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ABSTRACT: Thermophysical properties of the ionic liquid — 20 S

(IL) [EMIM][B(CN),] (1-ethyl-3-methylimidazolium tetra- /—\ PR SEPUN ]
cyanoborate) were investigated both by conventional N N e a4l ' Coo i
techniques and by surface light scattering (SLS) at atmo- \/\/ Z 42t “ .
spheric pressure. The density was measured between (283.15 NG cN 8 40F a ]

. ’ . . 38 - A _
and 363.15) K with a vibrating U-tube densimeter. An Abbe \_ / ol s ]
refractometer was used for the measurement of the refractive /B\ 34 RS
index in the range from (283.1S to 313.15) K. Self-diffusion NC CN 280 290 300 310 320 330 340 350 360 370

coefficients for the cation and anion were measured by nuclear S

magnetic resonance (NMR) spectroscopy from (273.15 to

318.15) K. The interfacial tension was obtained from the pendant drop technique at 297.04 K. Based on this datum and the
temperature dependence of density, the interfacial tension for all relevant temperatures was estimated via an appropriate
prediction model. For the IL studied within the present work, the quantity directly accessible by SLS at low temperatures was the
ratio of dynamic viscosity to interfacial tension. Combining the results from SLS with the density and interfacial tension data
obtained from conventional methods, the dynamic viscosity could be determined from (283.15 to 303.15) K. For higher
temperatures, SLS measurements combined with the results for density allowed the simultaneous determination of dynamic
viscosity and interfacial tension from (313.15 to 363.15) K. Besides a comparison with literature data for [EMIM][B(CN),], the
influence of variation of the anion in [EMIM]-based ILs on thermophysical properties is discussed. It could be shown that the
thermophysical properties of [EMIM][B(CN),] are mainly affected by the distinct charge delocalization in the anion.

H INTRODUCTION electrochemical window, very low viscosity, hydrophobicity,

In the past decade, ionic liquids (ILs) have generated a lot of and hydrolytic Stabﬂit}’~“'12 Furthermore, [EMIM][B(CN),] is

interest for chemistry and chemical engineering.' Due to an considered to be a very promilsing extraction solvent and sepa-
almost unlimited number of potential combinations of cations ration reagent. Mahurin et al.”* found that [EMIM][B(CN),],
and anions,” these salts which are in a liquid state below 100 °C which possesses four nitrile groups in the anion, shows the
can be tailored to specific applications in many fields of tech- highest separation selectivity for CO,/N, and the highest solu-
nology.>~® The variety of possible ILs, however, is the reason bility for CO, compared to ILs based on the [BMIM]" (I-butyl-

that the experimental determination of a complete set of their 3-methylimidazolium) cation combined with anions carrying a

thermophysical properties is virtually impossible, since it would lower number of nitrile groups, for example, [N(CN),]”

cause an enormous investment in time and resources.'’ (dicyanamide) or [C(CN);]™ (tricyanomethanide), and even
The IL [EMIM][B(CN),] (1-ethyl-3-methylimidazolium in comparison with the popular IL [EMIM][NT,] (1-ethyl-3-

tetracyanoborate) investigated in the present work has been methylimidazolium bis(trifluoromethylsulfonyl)imide).

selected for our detailed study due to its high potential for elec-

trolyte applications, for example, in dye-sensitized solar cells. Received: October 7, 2011

[EMIM][B(CN),] provides a unique combination of highly Accepted: February 1, 2012

interesting properties for these applications such as a wide Published: February 17, 2012
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Ravichandar et al.'* underlined the high solubility of CO, in
[EMIM][B(CN),] with molecular simulations. A literature
survey, however, reveals that only a limited number of thermo-
physical and especially transport properties required for process
and apparatus design are available for [EMIM][B(CN),]. H15-18

In former works,'”*® we have shown that surface light
scattering (SLS) can provide reliable viscosity data for ILs. For
various imidazolium-based ILs differing in the cation and anion,
the viscosity was measured over a temperature range from (273
to 333) K at atmospheric pressure. The estimated expanded
uncertainty with a level of confidence of approximately 95 %
(k = 2) was less than 3 %. In comparison to conventional
techniques, the main advantage of the SLS technique is the
possibility of determining the viscosity and, in some cases, also
the interfacial tension in macroscopic thermodynamic equili-
brium in an absolute way without the need of any calibration
procedure >

The present work provides reliable dynamic viscosity, inter-
facial tension, self-diffusion coefficient, and density as well as
refractive index data for [EMIM][B(CN),] in dependence on
temperature at atmospheric pressure by SLS and conventional
techniques. Compared with the ILs investigated previ-
ously'”*%*® as well as literature data for other ILs, the influence
of varying anions on the thermophysical properties of [EMIM]-
based ILs is pointed out.

B EXPERIMENTAL SECTION

Material and Sample Preparation Procedure. [EMIM]-
[B(CN),] (molecular weight M = 226.05 g:mol™') was
purchased from Merck KGaA, Germany, with a nominal purity
higher than 98 %. The purity of [EMIM][B(CN),] was proved
by 'H NMR analysis (JEOL, ECX +400 spectrometer), where
dimethylsulfoxide-dg (DMSO-dy) was used as solvent. The
total peak integral in the '"H NMR spectrum was found to
correspond to a nominal purity even higher than 99 %. Before
use, the IL was dried at about 333.15 K for a period of at least
4 h on a vacuum line (0.5 mbar) with an oil-sealed vacuum
pump and a liquid nitrogen trap. The concentration of water by
mass was proved twice by Karl Fischer coulometric titration
(Metrohm, 756 KF coulometer) after the SLS experiments.
The expanded uncertainty (k = 2) of these measurements
yielding values of (730 and 700) ppm is estimated to be less
than + 20 %. The transfer of samples was performed under an
argon atmosphere. All parts of the measuring devices which
were in contact with the sample as well as all glassware used for
sample handling were cleaned with ethanol, rinsed with
deionized water, and oven-dried.

Vibrating Tube Method: Density. Density measurements
at atmospheric pressure are based on the vibrating-tube
method. For the density meter (Anton Paar, DMA S5000)
used here, long-term drift is eliminated by a reference oscillator
built into the measuring cell. Only one adjustment at 293.15 K
is sufficient to reach a high accuracy for the whole measuring
temperature range. The DMA 5000 allows a full-range viscosity
correction, whereby all viscosity related errors inherent to all
known types of oscillating U-tube density meters are auto-
matically eliminated. The temperature of the U-tube is con-
trolled within + 1 mK and measured by a high-precision
platinum resistance probe with an absolute uncertainty of
+ 10 mK. For the density meter calibration, standard water and
air were used. The expanded uncertainty (k = 2) of the present
density measurements for the IL is estimated to be less than
+ 0.02 %. For this, the calibration error of the apparatus of 0.01 %
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and the error associated with the measurement procedure for
the IL have been taken into account. The precision or repea-
tability of the instrument was better than + 0.001 %.

Abbe Refractometer: Refractive Index. The refractive
index np at the sodium line (Ap = 589.3 nm) and the refrac-
tive index difference ngz — nc for the Fraunhofer lines F (A =
486.1 nm) and C (Ac = 656.3 nm) were measured with an
Abbe refractometer (Leo Kuebler, R 6000 G). The temperature
of the samples was controlled with a laboratory thermostat
within + 0.02 K and measured by a mercury thermometer with
an absolute uncertainty of + 0.5 K. The refractometer was
calibrated with water. Its expanded uncertainties (k = 2) in the
measurement of the refractive index and the refractive index
difference are estimated to be less than + 0.0005 and + 0.001.

NMR Spectroscopy: Self-Diffusion Coefficient. The self-
diffusion coefficients D of the [EMIM]* cation and [B(CN),]”
anion were derived from NMR experiments. The pulsed-field
gradient spin—echo NMR measurements were performed by
using 'H nuclei in the methyl and ethyl chain of the cation and
"B nucleus of the anion. A bipolar pulse longitudinal eddy
current delay was applied as pulse sequence with a sine gradient
shape. In this case, the Stejskal—Tanner equation has to be
modified according to Price,**

I=1I, exp[—D-yzész(M)]

7 M
where I and I are the intensities of a resonance in the presence
and in the absence of the pulsed-field gradient G, y is the gyro-
magnetic ratio (2.675-107° rad-T~"s™" for 'H and 0.8585-107°
rad-T™"s™' for ''B), § is the duration of the pulsed-field
gradient, and A is the time between the two gradient pulses.
Plotting log(I: I,™") versus G% a straight line was obtained
whose slope is directly proportional to D. A Shigemi tube
matched with deuterated chloroform (CDCl;) was used to
prevent convection within the sample. The temperature stabi-
lity during the experiments was better than + 0.5 K, and the
absolute uncertainty in the temperature measurement was
+ 0.05 K. The expanded uncertainty (k = 2) of the NMR experi-
mental data was estimated to be less than + 10 %.

Pendant Drop Technique: Interfacial Tension. For the
evaluation of the dynamic viscosity from SLS, interfacial tension
data are needed in the case of an overdamped behavior of sur-
face fluctuations. For an accurate determination of the dynamic
viscosity, it has to be ensured that the liquid surface conditions
for the pendant drop technique providing interfacial tension
data are equal to those for the SLS measurements. This was
ensured by investigating identical samples of the IL by both
methods. Here, a universal surface analyzer (OEG, SURFTENS
universal) was used, where the geometrical profile of a pendant
drop is compared with the theoretical drop profile obtained
from the Laplace equation. The measurements were performed
inside an optical glass cell for photometry (Hellma, 402.000) at
well-defined conditions for a temperature of (297.04 + 0.1) K.
For the interfacial tension data of the IL, the expanded uncer-
tainty (k = 2) was estimated to be less than + 1 %.

Surface Light Scattering (SLS): Viscosity and Inter-
facial Tension. For a detailed description of the fundamentals
and methodological grinci les of SLS, the reader is referred to
specialized literature.”">>~** Here, a more specific treatment of
the theory of SLS was used by inspecting the hydrodynamic
capillary wave problem in the limiting case of a free liquid
surface, neglecting the presence of a second fluid phase. For the
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present investigations of a phase boundary between an IL and
argon at atmospheric pressure, this can be carried out without
any significant loss of accuracy because the vapor properties are
very small compared to the respective liquid quantities.'**° In
this case, the decay dependence on time ¢ of a particular surface
mode of the form exp[if 7 + iat], with a wave vector_g at a
given point 7, is obtained from the dispersion equation2
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where g is the acceleration of gravity and #, o, and p are the
dynamic viscosity, interfacial tension, and density of the liquid,
respectively. Data for the dynamic viscosity and in addition for
a limited temperature range for the interfacial tension of the IL
were obtained by an exact numerical solution of the dispersion
equation, eq 2. Here, two physical solutions for the temporal
decay of surface fluctuations and thus for the complex frequ-
ency a have to be considered. For temperatures between
(313.15 and 363.15) K, surface fluctuations showed an
oscillatory behavior corresponding to the complex frequency
a5 = £ g + i} ,. Here, the real part represents the frequency
@, and the imaginary part the damping I" of the surface mode
observed. The decay time of the fluctuations 7o = ['™* as well as
the frequency of their propagation w, could be used to deter-
mine # and ¢ simultaneously. For temperatures between
(283.15 and 303.15) K, surface fluctuations were overdamped
and did not propagate (@, = 0). In this case, the complex
frequency is associated with two different damping rates @, , =
il", . For the IL [EMIM][B(CN),] investigated here, from the
two modes decaying at different rates only the one associated
with a; could be resolved. By this, besides the decay time 7, of
surface fluctuations at a given wave number g determined in the
experiment, interfacial tension data from the pendant drop
method were used for an exact evaluation of the dynamic visco-
sity. In addition, the densities p measured by the oscillating
U-tube densimeter were used for analysis of the SLS data in
both cases.

The expanded uncertainty (k = 2) for the dynamic viscosity 7
in the overdamped regime is estimated to be less than + 3 %. In
the transition regime between an overdamped and an oscil-
latory behavior for the temperature range from (313.15 to
333.15) K, the expanded uncertainties (k = 2) for the dynamic
viscosity are estimated to be less than + 6 % and for the
interfacial tension ¢ less than + 8 %. The reason for the
relatively large uncertainties is caused by the experimental
complexity in the transition regime. For higher temperatures
from (343.15 to 363.15) K, the expanded uncertainties (k = 2)
regarding # and o are estimated to be less than + 3 %. The
experimental setup used for the investigation of [EMIM]-
[B(CN),] is the same as that employed in our former SLS investi-
gations for different ILs'"**° and includes a laser (Coherent,
Verdi-2 V; laser wavelength in vacuo 4y = 532 nm; operated at
500 mW), correlator (ALV-7004), optical and electro-optical
parts, sample cell (aluminum; inner diameter, 70 mm; volume,
150 cm?®), and thermostat. Scattered light is detected in the
forward direction near refraction perpendicular to the sur-
face plane at variable and relatively high wave numbers.
For this arrangement, the modulus of the wave vector, g =
(27/49)sin(@g), of the observed surface vibration mode can be
deduced as a function of the easily accessible angle of incidence OF.
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For the experiment, the angle of incidence ®g was set be-
tween 3.0° and 3.2° and measured with a high precision
rotation table with an uncertainty of + 0.005°. The temperature
of the cell was measured with two calibrated 100 Q platinum
resistance probes integrated into the main body of the vessel,
with a resolution of 0.25 mK, using an ac bridge (Anton Paar,
MKT 100). The uncertainty of the absolute temperature mea-
surement was less than + 15 mK. The temperature stability
during an experimental run was better than + 2 mK. For each
temperature, six measurements at different angles of incidence
were performed.

B RESULTS AND DISCUSSION

In the following, the results for density, refractive index, self-
diffusion coefficients, interfacial tension, and dynamic viscosity
are discussed in subsequences. First, the obtained data will be
interpreted in connection with the intermolecular interactions
by comparison with previously investigated [EMIM]-based ILs.
Thereafter, the respective thermophysical properties are com-
pared to available literature. In general, a lack of literature data
for the IL investigated in this work can be found.

Density. The experimental density data obtained for
temperatures between (283.15 and 363.15) K at atmo-
spheric pressure are summarized in Table 1. The densities for

Table 1. Density p of [EMIM][B(CN),] from T = (283.15 to
363.15) K at Atmospheric Pressure

T p

K g-cm_3
283.15 1.04833
288.15 1.04431
293.15 1.04031
298.15 1.03634
303.15 1.03240
308.15 1.02848
313.15 1.02459
318.15 1.02072
323.18 1.01687
328.15 1.01306
333.18 1.00926
338.15 1.00549
343.15 1.00174
348.15 0.99801
353.18 0.99428
358.15 0.99059
363.15 0.98692

[EMIM][B(CN),] pc,c can be represented by a polynomial of
second order with respect to temperature T in K,

Pale = Po + 1T + p, T2 3)
where all data have been taken into account with the same
statistical weight. The fit parameters in eq 3 for the IL studied
were determined to be p, = 1.31360 g:em™>, p, =
—1.06920-107* g-em ™K™', and p, = 4.67194-10"7 g-cm K.
The root-mean-square deviation of the experimental density
data from the correlation according to eq 3 is 0.0014 %, while
the relative deviation of all single data points from the fit lies
clearly within the measurement uncertainty of + 0.02 %.
Fredlake and co-workers® report that for ILs with anions that
are small enough to easily occupy close-approach positions
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around the relatively large cation an increasing molar weight of
the anion causes an increase of density. For most of the
[EMIM]-based ILs investigated in previous works,'”**** the
density increases with increasing molecular weight of the
respective anions. Only for the two ILs [EMIM][MeSO;] and
[EMIM][OcSO,], the densities do not match this behavior.
The present experimental results reveal that [EMIM][B(CN),]
has the lowest densitz compared with the previously studied
[EMIM]-based ILs.'”**** For instance, its density is distinctly
lower than that of [EMIM][N(CN),]," for example, Ap =
—6.3 % at 283.15 K and —7.5 % at 363.15 K based on the
[EMIM][N(CN),] densities, although [B(CN),]™ has a higher
molecular weight than [N(CN),] ™. This might be explained by
the larger volume of the tetrahedral [B(CN),]™ anion with four
cyano groups disturbing the formation of molecular assemblies.
In addition, the strong charge delocalization'' and thus rela-
tively weak coordination®® of [B(CN),]™ to [EMIM]* seems to
result in a small density. The same influences appear to be the
reasons for the lower density of [EMIM][B(CN),] compared
to [EMIM][BE,]** possessing also an anion of lower molecular
weight. The distinctly larger density of [EMIM][NTf,]"* com-
pared with [EMIM][B(CN),] is in agreement with the con-
clusions of Fredlake et al.** due to the high molecular weight
of [NTf,]™.

The deviations between the correlation developed from our
experimental results, eq 3, and literature data are shown in
Figure 1. Tong et al.'® measured the density of [EMIM][B(CN),]
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Figure 1. Deviation of experimental liquid densities p of [EMIM]-
[B(CN),] at atmospheric pressure for temperatures between (283.15
and 363.15) K from the correlation (—, eq 3): A, this work; &, Tong
et al;'® O, Uerdingen.'” Estimated expanded uncertainties (k = 2) of
the present measurements are exemplarily shown as error bars.

for temperatures from (283.15 to 338.15) K with an Anton
Paar DMA 4500 oscillating U-tube densimeter, provid-
ing automatic viscosity correction. The given uncertainty
of + 0.00001 g'cm_3 seems to be underestimated, that is, below
the expected value when taking into account both the error
associated with the calibration and that of the subsequent
measuring procedure. However, their data show relatively good
agreement with our results as the deviation of their single data
points are less than 0.01 % from the correlation obtained in this
work. The measurements provided by Uerdingen'” using an
Anton Paar SVM 3000 viscosimeter show larger deviations
from our fit, for example, from —0.01 % at 293.15 K up to 0.08 %
at 353.15 K. The experimental uncertainties are specified to
be + 0.0005 g-cm_3. The datum of Mahurin et al.*® at 298 K,
which is not shown in Figure 1, strongly deviates by —0.62 %
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with respect to our correlation, eq 3. Neither method nor
uncertainty are stated in the work of Mahurin et al.'®
Refractive Index. The measured data for the refractive
index np and the refractive index difference ny — n for the IL
[EMIM][B(CN),] in the temperature range from (283.15 to
313.15) K at atmospheric pressure are summarized in Table 2.

Table 2. Refractive Index np, and Refractive Index Difference
ng — nc of [EMIM][B(CN),] from T = (283.15 to 313.15) K
at Atmospheric Pressure

T/K fip ng — fic
283.15 1.4533 0.0099
293.15 1.4499 0.0098
303.15 1.4465 0.0095
313.15 1.4432 0.0094

The refractive index ny. can be calculated by the linear

equation

cale

An
feale = no + mT + A_ﬂ(i - AD) )

where T represents the temperature in K, A the wavelength in
m, and Ap (= 589.3-10”° m) the wavelength of the sodium
vapor line. In eq 4, the fit parameters considering the present
results are n, = 1.54870 and 1, = —0.000337 K™/, and the mean
dispersion is An/AA = —56776 m™". The latter corresponds to
the average value of the refractive index differences np — nc and
is assumed to be independent of temperature. For [EMIM]-
[B(CN),], the root-mean-square deviation of the experimental
refractive index data np from their correlation according to eq 4
is 0.004 %. The deviations of the single data points from the fit
are clearly within the measurement uncertainty of + 0.000S.
Deetlefs et al.> and Brocos et al.>* report that the larger the
reduced molar free volume is, that is, the unoccupied part of the
molar volume of a substance, the smaller is its refractive index.
This is in good agreement with the behavior of the refractive
indices of the [EMIM]-based ILs investigated in previous
works.'”?® A comparison with these ILs reveals that [EMIM]-
[B(CN),] possesses a relatively small refractive index. For
instance, [EMIM][B(CN),] shows a smaller refractive index
than [EMIM][N(CN),]"” which can be explained by its lower
density in consequence of the high charge delocalization and
large volume of [B(CN),]™. The smaller refractive index of
[EMIM][NTS,]" with respect to [EMIM][B(CN),] is
probably due to the distinctly larger volume of the anion, result-
ing in larger reduced molar free volume and less refraction.

Self-Diffusion Coefficient. The self-diffusion coefficients
of the cation D, and of the anion D_ in the temperature range
from (273.15 to 318.15) K at atmospheric pressure are sum-
marized in Table 3 and Figure 2. The self-diffusion coefficients
in dependence on temperature T in K follow an Arrhenius
behavior for the limited temperature range,

Ea+/-
Dy /- =Do,+/- eXP(—F)

©)

with the pre-exponential factor Dy and the activation energy for
the self-diffusion E, of the cation (+) and of the anion (-),
respectively. For [EMIM][B(CN),], the corresponding values
determined by the fit of eq S are Dy, = 8.66:107° m*s™" and
D, = 3.14-107° m*s7", as well as E,, = 2945 kJ'mol™! and
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Table 3. Self-Diffusion Coefficients of the Cation [EMIM]*
(D,) and of the Anion [B(CN),]” (D_) from T = (273.15 to
318.15) K at Atmospheric Pressure

T 102 D, 10" D_
K m?s7! m?s~!
273.15 19.8 25.0
283.15 319 385
288.15 415 40.6
293.15 50.7 48.8
298.15 58.1 69.3
308.15 86.1 97.8
318.15 128.0 125.5
5.0
45
b 40
E
g 35
=)
< 3.0
25 L ! L ! L
3.1 3.2 3.3 3.4 3.5 3.6 3.7
103 TYK?

Figure 2. Self-diffusion coefficients of the cation [EMIM]* (D,) and
of the anion [B(CN),]” (D_) in [EMIM][B(CN),] at atmospheric
pressure as a function of temperature: A, [EMIM]*; <, [B(CN),]™.
Lines are based on the fit according to eq S. Estimated expanded
uncertainties (k = 2) of the present measurements are exemplarily
shown as error bars.

E,_ = 2674 kKJ'mol™". In eq S, R (= 83145 J-mol "K')
represents the universal gas constant.

Since there are no literature data available for [EMIM]-
[B(CN),] as well as different [B(CN),]-based ILs, the self-diffusion
coefficients determined in this work can only be compared with
other ILs containing the [EMIM]* cation to investigate the anion
effect. The comparison shows that [EMIM][B(CN),] exhibits
high values for the self-diffusion coefficients. For example,
values for [EMIM][NTE,] (D, = 49.5-1072 m*s™ and D_ =
30.9-1072 m2-s7!) at 298 K are lower.>® A reason for this might
be that [NTf,]™ is larger than [B(CN),]”, resulting in slower
diffusion, in particular of the anion. Correspondingly, the
diffusivity of the [EMIM]* cation in [EMIM][NTY,] is also
reduced. In addition, the comparatively weak interaction be-
tween [B(CN),]” and [EMIM]" seems to enhance the self-
diffusivity of both ions. Even [EMIM][BF,], which has a smaller
but geometrically similar anion compared with [EMIM][B(CN),],
shows lower diffusion coefficients,** confirming the major contri-
bution of the weak intermolecular interactions in [EMIM]-
[B(CN),] on the self-diffusion coefficients.

Interfacial Tension. Table 4 and Figure 3 summarize the
values obtained for the interfacial tension of [EMIM][B(CN),]
within this work. For temperatures of (313.15 to 363.15) K,
interfacial tension was determined from SLS experiments. In
addition, one single datum was measured with the pendant
drop technique at a temperature of 297.04 K at atmospheric
pressure. This value is combined with the temperature de-
pendence of the density to predict the interfacial tension in the
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Table 4. Interfacial Tension ¢ of [EMIM][B(CN),], Obtained
from Pendant Drop Technique at T = 297.04 K, and from SLS
Experiments in the Range T = (313.15 to 363.15) K at Atmo-
spheric Pressure

T o
K mN-m™!
297.04 47.09
313.15 4329
323.15 41.60
333.15 39.53
343.15 3833
353.15 36.52
363.15 35.80
52 T T T T T T T T
50 &~ -
| o> i
8 ~I%p0 6 o
46 ~3 Lo oS o —
3 Lol o
E 44 - -
= A
E 42 | -
® 40 — A =
38 A _]
36 - % A
34 ] ] ] ] ] ] ] ]
280 290 300 310 320 330 340 350 360 370

TIK

Figure 3. Interfacial tension ¢ of [EMIM][B(CN),] at atmospheric
pressure as a function of temperature: A\, this work obtained from
SLS; O, this work obtained from pendant drop; —, eq 6 using data
from pendant drop and density, eq 3; — —, estimated uncertainty of
the prediction, eq 6; <, Tong et al.'® Estimated expanded uncer-
tainties (k = 2) of the present measurements are exemplarily shown as
error bars.

temperature range from (283.15 to 303.15) K and to evaluate
the dynamic viscosity from the SLS experiments in the same
temperature range. The prediction method is based on the
MacLeod—Sudgen correlation.®® MacLeod®® suggested a
relation between the interfacial tension o, the liquid density
p1, and the vapor density py, 6"/* = C(p, — p,), where C is a
constant. Sugden®” modified MacLeod's expression and intro-
duced a temperature-independent parameter, the parachor P =
CM, which can be estimated from the structure of the molecule.
For ILs, the existence of a vapor phase inside the measurement
cell can be neglected. Thus, for the prediction of the tem-
perature dependency of interfacial tension, only a single experi-
mental value for the interfacial tension at an arbitrary reference
temperature and the knowledge of the temperature dependency
of the density are required. The interfacial tension ¢ at any
temperature in this work was predicted by

0 = et (P/ o)’ (6)

where o, and p, are the measured interfacial tension and
density at the reference temperature 297.04 K. The proposed
prediction scheme typically represents the interfacial tension of
high viscosity fluids with an uncertainty of less than 2 %, which
was tested for several reference fluids, see, for example, ref 22.
As expected, the surface tension decreases with increasing
temperature; see Figure 3. The experimental SLS values follow
an almost linear dependency with respect to T. The predicted
values according to eq 6 and the SLS data seem to converge for
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low temperatures. Thus, the prediction should be applicable
within 2 % over a limited temperature range. Until now, only a
limited number of studies on the interfacial tension of ILs are
available in literature. In our previous studies,"**%*3 it was ob-
served that ¢ of ILs containing the same cation is strongly
influenced by the strength of electrostatic interactions between
the anion and the cation. Referring to Tokuda et al,*® these
interactions are affected by the Lewis basicity of the anion. The
Lewis basicity was found to be high for anions having locally
large negative charges with an asymmetric distribution and to
be low for anions having symmetrically distributed low negative
charges. Thus, a high Lewis basicity corresponds with a high
interfacial tension. In addition, Law and Watson® found that
the interfacial tension of ILs with the same cation increases with
increasing molecular size of the anions being highly symmetri-
cal such as [Cl]7, [BF,]”, or [PF]™. The reason for the lower
interfacial tension of [EMIM][B(CN),] compared with
[EMIM][N(CN),] is probably the strong charge delocaliza-
tion'' and thus low Lewis basicity of [B(CN),], confirming
the explanations of Tokuda et al.*® The same behavior seems to
be the reason for the lower interfacial tension of [EMIM]-
[B(CN),] compared to [EMIM][BF,],** an IL with a smaller
and symmetrical anion. This observation is in disagreement
with the conclusions of Law and Watson.>® Furthermore,
[EMIM][B(CN),] shows higher values than [EMIM][NTf,],"’
possibly due to lower charge delocalization in the smaller
[B(CN),]” anion than in the large [NTf,]™ anion.

For the interfacial tension, a comparison of our data obtained
from SLS with experimental data from Tong et al.'® can be
drawn. They found significantly larger interfacial tensions com-
pared with the SLS values, where the deviation is more
pronounced for higher temperatures. The deviations are 8.1 %
at 313.15 K and 13.8 % at 333.15 K. The authors report that a
tensiometer based on the forced bubble method was used with
a temperature uncertainty of + 0.05 K and an experimental
uncertainty in the interfacial tension values of + 0.2 mN-m™".

Viscosity. The results for the dynamic viscosity from SLS at
temperatures between (283.15 and 363.15) K at atmospheric
pressure are shown in Table 5. Each data point represents the

Table 5. Dynamic Viscosity 77 of [EMIM][B(CN),] from T =
(283.15 to 363.15) K at Atmospheric Pressure

T n

K mPa-s
283.15 37.06
288.15 27.75
293.15 21.79
303.15 14.65
313.15 10.09
323.15 7.61
333.15 5.77
343.15 4.67
353.15 3.70
363.15 3.16

average of six independent measurements with different moduli
of the wave vectors q. The experimental data can well be
represented in the form of a Vogel equation,

Neale = Mo exp[B/(T — C)] ?7)

where T is the temperature in K, and #, = 0.15660 mPa-s, B =
533.987 K, and C = 185.231 K are the fit parameters found for
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[EMIM][B(CN),]. For the data correlation, the statistical
weight of each data point has been assumed to be the same.
The root-mean-square deviation of the viscosity data from the
fit is 1.37 %. The relative deviation of the single data points
from the fit is clearly smaller than the expanded uncertainty
(k=2) of less than + 3 % for temperatures between (283.15 to
303.15) K and (343.15 and 363.15) K, and + 6 % in the
transition region for T = (313.1S to 333.15) K. Beside the
entanglement between the molecules, the viscosity of ILs is
generally governed by Coulomb forces, van der Waals (vdW)
interactions, and hydrogen bonding. Bonhéte et al.*’ stated in
their work that charge delocalization within the anion weakens
intermolecular hydrogen bonding with the cation, leading to
lower viscosities if not overcompensated by vdW interactions.
These structure—property relationships were confirmed for
the ILs in our previous works.'”*® In the [B(CN),]™ anion,
the negative charge is uniformly delocalized over the four cyano
groups tetrahedrally surrounding the boron cation."' In con-
sequence, [B(CN),]™ is considered to be a relatively weakly
coordinating anion.*° In addition to this, the low viscosity of
[EMIM][B(CN),] can also be attributed to the relatively low
molecular weight of the anion as well as to the weak vdW
interactions of the cation due to the short ethyl chain. Com-
pared with previously studied ILs'**° and other [EMIM]-based
ILs such as [EMIM][BE,]">*"** and [EMIM][(FSO,),N],"®
the investigated IL has the lowest viscosity, even lower than
that of [EMIM][N(CN),],"* which is known as a very low-
viscosity IL. The strong charge delocalization of the [B(CN),]~
anion seems to compensate for its larger molecular size com-
pared with the [N(CN),]” anion. The increase of vdW
interactions from [EMIM][N(CN),] to [EMIM][B(CN),] is
expected to be low. In addition, viscosity data for [EMIM]-
[NT£,]" are higher compared to [EMIM][B(CN),]. For the
viscosity of [EMIM][B(CN),], four other very inconsis-
tent data sources are available in the literature; see Figure 4.
Mahurin et al." report a value of 17 mPa-s for a temperature of
298 K. The value deviates by —4.5 % from the correlation
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Figure 4. Deviation of experimental dynamic viscosities # of
[EMIM][B(CN),] at atmospheric pressure for temperatures between
(283.15 and 363.15) K from the correlation (—, eq 7): A, this work;
@, Mahurin et al;*> B, Pitner and Ignatyev;15 O, Uerdingen;17 +,
Welz-Biermann et al.'® Estimated expanded uncertainties (k = 2) of
the present measurements are exemplarily shown as errors bars.

obtained in this work. The authors give no information on the
instrument used, its uncertainty, or the water content of the
investigated sample. The measurements of Pitner and
Ignatyev'® deviate by 12.1 % at 298 K and 17.0 % at 333 K
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from our correlation. The experiments were performed with an
Anton Paar SVM 3000 viscosimeter according to the Stabinger
principle. The measurement uncertainty for the data in the
expanded temperature range is stated as + 1 %. The data set
provided by Uerdingen'’ was measured with the same
instrument including the same uncertainty as performed by
Pitner and Ignatyev. S At 293.15 K, the datum is 1.1 % lower
than the fit to our data, while increasing T leads to positive
deviations of up to 18.6 % at 353.15 K. Here, the water content
of the samples investigated by Uerdingen'” is stated as 4 ppm.
Welz-Biermann et al.'® report for the viscosity of [EMIM]-
[B(CN),] a value of 19.8 mPa-s at 293.15 K, without stating
the method and uncertainty.

B CONCLUSION

This work presents several thermophysical properties of the
imidazolium-based IL [EMIM][B(CN),] in dependence on
temperature at atmospheric pressure. The experimental data for
the density, refractive index, self-diffusion coefficients, inter-
facial tension, and viscosity were discussed qualitatively in
connection with other [EMIM]-based ILs. The results show
that the thermophysical properties of [EMIM][B(CN),] are
strongly influenced by the high charge delocalization in the
anion and thus its weak interaction with the cation. The most
remarkable characteristic of the IL is its very low viscosity
which makes it attractive for different applications, in particular
for its use in gas separation processes and electrolyte applica-
tions. In addition, a comparison with available literature for
[EMIM][B(CN),] was drawn, yet at present only a scarce data
situation can be found. The disagreements between different
data sources may be attributed to an inconsistent sample purity
and unspecified experimental conditions but also influenced by
inconsistent experimental techniques as well as an inadequate
estimation of their uncertainty.
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