides the viscosity data
of ILs as data reference in theoretical study or design/devel-
opment of ILs for industrial processes and sheds some light
on the relationship between structure and viscosity through
direct observation and QSPR.

Database

The viscosity data of ILs are generated through the fol-
lowing steps. (1) A search of publications on IL viscosity is
performed in the science search engine of ISI web of Knowl-
edge, the search term is “topic = ionic liquid & topic = vis-
cosity” or “topic = ionic liquid & topic = viscosities,” cov-
ering the period from 1970 to 2009, and an initial publica-
tion pool is obtained. (2) The initial publication pool is
further screened to exclude publications in which no viscos-
ity data are reported or whose data are not firsthand informa-
tion but mere citations from other works. (3) The publication
pool is expanded by the inclusion of new publications and
references contained in the selected publications. The viscos-
ity data are collected and tabulated from the publication
pool. Three hundred and six cations, 138 anions, and 5046
data entries are finally obtained.

The database is composed of five tables (Supporting Infor-
mation Tables S1-S5) and is contained in the Supporting In-
formation.

In Supporting Information Table S1, cation and anion infor-
mation are listed, which includes identification number (ID),
molecular structure, full name, abbreviation, molecular formula,
and molecular weight. ID contains six alphanumeric characters
comprising an alphabet which represents anion or cation, fol-
lowed by five numbers. For example, the ID for 1-methylimi-
dazolium is “C01001”; the first two digitals “01” represent
cation type (here is imidazolium); the last three “001” reflects
the position in this type (this represents the first position), and
the position is determined by molecular weight, i.e., the lower
the molecular weight, the preferable the location.

In Supporting Information Tables S2-S4, the viscosity data
are listed, specifically, Supporting Information Table S2 lists
pure ILs, Supporting Information Table S3 contains binary
system of one IL and one molecular compound, whereas Sup-
porting Information Table S4 contains ternary system of one
IL and two molecular compounds. The information includes
ILs ID, CAS number, temperature, pressure, viscosity value,
method of determination viscosity (exp., cal.), ILs source
(synthesized by the author or commercially obtained), purity
(purity of IL, impurity species, impurity content), ILs purifica-
tion method, purity analysis method, and reference. In Sup-
porting Information Table S5, the references are provided.

Results and Discussion

The studies on ILs viscosity are simply summarized in
Supporting Information Figures S1-S3. The first work on
ILs viscosity was reported in 1984 when Fannin et al. meas-
ured the viscosity of [Comim][AICl,] (17.8 cP, 298.15 K)
using a viscometer®; after that, the viscosity values of pure
1,3-dialkylimidazolium-based ILs coupled with the fluori-
nated anions and binary mixture of ethylammonium nitrate
and n-octanol are experimentally determined in 1996°%%';
the number of studies was enhanced from 2000 as shown in
Supporting Information Figure S1, although still somehow
limited. Supporting Information Figure S2 indicates that
more experimental studies (e.g., the measurement of ILs
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Figure 1. Viscosity of the ILs vs. temperature, refer to Table 1 for ILs numbering.

viscosity) are performed than theoretical investigation (e.g.,
model, simulation, or QSPR), although the studies on both
the theoretical and experimental determination of ILs viscos-
ity are relatively inadequate. Supporting Information Figure
S3 gives the country distribution of the contributors.

Direct observation

Temperature. The ILs in the database, of which the vis-
cosities are available at more than five temperature points, are
selected, and their viscosities along with temperature are
shown in Figure 1. For an IL, when several different viscosity
values are reported at the same temperature and pressure, an
average value, after eliminating aberrant values, is used for
analysis, and this strategy is used in all the following analyses.
As indicated in Figure 1, the viscosity of the ILs is sensitive
to temperature, e.g., the viscosity sharply changes when the
ILs are in lower temperatures (e.g., <300°C), the viscosity of
the ILs with high viscosity values (e.g., ~ 10% cP) is especially
sensitive to temperature. Such a sensitivity of ILs viscosity to
temperature has been indicated in other literatures.”*>’

The more quantitative description for the temperature de-
pendence of viscosity of the ILs is performed using some
proposed correlation equations of Arrhenius
(n =nyexp(A/T)), VIE (= o exp[B/(T — Ty)]), Litovitz
(n =Aexp(B/RT?)) and (1/n)” =a+bT, and the results
are presented in Supporting Information Tables S6-S9. As
shown in Supporting Information Tables S6-S9, the num-
bers of the entry with R* < 0.99 (which are labeled in
italics in the tables) are 5, 4, 5, and 3 for these four equa-
tions, respectively; all the equations do not present good
correlations (R*? < 0.99) for [N111,30CI|[NTf,],
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[S11,CH,COOC,H;s][NTf,], and [C4Cimim][BF,4]; to clear
the effects of the functional group of cation on the exact-
ness of correlation equations is difficult, e.g., the ILs with
—COO on cation cannot be correlated well by these four
equations, whereas some ILs with one group on the cation
such as —O, —OH, —C=C, —C=N, and —NHj is only cor-
related well by some equations.

A four-order polynomial correlation is proposed to
describe the temperature dependence of viscosity for the ILs,
and the results are shown in Table 1. It is found that the
polynomial gives the satisfying correlations for all ILs with
R > 0.99 except [Pess.14][C1] (R* = 0.97621).

Pressure. When compared with temperature, the viscos-
ity data of ILs under different pressures are less reported.
The viscosity along with pressure for ILs is shown in Figure
2, where only the values at 323.15 K are presented because
it contains the most data at the temperature point. As shown
in Figure 2, the viscosity increases with the pressure; the
viscosities of [Cymim][PF¢], [Cemim][PFg], [Cgmim][BF,],
and [Cgmim][PFs] are more sensitive to pressure
than [Cymim][BF,] and [C4ymim][NTf;]. The equations such
as VTF, Tait-form, Litovitz, and their modified versions
have been used to quantitatively describe the pressure de-
pendence of viscosity of [Cymim][NTf;], [Cymim][PFg],
[Cymim][BF,], [Cemim][NTf,], [Cemim][PF¢s], [Cgmim]
[PFg], and [Cgmim][BF,], with good fitting of standard
uncertainty < 2%.°%>"7%%2 The correlation ability of these
equations is not repeatedly investigated for the viscosity data
in our database, because the viscosity data under different
pressures in this database are the same as those in the above
studies. Here, a new three-parameter exponential equation is
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Table 1. Correlation of Four-order Polynomial of § = Ay + AT + A,T? + A3T3 + A4T*, for Temperature Dependence of
Viscosity of the ILs

Number
of Data  Temperature

No. ILs Ao Ay A As Ay R? Point (K)

1 [Pes6.14][DCA] 1.26E6 —1.52E4 6.83E1 —1.37E — 1 1.00E — 4 0.99997 11 293-343
2 [S133][DCA] 5.98E4 —7.33E2 3.38 —6.92F — 1 531E — 6 0.99998 6 253-353
3 [Nygss][NTt] 1.27E7 —1.63E5 7.81E2 —1.67 133 -3 0.99943 8 273-333
4 [Ny446][NTH;] 7.46E6 —9.13E4 4.19E2 —8.53FE — 1 6.50E — 4 0.99946 7 278-353
5 [N;11,30CI][NTf,] —3.48E5 4.41E3 —2.08E1 430E — 2 —338E — 5  0.99995 10 283-343
6 [N111.(CH,),O0CCH;][NTf,]  —1.18E5 1.60E3 -7.97 1.25E — 2 —1.42E — 5 0.99987 10 283-343
7 [S11,CH,COOC,Hs][NTf] —2.28E5 2.98E3 —1.44E1 3.10E — 2 —247E — 5 0.99982 10 283-343
8 [S225][NTf;] 3.80E4 —4.55E2 2.05 —4.13E -3 3.12E — 6 0.99971 10 283-343
9 [S11,CH,C[tbond]CH][NTH;] 3.79E4 —4.02E2 1.60 —2.79E -3 1.82E — 6 0.99996 10 283-343
10 [Comim][NTH] 1.60E5 —2.01E3 9.43 —2.00E — 2 2.00E — 6 0.99690 9 273-343
11 [C4mim][NTf,] 1.83E5 —2.24FE3 1.03E1 —2.00E — 2 2.00E — 5 0.99937 14 273-353
12 [Cemim][NTH] 5.18E5 —6.34E3 291E1 —5.90E — 2 4.00E — 5 0.99012 20 258-373
13 [C4Cymim][NTf,] 4.13E4 —4.48E2 1.82 —327E -3 2.20E — 6 0.99997 10 283-343
14 [C6Cimim][NTf;] 5.50E5 —6.71E3 3.08E1 —6.30E — 2 5.00E — 5 0.99985 8 283-343
15 [C1(202)pyr][NTf,] 1.21E5 —1.45E3 6.52 —1.30E -2 9.84E — 6 0.99972 7 278-353
16 [C4Cpyr][NTI,] 1.65E5 —1.97E3 8.90 —1.80E — 2 1.00E — 5 0.99998 11 283-343
17 [C6>C,°C,°C py][NTH;] 1.79E6 —2.20E4 1.02E2 —2.10E — 1 1.60E — 4 0.99974 8 283-343
18 [C4mim][BF,] 6.28E5 —7.71E3 3.55E1 —7.03E — 2 6.00E — 5 0.99873 15 273-353
19 [C4Cymim][BF4] —2.65E5 3.33E3 —1.56E1 3.20E -2 —2.50E —5  0.99997 10 283-343
20 [iC_ymim][BF,] 9.84E5 —1.26FE4 6.10E1 —1.31E — 1 1.10E — 3 0.99998 10 283-313
21 [C4pyl[BFE4] 8.15E5 —9.83E3 4.44E1 —8.94F — 2 7.00E — 5 0.99310 15 283-353
22 [Cspyl[BE,4] 1.08E6 —1.31F4 5.93E1 —1.19E — 1 9.00E — 5 0.99938 15 283-353
23 [C4°C pyl[BE,] 3.65E6 —4.51E4 2.09E1 —431E — 1 3.30E — 4 0.99969 20 288-338
24 [Cimim][C;SO4] 1.38E4 —1.64E3 7.34 —1.50E — 2 1.00E — 5 0.99997 7 293-343
25 [Ny.13.(C2,0C,0H),][CSO4] 2.89E7 —3.55E5 1.63E3 -3.35 2.57E -3 0.99988 7 283-343
26 [Comim][C,SO4] 6.89E5 —8.55E3 3.98F1 —8.20E — 2 6.00E — 5 0.99867 10 273-353
27 [ngy][C2$O4] 6.41E5 —7.78E3 3.54E1 —7.20E -2 5.00E — 5 0.99988 12 283-343
28 [C,"CNpy][C,SO0y4] 4.42E6 —5.19E4 2.29E2 —447E — 1 330E — 4 0.99581 16 293-368
29 [C2>CNpy][C,S04] 3.08E7 —3.63E5 1.60E3 -3.14 2.00E — 2 0.99546 16 293-368
30 [C,*CNpy][C>S04] 3.01E7 —3.55E5 1.57E3 —3.08 227E - 3 0.99253 16 293-368
31 [C4smim][OAc] 4.19E6 —5.11E4 2.33E2 —4.70E — 1 3.60E — 4 0.99841 9 283-353
32 [Nuun,CoOH][OAC] 1.00E6 —1.20E4 5.34E1 —1.10E — 1 8.00E — 5 0.99996 11 298-348
33 [Nup,(C,OH),][OAC] 2.69E6 —3.22F4 1.45E2 —2.90F — 1 2.00E — 4 0.99979 11 298-348
34 [C—3mim][Cl]] 2.14E6 —2.38FE4 9.93E1 —1.80E — 1 1.30E — 4 0.99824 [§ 303-394
35 [Ps66,14l[Cl] 8.12E7 —1.01E6 4.68E3 —9.63 740E — 3 0.97621 14 253-373
36 [P444,C5NH;][Ala] 3.17E6 —3.79E4 1.70E2 —3.40F — 1 2.50E — 4 0.99995 [§ 298-348
37 [P444,C3NH,][Gly] 2.25E6 —2.68E4 1.19E2 —240F — 1 1.80E — 4 0.99998 6 298-348
38 [C4mim][PF¢] 1.26E6 —1.53E4 6.96E1 —1.40E — 1 1.10E — 4 0.99732 16 283-353
39 [C4mim][SbFs] 2.54E4 —248E2 879E —1 —133E -3 6.90E — 7 0.99993 10 283-343
40 [C4mim][TfO] 5.07E4 —5.71E2 242 —4.55E -3 321E - 6 0.99983 10 283-343
41 [Nyg44][doc] 8.83E7 —1.07E6 4.86E3 —9.83 745E — 3 0.99991 6 298-343
42 [C5Cpyr][FSI] 1.61E4 —1.76E2 720E — 1 —1.00E — 3 8.82E — 7 0.99985 8 293-353
43 [C4mim][CsH;;0,S04] 1.33E7 —1.64E5 758.24 —1.56 1.20E -3 0.99975 8 283-343

The bold italic row in the table is used for emphasis to the statement: R* > 0.99 except [Pgge,14][Cl] (R2 = 0.97621).

proposed to correlate the pressure dependence of ILs viscos-
ity at a constant temperature, 1 = Cy + C; exp(P/b), and the
results are shown in Table 2. As shown in Table 2, the equa-
tion gives a very good fitting with R* > 0.999.

Cation. Length of alkyl side chain, type of cation ring,
and addition of characteristic atom/group are used to investi-
gate the effects of cation on viscosity of the ILs.

As indicated in Figure 3, the viscosities of ILs generally
increase with the length of alkyl side chain, which is
ascribed to the fact that increasing the length of alkyl side
chain will increase van der Waals interaction and thus the
viscosity.”"”’43 However, there is somewhat different for
ethyl group (i.e., n = 2), e.g., n([Cymim][NTf,])/44 cP >
N([Comim][NTf,])/37 P, n([Cimim][CF3BF;])/27 ¢P >
n([Comim][CF3BF;])/26 cP, n([C;mim][C,FsBF3])/33 cP >
n([Comim][C,FsBF;])/27 cP, and this may be due to a more
flexibility of ethyl than methyl (i.e., more conformational
degrees of freedom, which may partly compensate the van
der Waals interaction).
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The effects of cationic ring/core on the viscosity are
shown in Supporting Information Table S10 and Figure 4.
As indicated in Supporting Information Table S10, with the

—o—[C,mim][BF ]
—o—[C,mim][NTf ]
—&—[C,mim][PF ]
—v—[C mim][PF ]
6004 [Camim][BFa]

—o— [Cgmim][PFs]/D
< ¥

1000

800

400 4

Viscosity (cP)

200+

T T
100 150 200 250
Pressure (MPa)

Figure 2. Viscosity of ILs vs. pressure at 323.15 K.
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Table 2. Correlation of n = Cy + C1exp(P/b) for Pressure Dependence of Viscosity of the ILs

Number of
ILs T (K) Co C, b R? Data Point Pressure (MPa)
[C4mim][BF,] 298 —19.870 + 1.006 127.963 + 0.841 107.450 4+ 0.354 1 10 0.1-175.4
323 —9.599 + 0.304 45.338 4+ 0.241 140.021 + 0.352 1 12 0.1-250.1
348 —6.070 £+ 0.197 22.055 £ 0.159 177.070 £+ 0.625 0.99999 14 0.1-300
[C4mim][NTf,] 298 —13.615 + 0.634 64.406 + 0.534 101.457 + 0.436 1 7 0.1-150.2
323 —7.960 4+ 0.982 28.409 + 0.757 130.985 + 1.557 0.99996 9 0.1-249.6
348 —5.351 £ 0.118 16.015 £ 0.092 165.116 + 0.444 0.99999 15 0.1-298.9
[C4mim][PF¢] 298 —31.562 + 8.800 306.490 + 6.237 79.650 £+ 0.670 0.99996 11 0.1-174.1
323 —18.461 + 3.068 91.324 + 2.179 103.468 + 0.965 0.99991 15 0.1-249.3
343 —10.190 + 0.499 45.209 4+ 0.443 122.022 + 0.653 0.99999 11 0.1-172.9
[Cemim][PFg] 313 —46.307 £+ 1.008 242.567 + 0.838 89.327 £+ 0.151 1 8 0.1-150.0
323 —40.850 + 9.669 154.799 + 7.811 99.884 + 2.340 0.99982 9 0.1-174.8
348 —17.546 + 0.882 58.738 £ 0.691 125.000 + 0.662 0.99999 8 0.1-238.5
[Cgmim][BF,] 298 —93.074 + 2.314 433.346 + 2.040 96.518 £+ 0.257 1 10 0.1-117.5
308 —67.926 + 3.171 255.774 + 2.668 109.291 + 0.538 0.99998 12 0.1-200.1
323 —35.681 + 1.379 124.266 + 1.200 125.146 + 0.620 0.99999 12 0.1-199.8
333 —25.047 £+ 0.665 82.55577 £ 0.571 135.976 + 0.497 1 10 0.1-200.0
348 —16.841 + 0.424 49.459 4+ 0.386 154.710 £+ 0.661 0.99999 15 0.1-224.2
[Cgmim][PFg] 333 —33.548 + 2.890 131.266 + 2.629 107.494 + 1.269 0.99999 7 0.1-125.2
343 —18.971 + 4.924 82.604 + 4.049 111.887 4+ 2.756 0.99987 8 0.1-175.9

same anions such as [NTf,]”, [CF;BF;]", [BF4]”, and
[C,FsBF;] ™, the viscosity values of the ILs with different
cations follow the order: [im]T < [py]+ < [pyr]+ < [ox]"
< [pip]"™ < [mo]™; further, the viscosity values of the ILs
with six-member ring cation are larger than that of the ILs
with five-member ring cation, e.g., [py]" > [im]", [pip]" >
[pyr]", [mo]" > [ox]*, which has been indicated in other
literatures®>%; the viscosity values of the ILs with nonaro-
matic cation are larger than that of the ILs with aromatic
cation, e.g., [pip]" > [pyl", [mo]" > [py]", [pyr]" >
[im]*, [ox]T > [im]", which may be ascribed to the more
delocalized positive charge on aromatic cation and thus the
weaker cation—anion interaction. As shown in Figure 4, the
viscosity values of the phosphonium-based ILs with phos-
phorus atom on cationic center are lower than that of the

ammonium-based ILs with nitrogen atom on cationic center,
although the atomic weight of phosphorus is larger than that
of nitrogen, as has been found.>>**

The effects on viscosity of characteristic atom/group on cat-
ion are presented in Table 3. As indicated in Table 3, with
the exception of the alkyl ether of —OR, all the other atoms
or groups such as —OH, —SR, —COOH, —C=N, and —F
will increase the viscosity. The ILs with alkyl ether on cation
generally have lower viscosity, which has been ascribed to a
more flexible rotation by virtue of the increase of conforma-
tional degrees of freedom.*24%4345 The increase of ILs vis-
cosity from the remaining characteristic atoms/groups may be
contributed to the added interaction (e.g., hydrogen bond and
van der Waals) between cation and anion; the strong ionic-
type hydrogen bonding interaction through characteristic
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—_ —=—IC,mim][BF ] —==N,,,JINCOO] J—
% 300 { ——{C, mim][NT£;) 300§ —o—N,, JINTE] il )
S —o—{C, mim][PF] 250 2 M INTE]
2 2604 ~o—[C,mim][DCA] & T o, JINTE) /" 1800 g
& 200]-c-1c mimi[Ti0] 2200 {—+—N,,, IINTE] K o
2 —»—[C_mim][CF,BF,] ﬁ * /;“ 8
@ ] o™ 30Fy 2 e e @
= 150 —o—[C mim][C,F.BF] (o] 150 /A% 750‘2
100 & 100 * A e
> o—" 0
504 50 4 s
o
L T T e 0 ; . ; ‘ i —L.700
1.2 3 4 5 6 7 8 9 10 2 a 6 8 10 12
n n
350
—o—[C,pylINTS] 100 —o—|[C C,pyr][DCA]
200 ——[C,mIIBF ] = ——[C,C,pylINTT)
% 250 —o-CCPIINTT] | S o)
o )
> 200- £ o
@ 450 g
8 8
2 100 i S 404
=
o] 20/

4 6 8 10 12 14 16
n

Figure 3. Effects of the length of alkyl chain in cation on ILs viscosity, and the viscosities of [C,mim][NTf;],

[Crmim][TfO],

[Comim][CoF5BFs], [N111,,][NTf2],

and [C,pyl[BF;] are at 293 K;
[NHHH,n][HCOO],

[C,mim][BF,], [C,mim][DCA], [C,mim][CF;BFj],
[N222,0]INTf2],  [N143,,][NTf2], [C,C4pyr][DCA], and

[C.3C1pYlINTf,] at 298 K; [N11,,mel[NTf,] and [CnC1pyr][NTf2] at 303 K; [C,mim][PF¢] and [C,py][NTf,] at

353 K.
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atom/group on cation and anion can dramatically increase the
ILs viscosity, as demonstrated for amine-appended imidazo-
lium and guanidinium ILs through ab initio calculations and
molecular dynamics simulations by us.®*”® Fluorinated cation
is taken as one example: [(20C,;(CF,);CHF,)C mo][NTf;]
(970 cP at 298.15 K) vs. [(205)C;mo][NTf,] (223 cP at
298.15 K), [CF;CHomim][NTf,;] (248 cP at 298.15 K) vs.
[Comim][NTf,] (38.6 cP at 298.15 K), and the fluorination of
cation tends to increase the viscosity due to an increase of
cationic size and interionic van der Waals interaction.**

Anion. Anion type, anion size, and fluorination of the
alkyl chain in anion are used to investigate the effects of
anion on viscosity of the ILs, and the results are presented
in Supporting Information Table S11, Tables 4 and 5,
respectively.

As indicated in Supporting Information Table S11, the vis-
cosity values of the ILs with a shared cation increase in
order of [DCA]™ < [NTf,]” < [TfO] < [BF;]” < [PFq]™
< [OAc] . The lower viscosity of the ILs with [DCA] " and
[NTf,]" anions is understood by the more delocalized nega-
tive charge distribution on the anion and the weaker cation—
anion charge interaction to which it leads*®*1=*3%. whereas
the higher viscosity for [BF4]™ and [PF¢]™ anion is ascribed
to the more rigid characteristic and the lack of conforma-
tional degrees of freedom.>**> [OAc]™ anion has the highest
viscosity due to the localization of negative charge on
—COO of [OAc]™ and the strong hydrogen bonding and
electrostatic interaction, as illustrated by the authors for
[tmg][L-lactate] where [tmg]+ is 1,1,3,3-tetramethylguanidi-
nium.””

As indicated in Table 4, the anion size will increase the
viscosity of the ILs in the same anion series because of the
increased van der Waals interaction. However, it is not the
case with [BF,] -based ILs, and the viscosity values of these
ILs are much higher than those of other ILs with
[C,F,,1BF3]” (n = 1-4). Taking the ILs of [(201)C;o0x]
[C,F,,1BF3] (n = 0—4) as typical examples, the viscosity of
[(201)C0x][BF,4] is 704 cP at 298 K, whereas the viscosity
values of the other ILs of [(201)C 0x][C,F,,1BF3] (n = 1-
4) are less than 177 cP. The high viscosity of
[(201)C,0x][BF4] can be understood from the fact that the
effects of the rigid nature of [BF4]™ anion on viscosity with
less configuration freedom surpass the effects of van der
Waals interaction.>®***> Besides [BF,]~, it is worth noting
that the viscosity values are not linearly increasing with
anion size and [(201)C;0x][C,FsBF3] possesses the lowest
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viscosity. The viscosity of [(201)C;0x][C,FsBF3] is lower
than that of [(201)C,;0x][CFs;BFs] (which can be attributed to
more configuration freedom degrees of the former than the
latter, and the decreased Coulombic forces from the
improved charge distribution®®*743*%) whereas the viscosity
values of [(201)C,0x][C3F;BF5] and [(201)C,0x][C4F9BFs]
are higher than that of [(201)C;0x][CF;BF;] (which can be
attributed to the increased van der Waals interaction for
[(201)Cy0x][C3F;BF5] and [(201)C;0x][C4F9BF;] due to
increasing the length of alkly chain®®****%%) Such trends
are true for the other ILs with the anions of [C,F,, 1BF;]
(n = 0-4).

As indicated in Table 5, the fluorinated anion generally
results into lower viscosity, and this may be ascribed to an
improved charge distribution and thus the weakness of inter-
ionic electrostatic (including possible hydrogen bonding)
interaction.’”*}

Impurity. The effects of water and chloride content on
ILs viscosity are presented in Supporting Information Tables
S12 and S13 in Supporting Information, respectively. As
indicated in Supporting Information Table S12, the viscosity
values of the ILs decrease with increasing water content in
the ILs; whereas the increased water content results into a
higher viscosity for [Cymim][OAc], e.g., it is 139.7 cP at the
water content of 746 ppm, whereas it is 440 cP at 11,003
ppm, and the reason might be the stronger interaction
between water and —COQO of [OAc]™ than that and other
anions such as [BF4] ", [PFg], and [NTf,]™ (in which there
are delocalized negative charge distribution). Moreover, the
effects on viscosity are not too remarkable when the water
content is < ~ 10° ppm, whereas it is remarkable when the
water content is > ~ 10* ppm. It should be noted that water
content offers a great effect on the viscosity of [Cemim][Cl],
e.g., it is 18,089 cP at the water content of 480 ppm,
whereas it is 716 cP at 1130 ppm. As indicated in Support-
ing Information Table S13, the chloride content also gives a
remarkable effect on the ILs viscosity. An increased chloride
content generally makes the IL become more viscous. The
viscosity data of some selected binary systems of ILs and
other molecular compounds are illustrated in Figure 5. As
indicated in Figure 5, the addition of other solutes will
remarkably reduce the ILs viscosity.

It is fair to say that the aforementioned observations for
the effect of cationic/anionic structural characteristics, such
as the length of cationic alkyl side chain, type of cation ring,
addition of characteristic atom/group to cation, anion type,
anion size, and fluorination of anionic alkyl on ILs viscosity
are qualitative and require further studies with quantum
mechanics,®> %87 molecular dynamic simulation,5>64+68-72
and other necessary spectrum analyses to provide quantita-
tive evidence from the molecular viewpoint.

OSPR study

Data Set for QSPR. As presented in the database, the
viscosity data are relatively limited for a class of ILs with
some shared cation or anion at some temperature. For a fixed
cation or anion at a constant temperature, [Csmim]7-,
[Comim] -,  [Pass,C3NH,]™-, [NTf]7-, [BF4 -, and
[DCA] -based ILs have the most entries of viscosity data,
making these ILs favorable for QSPR study. Among them,
[Cymim]t-, [Comim]T-, [NTf,] -, and [BF,] -based ILs
have been studied previously.zz’”’33 So, only [P444,C3NH,]"-
and [DCA] -based ILs are selected to undergo the QSPR
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Table 3. Viscosity Comparison between the ILs with Characteristic Atom/Group on Cation and Those Without Characteristic
Atom/Group (in cP at 298 K)

Characteristic ILs with Characteristic ILs Without
Atom/Group Atom/Group Viscosity Characteristic Atom/Group Viscosity
—OH [Co,OHmMim][NTf,] 91 [Comim][NTf,] 37
[CH5CH(OH)CH,mim][PFg] 319 [C4mim][PF] 213
[CH;CH(OH)CH,mim][NTHf5] 342 [C4mim][NTf,] 45
[CH;CH(OH)CH,mim][NOs] 502 [C4mim][NO;3] 266
[Num,(C20H),][POL(C40)s] 2409 [N2opu][PO2(C40),] 201
[Nun,(CoOH),][HCOO] 494 [N2opu][HCOO] 54
[Nunn,C;OHJ[HSO,] 309 [Nopuul[HSO4] 128
[NHHHsC2OH] [Lac] 1324 [NZHHH] [Lac] 803
[Neun,C2OH][NO;] 113 [Naouuu][NOs] 32
[Nuun,CoOH][HCOO] 220 [Noppnl[HCOO] 32
[C,OHC, pyr][NTH] 30 [C3Cipyr][NTf,] 63
[CH3CH(OH)CHOHC, pyr][NTf,] 1500 [C3Cypyr][NT1,] 63
[C4Cipyr][NTH,] 74
[N113 C;OHJ[NTT] 211 [Ni133°][NTf,] 113
—OR [(20201)mim][Cl] 613* [Cemim][Cl] 7826%*
[(20201)mim][PF¢] 426* [Cemim][PF] 680%*
[(20201)mim][BF,] 377%* [Cemim][BF,] 224%
[(20201)mim][C,FsBF3] 51 [Cemim][C,FsBF5] 59
[(20201)mim][CF;BFj3] 62 [Cemim][CF3;BF;] 77
[C,(201)pyr][CF;BF;] 87 [C4C1pyr][CF3BF] 137
[C1(201)pyr][CoFsBF;] 52 [C4Cipyr][CoFsBF;] 71
[C1(20)pyr][NTE,] 53 [C3Cpyr][NTE,] 63
[C4Cipyr][NTH,] 74
[C1(202)pyr][NTH,] 60 [C4Cipyr][NTE,] 74
[(201)C,pip][CF;BF;] 203 [C4Cypip][CF;BF;] 456
[(201)C,pip][NTH;] 102 [C3Cypip][NTH;] 150
[C4Cpip][NTH] 182
[Nl 1 1,20201][NTf2] 63 [Nl 1 16] [Nsz] 153
[Nuun,201][HCOO] 38 [N4puul[HCOO] 70
[(201)Cymo][NTHf;] 310 [C4Cimo][NTf2] 532
[(201)Cymo][CF;BF;] 471 [C4C mo][CF;BF;] 1035
[(201)C1m0] [CstBF‘;] 260 [C4C1m0] [CstBF;] 466
[(201)C,0x][CF3;BF;] 134 [C4C,0x][CF;BF;] 165
[(201)C|0X] [C2F5BF';] 90 [C4C]0X][C2F5BF3] 108
[(201)C 0x][BF,] 704 [C4C ox][BF4] 731
[(201)C0x][NTf;] 117 [C4C0x][NT1,] 145
—SR [C,Smim][NTf,] 94 [Comim][NTf,] 37
[C4Smim][NTf,] 98 [C4mim][NTf,] 45
[C,Smim][TfO] 145 [Comim][TfO] 45
[C4Smim][TfO] 152 [C4mim][TfO] 76
—COOH [C3COOHmMim][CH3;CH(BF;3)CH,CN] 3047* [C4mim][CH3CH(BF;5)CH,CN] 101%*
—C=N [C3CNmim][BF,] 230 [C3mim][BF,] 103
[C4mim][BF,] 112
[C4CNmim][BF,] 553 [C4mim][BF,] 112
[Cemim][BF,] 174
[C4CNmim][PF¢] 2181 [C4mim][PF] 213
[Cemim][PF] 585
[C4CNmim][Cl] 5222 [Cemim][Cl] 716
[C,>CNpy][C,50,] 5839 [C2’Cipyl[CS04] 150
[C,*CNpy][NTf,] 1031 [C4*Clpy][NTf,] 56
[Cs’Clpy][NTH,] 85
—F [CoF3mim][NTf,] 248 [Comim][NTf,] 36
[N1224F][NT1,] 774 [N1224][NTHf5] 161
[C,CH,CH,OCH,(CF;);CHF,mo][NTf,] 970 [(205)Cimo][NTf,] 223
*At 293 K.

study, where [P4u4,C3sNH,]" is tributyl-(3-amino-propyl)
phosphonium and [DCA]™ is dicyanamide. The viscosity
data for [DCA] -based ILs (Set A, 23 data entries, at 298
K) and [P44,C3NH,] -based ILs (Set B, 19 data entries, at
348 K) are shown in Table 6; in each dataset, two viscosity
entries are selected as model testing-data, and the others are
training-data.

Computational Methods. Ab initio quantum mechanical
calculations are performed with Gaussian 03.%% Geometric
optimization and thermodynamic parameters are calculated
at RHF/6-31G** level. Partial atomic charges are obtained
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using the natural bond orbital method. Following the ab ini-
tio results, CODESSA 2.7.2 package is used to derive the
correlation equations between descriptor and Viscosity.84 A
detailed description for obtaining QSPR correlation equa-
tions using CODESSA package can be found in the previous
work of the authors.*”> The results of R? vs. parameter num-
ber are shown in Figure 6, where the ordinate is the square
of the correlation coefficient (Rz) and the abscissa is the
number of descriptor in correlation equation. As indicated in
Figure 6, four-parameter correlation equation is adopted for
both the two sets.
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Table 4. Viscosity Comparison Among the ILs with Different Size of Anion (in cP)

Cation Anion T (K) Viscosity Cation Anion T (K) Viscosity
[Comim] [TA] 293.15 35 [Hmim] [NTf,] 298.15 81
[HB] 293.15 105 [BETI] 298.15 218
[Me-TCA] 323.15 34 [C,Cqim] [NTf,] 298.15 69
[CM-TCA] 323.15 95 [BETI] 298.15 186
[BF,] 298.15 41 [(Io1)mim] [CF;BF;] 298.15 55
[CF;BF;] 298.15 26 [C,FsBF;] 298.15 47
[C,FsBF;] 298.15 27
[C5F;BF;] 298.15 32 [(201)mim] [BF,] 298.15 200
[C4F9BF;] 298.15 38 [CF;BF;] 298.15 43
[FST] 298.15 18 [C,FsBF;] 298.15 38
[NTf,] 298.15 37 [Cemim] [BF4] 298.15 174
[BETI] 298.15 61 [CF;BF;] 298.15 77
[C,FsBF;] 298.15 59
[C4mim] [TA] 293.15 73 [(20201)mim] [BF,] 298.15 283
[HB] 293.15 182
[CF;BF;] 298.15 62
[TCA] 323.15 44 [C,FsBF;] 298.15 51
[Me-TCA] 323.15 52 [C3mim] [BF,] 298.15 103
[PCA] 323.15 65
[CM-TCA] 323.15 95 [CF;BF;] 298.15 43
[C,FsBF;] 298.15 35
[BF,] 298.15 112 [C5F;BF;] 298.15 44
[CF;BF;] 298.15 49 [C4F9BF;] 298.15 59
[C,FsBF;] 298.15 41 [BzCsim] [NTf,] 298.15 252
[(201)C,0x] [BF,] 298.15 704 [BETI] 298.15 552
[CF;BF;] 298.15 134 [C4Clox] [BF,] 298.15 731
[C,FsBF;] 298.15 90
[C5F;BF;] 298.15 117 [CF;BF;] 298.15 165
[C4F9BF;] 298.15 177 [C,FsBF;] 298.15 108
[C4Cypyr] [CF;BF;] 298.15 137 [Ci(1o1)pyr] [BF,] 298.15 100
[C,FsBF;] 298.15 71 [CF;BF;] 298.15 46
[C5F;BF;] 298.15 62 [C,FsBF;] 298.15 37
[C4F9BF;] 298.15 84 [C1(201)pyr] [BF,] 298.15 213
[FST] 293.15 66 [CF;BF;] 298.15 87
[NTf,] 293.15 89 [C,FsBF;] 298.15 52
[pyr] [HCOO] 298.15 15 [C3Cypyr] [FST] 293.15 39
[OAc] 298.15 30 [NTf,] 293.15 61
[C;H,5CO0] 298.15 37 [C3Cypip] [FST] 298.15 95
[(201)Cypip] [BF4] 298.15 1240 [NTf,] 298.15 151
[CF;BF;] 298.15 203 [C4C mo] [CF;BF;] 298.15 1035
[C,FsBF;] 298.15 112
[C5F;BF;] 298.15 131 [C,FsBF;] 298.15 466
[C4F9BF;] 298.15 187 [Nym,(C20H),] [HCOO] 298.15 762
[(201)C;mo] [CF;BF;] 298.15 471 [OAC] 298.15 5647
[C,FsBF;] 298.15 260 [Ngun,CoOH] [HCOO] 298.15 105
[C5F;BF;] 298.15 777 [OAC] 298.15 701
[N1g1,C-0H] [HCOO] 298.35 20.27 [No3:3-m] [HCOO] 298.15 18
[OACc] 298.15 106.06
[C,COO0] 298.20 215.06 [OAc] 298.15 54
[C5CO0] 298.15 298.15 [Ny3:3°1] [HCOO] 298.15 25
[Nonnul [HCOO] 298.15 32 [OACc] 298.15 32
[C,COO] 298.15 75 [EDA] [HCOO] 298.15 112
[C3CO0] 298.15 208 [OAc] 298.15 958

Table 5. Viscosity Comparison Between Column A and

. . . Col B to Understand the Effect ILs Viscosity of F
OSPR Results. The obtained two correlation equations oumn B to Atl(:mel;)sna;;nione(in :Ic, sato 12198 IS() 1scostty o

for [DCA] - and [P444,C5NH,] " -based ILs are presented in

Table 7, where the equation verification results from testing Column A Column B

data are also given. As indicated from the values of R? and ILs Viscosity ILs Viscosity

52 (Table 7), testing data validation (Table 7) and inner vali- [C,mim][CH;BF;] 47  [C,mim][CF;BF;] 26

dation (Figure 7), the QSPR equations are reliable. [Comim][C,H;5BF;] 72 [Comim][C,FsBF;] 27
Set A ([DCA]", 298 K). As shown in Eq. 1 (Table 7), [Comim][C3H;BF;] 54 [Comim][C5F7BF;] 32

there are one topological descriptor (D;), one electrostatic [Comim][C4HoBE ] 83 [Cmim][C,FoBFs] 38

. polog ptor (L), on [C4mim][CsF5S0,] 250 [Cymim][CsF5SO,] 170

descriptor (D), and two quantum chemical descriptors (D,, D3). [C,4Cmim][CsFsSO,] 3200 [C,Cymim][CsFsSO4] 840

The values of r-test indicate that the importance of descriptors [Comim][TA] 35%  [Comim][OAc] 162

decrease in the following order: D > D, > D4 > Ds. [C4mim][TA] 73%  [C;mim][OAc] 646*
Dy, Randic index (order 2), which has the most important [Pyrl[TA] 21 [Pyr][OAc] 30

R - )
effect on the viscosity, is defined asR(I') = Z“NW T *At 293 K.
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400 —o— [C,mim][BF ] + water
—o— [C,mim][BF ] + acetonitrile
—4— [C,mim][BF ] + dichloromethane
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Figure 5. The effects of other solutes on the viscosity
of ILs (at 298 K).

Table 6. Selected Viscosity Data for the QSPR Study (at 1
atm, in cP)*

Set Abbreviation Viscosity (1) Log
A [Comim][DCA] 21 1.322
[C4mim][DCA] 28.8 1.459
[Cemim][DCA] 47.4 1.675
[Cgmim][DCA] 34 1.531
[Ciomim][DCA] 76 1.88
[C4Cimim][DCA] 67.2 1.827
[Bzmim][DCA] 40 1.602
[(Bz),im][DCA] 202 2.305
[C43C1py] [DCA] 36.26 1.559
[C,Cypyr][DCA] 27.5 1.439
[C5Cpyr][DCA] 45 1.653
[C4Cypyr][DCA] 36.5 1.562
[CeCqpyr][DCA] 45 1.653
[Si1:1[DCA] 27.2 1.435
[S1331[DCA] 29.5 1.470
[S11-1[DCA] 25.3 1.403
[S222]1[DCA] 20.9 1.320
[S>44]1[DCA] 51.7 1.713
[S144][DCA] 60 1.778
[S>351[DCA] 29.4 1.468
[Nsss][DCA] 300 2.477
[CoCpyra][DCA] 24.6 1.391
[(CCp)2(Cy)ogual][DCA] 267 2.427
[P444,C3NH;][Arg] 124.8 2.096
[P444,C3NH2][ASI’!] 447.1 2.651
[P444,C3NH,][Asp] 481.8 2.683
[P444,C3NH,][Cys] 775.5 2.890
[P444,C3NH,][Gln] 377.7 2.577
[P444,C3NH2] [Glu] 434.9 2.638
[P444,C5NH,][Gly] 54.2 1.734
[P444,C3NH,][His] 313.7 2.497
[P444,C3NH,][I- 738 1.868
le]
[P444,C3NH,][Leu] 66.2 1.821
[P444,C3NH,][Lys] 81.7 1.912
[P444,C3NH2] [Met] 559 1.747
[P444,C3NH;][Phe] 88.2 1.945
[P444,C3NH,][Pro] 81.8 1.913
[P444,C3NH5][Ser] 71.6 1.855
[P444,C3NH,][Thr] 84.5 1.927
[P444,C3NH,][Val] 56.3 1.751
[P444,C3NH, ][ Tyr] 1291.0 3.111
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where ; denotes the degree of the vertex v;.*> The descriptor
encodes the size, shape, and degree of branching in the
cations and also relates to the dispersion interaction
among ions.*® D,, HACA H-acceptors charged surface area
[quantum-chemical PC], is defined as HACA-1 = XS\, A €
Hiiaccepiors Where 55 is solvent-accessible surface area of
H-bonding acceptor atoms selected by threshold charge,87 and
this descriptor indicates the effect of hydrogen-bonding ability
of cation on the viscosity.®® D,, polarity parameter/square dis-
tance, is calculated as the difference between the maximum
and the minimum charges factorized by the square of the dis-
tance between the atoms that bear minimum and maximum
partial charges.®® This descriptor characterizes the polarity of
cation.”® Ds, average l-electron reactive index for a C atom,
relates to the strength of intramolecular bonding interactions,
characterizes the stability of the molecules, and reflects the
electrostatic and hydrogen bonding interactions among ions.”’
Set B ([P444,C5sNH,]", 384.15 K). As shown in Eq. 2
(Table 7), the importance of descriptors decreases in the fol-
lowing order: Ds > D; > Dg > D, and Dyg is thermodynamic
descriptor while the others are quantum-chemical descriptors.
Ds, average l-electron reactive index for a O atom, is
closely related with the forming of the hydrogen bonding
because of the isolated electrons of O atom and has the most
important effect on the viscosity.”> D;, DPSA-1 difference in
charge partial surface areas (CPSAs) (PPSAI-PNSAL)
[quantum-chemical PC] (here, CPSA is a class of descrip-
tors), is defined as DPSA-1=PPSA-1 — PNSA-1, where
PPSA-1 is positively charged solvent-accessible molecular
surface area and PNSA-1 is negatively charged solvent-ac-
cessible molecular surface area, and describes the difference
in the positive and negative charges of the partial surface
area.” The larger value of the descriptor indicates a higher
polarity of the anion. The negative regression coefficient for
this descriptor reflects the fact that the larger value of this
descriptor leads to lower binding ability.”® Dg, Tot hybridiza-
tion component of the molecular dipole, encodes the size
and polarity of the anion, and is directly related to electro-
static dipole—dipole interactions in condensed phase.94 Dy,
complementary information content (order 2), is defined as
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Figure 6. R? vs. descriptor number for set A and set B.
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Table 7. Four-Parameter Correlation Equations of Viscosity for [DCA]™-Based and [P444,C3NH,]* -Based ILs, Along with Equation Verification
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*Regression coefficient of the linear model.

'Standard error for each regression coefficient.

“t-test values for each coefficient.

’In the correlation, R? is correlation coefficient, F is Fisher significance parameter, RZCV is cross-validated correlation coefficient, and s> is corrected mean square error.

TTopological descriptor for describing the atomic connectivity in the molecule.

Quantum chemical descriptor.

"Electrostatic descriptor.

sk
i

**Thermodynamic descriptor.

kCIC = logy n —*IC, *IC = — Y% "log,™, where n; is
number of atoms in the ith class, n is the total number of
atoms in the molecule, and k is number of atomic layers in
the coordination sphere around a given atom that are
accounted for.”> This descriptor encodes the molecular geo-
metric characteristic.

QOSPR Summary. The previous QSPR results for ILs vis-
cosity, coupled with the results in this study, are summarized
in Table 8. As indicated in Table 8, the cation—anion electro-
static, hydrogen bonding and van der Waals interaction give
important effects on ILs viscosity, and other factors such as
polarizability and ionic geometric characteristic (shape,
branching degree, and symmetry) also give some effects,
which is somewhat different from molecular-type compounds
where the main factors are hydrogen bonding and van der
Waals interaction.”®”® Such interactions deduced from
QSPR quantitative correlations on ILs viscosity are consist-
ent with the aforementioned analysis from direct observation.
Let us take interionic hydrogen bonding interaction as exam-
ple. As indicated in Table 3, the atoms or groups such as
—OH, —SR, —COOH, —C=N, and —F on cation will
increase the viscosity, e.g., [CH3CH(OH)CH,mim][NTf,]
(342 cP at 298 K) vs. [Cymim][NTf,] (45 cP at 298 K),
[C3COOHmim][CH3;CH(BF3)CH,CN] (3047 cP at 273 K)
vs. [Cymim][CH3CH(BF;)CH,CN] (101 cP at 273 K); as
indicated in Supporting Information Table S11, sharing a
common cation, the viscosity for [OAc]™ is the highest in
the order of [DCA]™ < [NTf;]” < [TfO]” < [BF4]™ <
[PFs]- < [OAc]™; such hydrogen bonding interaction
observed directly is found in the QSPR study of Set [DCA]™
(indicated by D5 and D3) and Set [P444,C3NH,]1 (Ds) in this
work, Set [BF,4]~ (D) and Set [NTf,] (D) of Han et al.,*?
and Set [NTf,]” (D3 and Dy4) of Yu et al.** As indicated in
Table 8, the effects of interionic hydrogen bonding and van
der Waals interaction on the viscosity for [Pass,C3NH,]"-
based ILs with positive-charge-center and bulky alkyl side
chains and the [DCA] -based ILs with much disperse charge
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Figure 7. Scatter plots of the calculated vs. experimen-
tal values of viscosity (in 1072 Pa s) for the
ILs in training data.
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Table 8. Results of QSPR Study on the Viscosity of ILs

No. Results References

1 System: 32 ILs at 293 K; cation: imidazolium, pyridium, piperidinium, and morpholinium; anion: bis(trifluoromethylsulphonyl) 22

imide.

Method: Heuristic method.

Equation: 5 (cP) = —71.852 — 14507 D, + 10005 D, + 291.55 D5 — 0.3731 D, (R* = 0.8755, R*cy = 0.7647, F = 42.18).

Descriptor: D, FNSA-3 fractional PNSA, is a measurement of the negatively charged surface area accessible to the surrounding
molecules; D,, maximum 1-electron reactive index for a C atom, is a Fukui function designed specifically to describe chemical
reactions; D, polarity parameter (Qmax — Omin)s 1S defined as P = Qnax — Omin, Omax 1 the most positive atomic partial charge
in the molecule, Oy, is the most negative atomic partial charge in the molecule; Dy, highest normal mode vib. frequency.

Observation: D and D, has the most important effect on the viscosity, which indicate the cation—anion electrostatic or donor—
acceptor interactions; D5 characterizes the polarity of cation; although R* (0.8755) for the equation is satisfying, the correlation
is not capable of matching well two regions of low (nonmorpholinium) and high (morpholinium) viscosity at the same time.

2 System: 17 ILs at 298.15 K; cation: imidazolium; anion: tetrafluoroborate ([BF4] ™). 32

Method: BMLR

Equzation: 1 (cP) = —439.88 — 1.1555 D; — 17518 D, 4 602.35 D5 + 3596.6 D, (R* = 0.9374, R*cy = 0.8671, F = 33.70,
s©=902.21).

Descriptor: D, PNSA2 total charge weighted PNSA, is defined as PNSA2 = > ga> Sa, A € {Ap < 0}, S4 is negatively
charged solvent-accessible atomic surface area, g is atomic partial charge; D,, HACA2/TMSA, is defined as HACA2/
TMSA = > (¢aS AP S0 P TMSA, A € XH-acceptors Sa 18 solvent-accessible surface area of H-bonding acceptor atoms,
selected by threshold charge, g4 is partial charge on H-bonding acceptor atoms, selected by threshold charge, S is total
solvent-accessible molecular surface area; D3, Min net atomic charge for a C atom, which is minimum net atomic charge for
a C atom; D4, FPSA3 fractional PPSA, is defined as FPSA3 = PPSA3/TMSA, PPSA3 is total charge weighted partial
positively charged molecular surface, TMSA is total molecular surface area;

Observation: D is total charge weighted partial negative surface area; D, is fractional atomic charge on a partial positively
charged surface area; thus, a larger accessible surface area with a negative partial charge and a less accessible surface area
with a positive partial charge will lower viscosity, the above two descriptors indicate the charge property of molecule and
further partially account for the cation—anion electrostatic interaction in the ILs; D, indicates the effect of hydrogen-bonding
ability of cation on the viscosity; D3 partially represents the effect of cation—anion electrostatic interaction or cation dipole
moment on the viscosity.

3 System: 18 ILs at 298.15 K; cation: imidazolium; anion: bis(trifluoromethylsulfonyl)imide ([NTf,]"). 32

Method: BMLR

Equation: 5 (cP) = 154.29 — 5421.3 D5 + 0.00000482 D¢ + 1125.8 D7 + 0.64155 Dg (R* = 0.9692, R’cy = 0.9113,

F =78.58, s> = 36.19).

Descriptor: Ds, Min electrophilic reactive index for a N atom, is defined as EA = Zc'?/LUMo/sLUMO + 10), cjLumo is the
lowest unoccupied molecular orbital energy; ¢; umo is the lowest unoccupied molecular orbital MO coefficients; Ds, vib.
enthalpy (300 K)/no. of atoms, is defined as Hyi, = 0.5> hv; + hviexp(—hvi/2kT)/[1 — exp(—hv,/2kT)], n; is frequencies of
normal vibrations in the molecule; / is Planck’s constant; & is Boltzmann’s constant; T is absolute temperature (K); D7, HA
dependent HDCA1/TMSA, is defined as HDCA1/TMSA = 3 (Sp/TMSA), D € Hy_donor» Sp 1s solvent-accessible surface
area of hydrogen-bonding donor H atoms, selected by threshold charge; Dg, 1X BETA polarizability (DIP), is defined as u’
=+ aF + 05pE> +..., uis permanent dipole moment of the molecule; 4’ is induced dipole moment of the molecule, E
is external electric field;

Observation: D7 indicates that the hydrogen-bonding donor ability of cation; the larger is the hydrogen-bonding donor ability
of cation, the higher is the viscosity; Ds has the most important effect, and gives a measure of the reactivity of cation, i.e.,
the nucleophilicity of N atom. A low value of this descriptor will lead to an increase in viscosity; D reflects the effect of
atom vibration of cation on the viscosity; Dg partially represents the effect of van der Waals interaction between cation and
anion on the viscosity.

4 System: 17 ILs at 298.15 K; cation: 1-butyl-3-methylimidazolium ([C4mim]™"). 32

Method: BMLR

Equation: 5 (cP) = 192.4 — 101.85 Dy + 3530,000 Do + 155.79 Dy, 4 20.618 D15 (R* = 0.9220, R*cy = 0.7679,

F =29.54, 5 = 1719.71).

Descriptor: Do, Min atomic orbital electronic population, is atomic orbital electronic population for a given atomic species in
the molecule; Do, No. of occupied electronic levels/no. of atoms, is related to molecular polarizability; D;;, moment of
inertia C, is calculated as follows: Ik = Zm[r,-kz, m; is atomic weights of constituent atoms of a molecule, r; is distance of
the ith atomic nucleus from the kth main rotational axes (k = X, Y, or Z); D, structural information content (order 1), is
defined on Shannon information theory as, ksIC = "IC/logz n, and *IC = —> (ni/n)logy(n;/n), n; is number of atoms in the
ith class; n is the total number of atoms in the molecule; k is number of atomic layers in the coordination sphere around a
given atom that are accounted for;

Observation: The most important descriptor of this model is Do, which is a simplified index to describe the nucleophilicity
ability of the molecule and represents the quantum-chemically calculated charge distribution in the molecules, and therefore
describes, in a very accurate way, the polar interactions between molecules or their cation—anion electrostatic interaction; Dy
is related to molecular polarizability because the higher the number of the electronic shells, the more polarizable the
molecule, and it also partially reflects the polar interactions between cation and anion; D;; shows that the greater the
rotational inertia of anions, the greater the viscosity, and that the volume and quality of the moment inertia on anions are
closely related. Therefore, it is expected that the smaller the molecular volume, the smaller the viscosity of the ILs; Dy,
describes the connectivity and branching in a molecule, therefore, the viscosity is related to anionic shape and symmetry;
the polar interactions between molecules or their cation—anion electrostatic interaction have the most important effect on the
viscosity; the polar interactions between cation and anion give less impact on viscosity; the rotational inertia of anions and
anionic shape and symmetry give some contributions.
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Table 8. (Continued)

No. Results References

5 System: 24 ILs at 298.15 K; cation: 1-ethyl-3-methylimidazolium ([C,mim]"). 32

Method: BMLR

Equation: 5 (cP) = —54.388 + 95.164 D5 + 64.34 D\, + 19.294 D5 — 4.0687 D¢ (R> = 0.9327, R*cy = 0.9004,

F = 5547, 5 = 46.53).

Descriptor: D4, RPCG Relative positive charge (QMPOS/QTPLUS), is defined as: RPCG = A,,./AA, A € {Ax > 0}, Apax is
maximum atomic positive charge in the molecule; A, is positive atomic charge in the molecule; D3, FPSA2 fractional
PPSA, is defined as FPSA2 = PPSA2/TMSA, PPSA2 is total charge weighted partial positively charged molecular surface
area; D5, the Randic index (order 0), is a measure of the compactness of the molecule; D¢, translational heat capacity (300
K)/no. of atoms, is translational heat capacity (300 K) of atoms;

Observation: The most important descriptor, D4, is an anion descriptor which increases with highly localized positive charge; the
positive coefficient for D4 indicates that localization of positive charge on anions will reduce the viscosity. Therefore, mona-
tomic anion such as chloride is predicted to be higher viscosity than very large anions containing regions of positive charge such
as bis(trifluoromethanesulfonyl)imide, as is consistent with their experimental values of viscosity; D3 is
partially accounts for the electrostatic interaction between cation and anion; D5 has a topological origin and is a measure of the
compactness of the molecule, and indicates that the magnitude of cation—anion interaction is related to the degree of branching of
anion as well as to anion size, so, D, and D5 reflect the effect of anion structural complex on viscosity; the most important D
reflects the electrostatic or charge transfer interaction between cation and anion; the spatial shape of cation (including branching
and symmetry) and the hydrogen bonding interaction between cation and anion have important effects on the viscosity.

6 System: 106 ILs at 298 K; anion: bis(trifluoromethylsulfonyl)imide ([NTf,] ). Cation: imidazolium, pyridinium, pyrrolidinium, 3

sulfonium, ammonium, morpholinium, phosphonium, oxazolidinium, guanidinium, and piperidinium.

Method: BMLR

Equation: log 1 (cP) = —0.8531 + 0.04418 Do + 3.5232 Dy; + 0.1771 Dy, + 0.2147 D3 — 10.567 D14 + 0.5445
D5 — 0.1035 Dy (R* = 0.8226, R>cy = 0.7236, F = 41.73, 5° = 0.033).

Descriptor: Dy, FNSA-1 fractional PNSA (PNSA-1/TMSA), is defined as FNSA-1 = PNSA-1/TMSA, PNSA-1 is partial
negatively charged molecular surface area; D, bonding information content (order 2), gives the information about the
spatial shape of cation; D3, HACA-1, is defined as HACA-1 = > Sa, A € Hyycceprors S 15 solvent-accessible surface area
of H-bonding acceptor atoms, selected by threshold charge; D,,, LUMO+1 energy, reflects the electrophilic ability of cation
and the donor—acceptor interaction with the anion; D4, Max partial charge for an H atom, is the Max partial charge for a H
atom; D;s, number of benzene rings, denotes the number of benzene ring; D, relative positive charged SA (SAM-
POS*RPCQG), is defined as the most positive surface area in a molecule, characterizing the charge redistribution;

Observation: Dy reflects the electrostatic or charge transfer interaction between cation and anion; D1 gives the information
about the spatial shape of cation (including branching and symmetry), the positive coefficient indicates the larger the value
of the descriptor the higher the viscosity; D3 reflects hydrogen bonding acceptor ability of cation and the hydrogen bonding
interaction between cation and anion; D, reflects the electrophilic ability of cation and the donor—acceptor interaction with
the anion; Dy, is the Max partial charge for a H atom; D5 indicates that the more benzene ring, the higher the viscosity;
D, encodes the molecular electrostatic and hydrogen-bonding ability features; the electrostatic or charge transfer interaction
between cation and anion has the most important effect on the viscosity, the shape of cation (including branching and sym-
metry) has the second most important effect; hydrogen-bonding ability also has an important effect on the viscosity.

7 System: 23 ILs at 298.15 K; anion: dicyanamide ([DCA] ™). Cation: imidazolium, pyridinium, pyrrolidinium, sulfonium, This
ammonium, guanidinium, and pyrazolium. work
Method: BMLR
Equation: log 5 (cP) = 1.1541 + 0.1696 D, — 0.2712 D, — 107.13 D5 — 7.4486 D, (R* = 0.9578, R*cy = 0.9353,
F = 96.44, s> = 0.0055).
Descriptor: Dy, the Randic index (order 2), is defined as R(I')= Z(éiéj)’o's, where A; denotes the degree of the vertex v;. D,,
HACA H-acceptors charged surface area [quantum-chemical PC], is defined as HACA-1 = > Sa, A € Hacceptors SA 18
solvent-accessible surface area of H-bonding acceptor atoms, selected by threshold charge. D, polarity parameter/square
distance, is calculated as the difference between the maximum and the minimum charges factorized by the square of the
distance between the atoms that bear minimum and maximum partial charges; D3, average 1-electron reaction index for a C
atom, relates to the strength of intramolecular bonding interactions and characterizes the stability of the molecules.
Observation: D, encodes the size, shape, and degree of branching in the cations and also relates to the dispersion interaction among ions;
D, indicates the effect of hydrogen-bonding ability of cation on the viscosity; D, characterizes the polarity of cation; D5 characterizes
the stability of the molecules, and reflects the electrostatic and hydrogen bonding interactions among ions; the size, shape, and degree of
branching in the compound and also relates to the dispersion interaction among molecules, has the most important effect on the viscosity;
hydrogen-bonding ability of cation and polarity of the molecule also have important effects on the viscosity.

8 System: 19 ILs at 298.15 K; cation: tributyl-(3-amino-propyl) phosphonium ([Pys4,C3NH,]™). This
Method: BMLR work
Equation: log i (cP) = 2.8569 — 118.62 Ds — 0.08171 Dg — 0.001384 D5 + 0.01048 Dg (R* = 0.9196, R*cy = 0.9113,

F =28.61, 5 = 0.8402).

Descriptor: Ds, average 1-electron reactive index for a O atom, is closely related with the forming of the hydrogen bonding
because of the isolated electrons of O atom; D;, DPSA-1 difference in CPSAs (PPSA1-PNSA1) [quantum-chemical PC], is
defined as DPSA-1 = PPSA-1-PNSA-1, where PPSA-1 is positively charged solvent-accessible molecular surface area and
PNSA-1 is negatively charged solvent-accessible molecular surface area; D¢, Tot hybridization comp. of the molecular
dipole, characterizes the size and polarity of the molecule; Dg, complementary information content (order 2), is defined as,
kcic = logon — fc, fic = —> (ni/n)logy(n;/n), where n; is number of atoms in the ith class,  is the total number of atoms
in the molecule, and k is number of atomic layers in the coordination sphere around a given atom that are accounted for.

Observation: Ds is closely related with the forming of the hydrogen bonding because of the isolated electrons of O atom; D, describes
the difference in the positive and negative of the partial surface area. The larger value of the descriptor indicates the higher polarity
of the anion. The negative regression coefficient for this descriptor reflects the fact that the larger value of this descriptor leads to
lower binding ability; Dg, Tot hybridization comp. of the molecular dipole, encodes the size and polarity of the anion, and is directly
related to electrostatic dipole—dipole interactions in condensed phase; Dg encodes the molecular geometric characteristic; the hydro-
gen bonding has the most important effect on the viscosity; the size and polarity of the molecule also have important effects on the
VISCOSIty.
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distribution, are more remarkable than that for other
[C4ymim]T-, [C,mim] -, [NTf,] -, and [BF,] -based ILs.

Conclusions

Viscosity is a vital physical property for ILs. In this work,
a database for the viscosity of pure ILs and their binary/ter-
nary mixtures with molecular compounds is established by
performing a comprehensive collection covering the period
from 1970 to 2009, in which a variety of necessary informa-
tion such as the basic information (name, ID, abbreviation,
formula, molecular weight, structural formula, and CAS num-
ber), sample information (sample sources, initial and final pu-
rity, purification method, and purity analysis), and viscosity
information (temperature, pressure, viscosity value, measure-
ment methods or model, and reference) are included, and
5046 data entries, 696 ILs, 306 cations, and 138 anions are
finally used. Following the database, a direct observation of
the effects of ionic structure (e.g., length of alkyl side chain
on cation, type of cation ring, characteristic atom/group on
cation, anion type, anion size, and fluoronation of the alkyl
chain in anion) along with temperature, pressure, and impurity
on the viscosity is summarized, and a QSPR correlation is
performed for two selected [DCA] - and [Psu,CsNH,]"-
based ILs. Besides temperature, pressure, and impurity, the
ionic structural characteristics of cation or anion of ILs has
significant effects on the viscosity; the cation—anion electro-
static interaction determined by ionic structural characteristics
gives the most effect on viscosity, followed by interionic
hydrogen bonding and van der Waals interaction, which is
different from traditional molecular-type organic solvents. To
this end, the structure of cation and anion of ILs, as well as
the interionic interaction (especially electrostatic, interionic
hydrogen bonding, and van der Waals), should be carefully
tailored for obtaining an IL with desired viscosity.
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