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Density and Surface Tension of lonic Liquids [C,py][NTf,] (n = 2, 4, 5)
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China lonic Liquid Laboratory, Daian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China, and
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Density and surface tension of the air- and water-stable hydrophobic ionic liquids N-alkylpyridinium
bis(trifluoromethylsulfonyl)imide ([C.py][NTf,], n = 2, 4, 5) were measured in the temperature range T =
(283.15 to 338.15) K. The melting temperatures of the samples were determined by differential scanning
calorimetry (DSC). Decomposition temperatures are higher than 600 K as determined by thermogravimetric

analysis (TG).

Introduction

lonic liquids (ILs) as organic salts have exhibited low melting
temperature, good solvation, nonvolatility properties, and higher
thermodynamic stability, so both industrial and scientific com-
munities are advertising them for broad ranges of applications
as green solvents. Actually, most ILs are hydrophilic; therefore,
the anions for hexafluorophosphate (PFs~) and bis(trifluoro-
methylsulfonyl)imide (NTf,™) ILs attracted much concern as
hydrophobic compounds when they appeared,** and the
properties were reporting in succession when the hydrophobic
compounds were synthesized.> ** In this paper, the authors
synthesized three pyridinium ILs, which are aso the air- and
water-stable hydrophobic compounds. The study of the proper-
ties of these three ILs is significant in many concerned fields.

Experimental Section

Preparation of ILs ([Cnpy][NTf,], n = 2, 4, 5). N-Alkylpy-
ridinium bromide ([C.py][Br] n = 2, 4, 5) was synthesized
according to the procedure described in an earlier paper.*
[Copy][NTF,], [Capy][NTF,], and [Cspy][NTF,] were synthesized
according to theion exchange reaction, where 80 g of [C,py][Br]
(n=2, 4, 5) was placed in a500 mL round-bottomed flask and
dissolved in 30 mL of distilled water. Then, the equivalent
amount of bis(trifluoromethanesulfonyl)imide (HN(SO,CF;),
donated by Rhodia Co.) was added dropwise into the flask at
room temperature and stirred for 3 h. The purity of
HN(SO,CF3); is 99.9 % by mass which was dissolved in the
distilled water, and the mass fraction of the agueous solution is
70 %. The lower liquid was washed several times with 30 mL
of distilled water until no Br~ was indicated by the solution of
AQNO3/HNOs. The final product was dried under the vacuum
at 353 K for 24 h. *H and **C NMR spectra were recorded (see
Figures S1, S2, S3, $4, S5, S6, S7, and S8 and Tables S1, S2,
and S3 in the Supporting Information) except those for
[Copy][Br].*? From the NMR, impurity peaks were not found.
The reaction equations are following:

Measurement of DSC and TG. Differential scanning calo-
rimetry (DSC) was carried out on a Q2000 V24.4 Build 116 at
aheating rate of 10 K +min~! under a nitrogen atmosphere over
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atemperature range of (153 to 413) K. The data of the thermal
properties of the three compounds are listed in Table 1.

The decomposition temperature of the ILs was determined
on a Netzsch TG 209 at a heating rate of 10 K-min™* under a
nitrogen atmosphere over a temperature range of (313 to 823)
K (see Figure S9 of DSC and TG). The percent of the mass
loss at different temperatures is listed in Table 2.

Measurement of Density and Surface Tension. The density
(o/g-cm™3) and surface tension (y/mJ-m~2) were measured at
atmospheric pressure. Since the trace water till exists in the
ILs after drying by common methods, the presence of water
becomes the most problematic impurity and needs to be
confirmed before and after measurement. The mass fraction of
water is the average of three measurements carried out by a
Cou-Lo Aquamax Karl Fischer Moisture Meter (v.10.06) and
is listed in Table 3.

The densities of degassed water were measured by a Westphal
balance. The results are in good agreement with the literature
values,*® and the uncertainty is &= 0.0002 g-cm2. Then, the
densities of the samples were measured in the temperature range
of T = (283.15 to 338.15) K. The sample was placed in a cell
with a jacket. The density values were recorded at per 5 K
intervals. The temperature was controlled by a thermostat with
an uncertainty of + 0.05 K. Each data point of the density is
the average value of three measurements. The results are listed
in Table 4.

Using the tensiometer (DP-AW type produced by Sang Li
Electronic Co.) of the forced bubble method, the surface tension
of the double-distilled freshly degassed water was measured in
the range of T = (283.15 to 338.15) K, which is in good
agreement with the literature,® and the uncertainty is + 0.1
mJ-m~2. The temperature was controlled by a thermostat with
an uncertainty of £+ 0.05 K. The surface tension of the sample
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Table 1. Molecular Weight and Thermal Properties from the DSC 156 T T T T T T
MW Ty Tm AHp, AS, 154} 1
g-mol~* K K kJ-mol~* J-K~1-mol~t 180k i
[Capy][NTf;] 388.30 235.24 4 0.01 303.65+ 0.01 189+ 0.2 62.2+0.2 150l ]
[Capy][NTF,] 416.35 299.05+ 0.01 279+ 0.3 93.2+03 :
[Cspy][NTf,] 430.38 196.22 + 0.01 272.84 +0.01 228+ 0.2 83.6 +0.2 . 148} i
£
Table 2. Mass Loss of the ILs [Copy][NTf,], [C4py][NTf,], and o 146 ]
[Cspy][NTf,] Following the Temperature Recorded by TG Ol '\'\u\'\'\‘\‘\'\‘ 1
Q,
TIK 10l ]
100 dr/m [Copyl[NTH] [Capyl[NTH] [Cspy][NTf] 1a0l 1
1.93 611.45 + 0.1*
3.04 611.85+ 0.1% 138 1
3.49 585.55 + 0.1* 1% s s s \ s .
5 608.65 + 0.1 632.35+ 0.1 636.75+ 0.1 20 10 0 10 20 0 40 50
10 635.65+ 0.1 651.35+ 0.1 650.75 £+ 0.1 T/K_298.15
20 656.65 + 0.1 666.35 + 0.1 664.75+ 0.1 ’
50 67865+ 0.1 68535+ 0.1 68375+ 0.1 Figure 1. Plot of p vs (T/K — 298.15): A, [Copy][NTf,]; M, [Cipy][NTf,];
80 695.65 + 0.1 700.35+ 0.1 697.75+ 0.1 ® [C NTF
+ [Cspyl[NTf].
90 713.65+ 0.1 70735+ 0.1 702,75+ 0.1
7.88 723.05 + 0.1°
157 710.85+ 0.1° 2 : . :
0.70 721.35+0.1°
3B+ J
2 The onset temperature. ® The terminal temperature, respectively.
37t -
Table 3. Mass Fraction of Water before and after the Measurement
of Density and Surface Tension B 1
density surface tension ~ B 4
10* w before after before after 534 i i
=
[Copy][NTf,)] 3.32 7.70 5.03 6.32 E
[Capy][NTH] 6.11 8.91 8.82 9.05 233 1
[Cspy][NTf;] 1.66 4.20 6.14 6.83 ol ]
. . 31+ B
was measured with the same method. Each data point of the
surface tension is the average value of five measurements. Ny—p 6 10 %0 <] 20 50
The results of the surface tension of the samples are listed TIK_298.15
in Table 4. e

Figure 2. Plot of y vs (T/K — 298.15): A, [Copy][NTf,]; B, [Capy][NTT,];

Result and Discussion ®, [Copy][NTf,].

The molecular weights of the three compounds are listed in
Table 1. The glass temperature (Tg), crystallization temperature
(Te), and melting temperature (T,,) can be obtained from the
DSC thermograms during the programmed heat/cool/heat step.
From the DSC, the melting temperature of the three samples
decreases with the increase of methylene. There are two
endothermic peaks for [Copy][NTf,], which indicated that it

From the TG, the decomposition temperature of the three ILs
is higher than 600.0 K. The samples exhibited excellent thermal
stability up to 600.0 K at the scanning rate of 10 K-min™1; the
mass loss of the three ILs is more than 90 % from the onset
temperature to the terminal temperature. The onset temperature

probably has the transition from solid to solid at 292.80 K and
melting at 303.65 K. There are two exothermic peaks for
[Cspy][NTf,] at (234.98 and 256.36) K, which indicated that it
has two crystal forms.

of mass loss decreased with increasing methylene.

The values of p and y for the three ILs decreased with
increasing temperature as shown in Figures 1 and 2. The
experimental data were correlated with the following equation

Table 4. Experimental Values of Density, p, and Surface Tension, y, of ILs [Copy][NTf,], [C4py][NTf,], and [Cspy][NTf;]

[Copy][NTf] [Capy][NTT] [Cspyl[NTf]
T P 4 P v P 4
K g-cm3 mJ-m~2 g-cm3 mJ-m~2 g-cm3 mJ-m~2

283.15 1.4331 + 0.0002 331+01
288.15 1.5457 + 0.0002 37.7+0.1 1.4296 + 0.0002 328+0.1
293.15 1.5414 + 0.0002 376+0.1 1.4259 + 0.0002 327+01
298.15 1.5375 + 0.0002 374+ 0.1 1.4547 + 0.0002 334+01 1.4214 + 0.0002 325+01
303.15 1.5332 + 0.0002 371+ 01 1.4506 + 0.0002 332+01 1.4169 + 0.0002 322+01
308.15 1.5291 + 0.0001 369+ 0.1 1.4462 + 0.0001 329+01 1.4128 + 0.0001 320+0.1
313.15 1.5249 + 0.0001 36.7+ 0.1 1.4417 + 0.0001 328+ 01 1.4083 + 0.0001 318+ 01
318.15 1.5205 + 0.0001 36.6 + 0.1 1.4372 + 0.0001 324+01 1.4038 + 0.0001 315+ 01
323.15 1.5164 + 0.0001 36.4+01 1.4332 + 0.0001 321+01 1.3989 + 0.0001 31.3+01
328.15 1.5122 + 0.0001 36.1+01 1.4291 + 0.0001 320+01 1.3942 + 0.0001 31.1+01
333.15 1.5078 + 0.0001 359+01 1.4245 + 0.0001 31.8+01 1.3893 + 0.0001 308+ 01
338.15 1.5037 + 0.0001 356+01 1.4205 + 0.0001 315+01 1.3851 + 0.0001 305+01
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Table 5. Fitting Parameters and Standard Deviations for the p and
v of ILs[Copy][NTf,], [Capy]l[NTf2], and [Cspy][NTH]

plg-cm3 yImJ-m~2
ILs 10°A B S 10°A B S

[CopylINTf;) 840 15374 00001 416 374 00619
[Caoyl[NTF] 859 1.4547 00002 47.7 334 0.0698
[Copyl[NTF] 887 14210 00006 462 324 0.0554

Y =B — A-(T/K — 298.15) 1)

where Y are p/g-cm~2 and y/mJ-m~2; A and B are adjustable
parameters. The fitting parameters and standard deviations are
listed in Table 5.

According to the Auerbach relation,** the speed of sound can
be caculated from the density and surface tension by the
following equation

u/m-s * = (y/(0.00063p))%* )

where y is surface tension; p is density; and u is speed of sound.
The estimated values at 298.15 K for the three compounds are
listed in Table S4 (Supporting Information).

The physicochemical properties (molecular volume, Vp,
parachor, P, thermal expansion coefficient, o, standard entropy,
S, lattice energy, Upy, and molar enthalpy of vaporization,
A°H,,0) were estimated by using the experimental data of density
and surface tension. The process of the estimation has been
described in previous papers.’®> '’ These estimated values are
listed in Table S4 (Supporting Information).

From Table S4 (Supporting Information), the molecular
volume, V,,, standard entropy, &, and parachor, P, are plotted
against the number of the carbons, n, in the alkyl chain of the
samples ([C,py][NTf;], n = 2, 4, 5) and shown in Figures S10
and S11 (Supporting Information).

From the Figures S10 and S11 (Supporting Information), the
contribution per methylene (—CH,—) group to the molecular
volume, standard entropy, and parachor was found to be 0.0278
nmd, 34.7 J-K~t+mol~1, and 32.7. The values of 0.0278 nm®
and 34.7 J-K~*-mol ! are in good agreement with the literature
vaues of 0.0272 nm? and 33.9 J-K~1-mol~* for [C,mim][BF,],*®
0.0282 nm? and 35.1 J-K~t-mol~* for [C,mim][NTf,],*® 0.0270
nm?® and 34.6 J-K~*-mol~* for [C,mim][AICl,],*® and 0.0278
nm? and 33.7 J-K~t-mol~* for [C,mim][Al&].*® The value of
32.7 is similar to the value of 31.1 for [C,mim][AICI]*® but
much less than the value of 37.5 for [C;mim][Ala]*® and 39.9
for the neutral parachor contribution values of methylene.?

Conclusions

Density and surface tension of [C,py][NTf;] (n = 2, 4, 5)
were experimentally measured. The order of the density and
surface tension is [Copy][NTf,] > [Capy][NTF,] > [Cspy][NTF2],
at 298.15 K. The order of melting point is [Cpy][NTf;] (303.65
K) > [Capy][NTF,] (299.05 K) > [Cspy][NTf,] (273.44 K),
according to differential scanning calorimetry. They exhibited
higher thermal stability up to 600.0 K from the thermogravi-
metric analysis.

Supporting Information Available:

Additional experimental details. This materia is available free
of charge via the Internet at http://pubs.acs.org.
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