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Abstract
In the present study, the viscosity and surface tension of the commercial low-vis-
cosity ionic liquid (IL) 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([EMIM][NTf2]) were determined by a combination of surface light scattering 
(SLS) and the pendant-drop (PD) method between (303 and 473) K. Both methods 
operating at thermodynamic equilibrium were applied inside the same measurement 
cell at identical experimental conditions under an argon atmosphere at 0.1 MPa. For 
SLS measurements performed in the temperature range from (303 to 323) K, the 
overdamped behavior of the surface fluctuations allowed access to the viscosity with 
an expanded uncertainty of 2.3 % using the surface tensions determined via the PD 
method with an uncertainty of 2 % as input quantities. Above 323 K up to 473 K, the 
oscillatory behavior of the probed surface fluctuations by SLS enabled a simultane-
ous determination of viscosity and surface tension with average expanded uncertain-
ties of (4 and 3) %, respectively. Multiple repetition measurements by both methods 
have been conducted at 323 K after experiments at larger temperatures up to 473 K, 
and the consistency of their results could indicate a sound thermal stability of the 
IL sample. The mutual agreement of the surface tension results from SLS and the 
PD method between (353 and 473) K demonstrates that both techniques analyze the 
very same IL surface. For both properties, the results from this work agree well with 
the majority of experimental data reported in the literature typically up to 353 K. In 
summary, the viscosity and surface tension results presented in this study contribute 
to an improved data landscape for this particular IL and ILs in general at elevated 
temperatures.
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1  Introduction

Ionic liquids (ILs) are electrolytes that feature a liquid state typically below 
100 °C and often even at room temperature. Due to the wide number of potential 
combinations of cations and anions as well as their interesting properties such as 
the extremely low vapor pressure, ILs are interesting working fluids for various 
applications in research and industry [1–4]. In the field of reaction engineering, 
for example, ILs may serve as liquid containers for performing many industri-
ally important catalytic processes including hydrogenation, dehydrogenation, 
or hydroformylation [3–6]. Since these reactions appear often at relatively large 
temperatures around 393 K or above, the characterization of the involved ILs via 
their thermophysical properties at process-relevant conditions is of significant 
relevance for the design and optimization of processes and process equipment. 
The present study focuses on viscosity as the transport property for the descrip-
tion of momentum transfer and on surface tension as the key equilibrium property 
for the characterization of fluid interfaces.

As a representative model system, the commercially available IL 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide) (often abbreviated by 
[EMIM][NTf2] in literature) has been chosen here due to its interesting properties 
for aforementioned applications such as a wide electrochemical window [7], a 
relatively low viscosity, its hydrophobicity, and a high degree of thermal stabil-
ity. According to the literature [8], [EMIM][NTf2] has been categorized as “most 
stable” with respect to long-term thermal stability, i.e., only 1 % mass loss was 
observed over a 10 h duration at an elevated temperature of 495 K. For this IL, an 
extensive research on the thermophysical properties has already been conducted, 
also with respect to viscosity and surface tension, which is documented in the 
“NIST Ionic Liquids Database—ILThermo” [9]. As will be addressed in the pre-
sent work, the partly observed discrepancies among published experimental data 
sets for ILs seem to originate from differences in the sample characteristics and/
or the improper application of experimental techniques. Furthermore, the litera-
ture survey reveals that only a limited number of viscosity [10–14] and surface 
tension [12, 15, 16] data is available for [EMIM][NTf2] at temperatures above 
353 K. This lack of information is the common situation for ILs [9] and compli-
cates the understanding of their fluid behavior at elevated temperatures.

In former studies, e.g., in Refs. [17–19], it could be shown that surface light 
scattering (SLS) allows for a reliable determination of the viscosity of ILs with 
an expanded (coverage factor k = 2) uncertainty of 3 % and below. In compari-
son to conventional techniques, the main advantage of the SLS technique is the 
possibility of determining the viscosity and, for fluids of relatively low viscos-
ity, also the surface or interfacial tension in macroscopic thermodynamic equi-
librium in an absolute way without any calibration procedure [20, 21]. Recently 
[22], the SLS technique could be combined with conventional tensiometry in the 
form of the pendant-drop (PD) method within one setup, which offers the oppor-
tunity to investigate the very same samples by both measurement principles. This 
is particularly beneficial for ILs with their commonly large viscosities, where the 
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evaluation of the SLS signals requires information on the surface tension to deter-
mine the viscosity. Under such conditions, the determination of viscosity and sur-
face tension by the combination of SLS and the PD method could be realized for 
ILs and IL mixtures at gas pressures between (0.02 and 10) MPa and tempera-
tures between (303 and 393) K [22–24].

The main objective of the present study is to extend the investigations on ILs by 
conducting combined SLS and PD experiments at temperatures up to 473 K, which 
provides multiple advantages. First, it allows for the evaluation of the thermal sta-
bility of a dried [EMIM][NTf2] sample under a controlled inert gas atmosphere of 
argon at 0.1 MPa. Once the thermal stability is confirmed, the application of ele-
vated temperatures can be utilized to study a range of sufficiently low IL viscosities, 
where SLS experiments allow for a simultaneous determination of viscosity and sur-
face tension. The latter property can then be compared directly with corresponding 
results obtained from the PD method. Furthermore, corresponding experiments can 
provide an extension of the available database for viscosity and surface tension of 
the IL [EMIM][NTf2] with respect to higher temperatures.

2 � Theoretical Background

In this section, the principles of the SLS technique and PD method are briefly sum-
marized. A detailed description on the hydrodynamic theory behind SLS and its 
experimental realization for the determination of viscosity and/or surface or inter-
facial tension of two-phase systems can be found in literature, see, e.g., in Refs. [20, 
21, 25]. In connection with the PD method, a fundamental discussion on the theory 
and proper execution of this type of tensiometer is provided in Ref. [26].

In SLS, the dynamics of surface fluctuations, also called capillary waves, present 
at the phase boundary between two fluid phases can be analyzed at macroscopic 
thermodynamic equilibrium. These dynamics are accessible by analyzing the light 
scattered from the phase boundary at a specified modulus of the wave vector q. 
Using photon correlation spectroscopy, the measured time-dependent correlation 
functions (CF) of the scattered light intensity reflects the temporal behavior of the 
surface fluctuations, which is characterized by their decay time τC and their propa-
gation frequency ωq. This observed temporal behavior gives rise to two different 
scenarios, namely, the overdamped behavior (ωq = 0) or the oscillatory behavior 
(ωq ≠ 0), which can be differentiated by the dimensionless capillary number Y. This 
quantity depends on the probed q and several thermophysical properties of fluid 
including the liquid dynamic viscosity ηL and the surface tension σ. For Y < 0.145, 
corresponding to large ηL and small σ, the surface fluctuations show an overdamped 
behavior, and the predominantly present mode with the characteristic decay time τC 
gives typically only access to the ratio of ηL to σ. For Y > 0.145, i.e., small ηL and 
large σ, the surface fluctuations are characterized by an oscillatory behavior reflected 
by both τC and ωq. For the accurate determination of ηL and σ, the dispersion rela-
tion for surface fluctuations at the gas–liquid phase boundary [21, 27] needs to be 
used in its complete form, as it has been carried out in the present work. For this, 
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also reference data for the liquid density ρL, the gas density ρG, and the gas viscosity 
ηG were considered.

In addition to SLS, the PD method has been used for the determination of σ. At 
thermodynamic equilibrium, the shape of a liquid droplet exposed to a surrounding 
gas atmosphere and hanging on the tip of, for example, a capillary is governed by 
the competition between the gravitational force due to the gravitational field and the 
capillary force caused by σ. Based on axisymmetric drop shape analysis (ADSA) 
[28], the evaluation of σ is performed by comparing the experimentally recorded 
droplet contour with the theoretically defined droplet geometry described by the 
Young–Laplace (YL) equation [26]. Details to this evaluation procedure can be 
found in Ref. [29]. Besides the geometric calibration of the optical system, which 
allows for the pixel-to-metric scale conversion, the information about ρL and ρG are 
required to solve the YL equation. The data for σ obtained by the PD method were 
also used to evaluate ηL from SLS experiments in the overdamped case.

3 � Experimental Section

3.1 � Sample Preparation and Measurement Procedure

A sample of the IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) 
([EMIM][NTf2], molar mass M = 391.31  g·mol−1) was purchased from IoLiTec 
(Ionic Liquids Technologies GmbH) with a purity of 99.5 % and a specified water 
content of less than 100  ppm. By subjecting the sample to a degassing process 
at about 0.5 Pa and 323 K for 4 h, the water content could be further reduced to 
47 ppm, as analyzed by a Karl-Fischer coulometer. Subsequently, the degassed sam-
ple was transferred to the experimental setup, and the experiments were conducted 
under an argon (Ar) atmosphere. This gas was delivered by Linde AG with a volume 
fraction purity of more than 0.99999.

Combined SLS and PD measurements were performed within a setup specifically 
designed for this task. A detailed description of the SLS-PD setup can found in our 
previous study [22]. Prior to the measurements, the sample cell made of stainless 
steel was filled with the pure and dried IL sample, and flushed with Ar by adjusting 
a pressure of around 0.1 MPa measured by a pressure transducer. By applying resist-
ance heating and several Pt-100 temperature probes, the temperature of the sample 
cell could be adjusted to a stability below ± 6 mK up to 373 K, which increased up 
to ± 80 mK at 473 K. The reported temperature T refers to the temperature measured 
in the gas phase next to the PDs produced in the upper part of the cell via a con-
nected syringe. In the bottom part of the cell, a liquid sample of about 20 mL is used 
for SLS measurements. The uncertainty in T can be interpolated linearly between 
(0.02 to 0.50) K in the investigated temperature range from (303 to 473) K. This 
conservatively stated uncertainty considers the uncertainty of the probe itself, the 
T stability, and the deviations in temperature between the probe in the gas phase 
used for the specification of T and in the stainless steel cell underneath the liquid 
phase, as detailed in Ref. [22]. Once equilibrium conditions were reached, PD and 
SLS measurements were performed in a consecutive manner at eleven temperatures 
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in the range from (303 to 473) K by a stepwise increase of T. In the case of the PD 
measurements, the reported σ results represent the mean averages of 25 individual 
images captured from 5 drops for each thermodynamic state. The maximum devia-
tion of the 25 individual values for σ was found to be always less than 1 %. For the 
heterodyne SLS experiments performed in reflection direction, where the scattered 
light is detected perpendicularly to the gas–liquid interface, four single measure-
ments associated with different moduli for q between (5.11 and 6.59) × 105 m−1 were 
conducted for each T. By forming the mean averages of the corresponding results, 
the final values for ηL in the overdamped case and for ηL and σ in the oscillatory case 
were obtained.

To control the thermal stability of the sample, regular repetition measurements 
were conducted at 323 K after experiments at larger T. After these repetitions, the 
temperature was again increased to the next larger value. A detailed discussion on 
this issue is given in Sect. 4.1. For performing the combined SLS-PD experiments 
at each temperature state, the measurement time was on the order of 4 h. The entire 
measurement period including several temperature loops lasted about one and a half 
week.

3.2 � SLS Measurement Examples

To visualize the two different temporal behaviors of the surface fluctuations 
at the interface between the IL [EMIM][NTf2] and Ar, Fig.  1 shows two CFs 
recorded by SLS experiments at the lowest (left part) and highest (right part) 

Fig. 1   Measurement examples of the normalized CFs (upper part) and their residuals (lower part) for 
[EMIM][NTf2] as a function of delay time τ obtained from SLS experiments in reflection direction with 
an overdamped behavior at T = 303 K (left) and an oscillatory behavior at T = 473 K (right)
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temperatures investigated in this study. At 303 K, the CF on the left side obtained 
at q = 5.40 × 105 m−1 reflects an overdamped behavior (Y ≈ 0.034). Based on a sin-
gle exponentially decaying function applied to the measured CF, a decay time and 
related expanded (k = 2) uncertainty τC = (2.695 ± 0.026) µs are obtained by fit. Such 
an overdamped behavior was observed for temperatures between (303 and 323) K. 
At 333 K, the transition from the overdamped to the oscillatory case in the region 
near the critical damping (Y ≈ 0.145) took place, where the representation of the CF 
is very challenging and only possible with relatively large uncertainties. As a result, 
no SLS results are reported here. Starting from 353 K, a clear oscillatory behavior 
of surface fluctuations was found, as it can also be seen in the right part of Fig. 1 for 
473 K. To represent this CF (Y ≈ 4.8) and all other CFs in the oscillatory case, the 
influence of the rotational flow in the liquid bulk of the fluid on the damped oscilla-
tion signal had to be considered in accordance with the evaluation strategy discussed 
in Ref. [30]. As a result, accurate τC and ωq data with typical relative uncertainties 
of 3 % and 1 %, respectively, could be extracted from the experimental SLS signals. 
In both scenarios, the residual plots showing the deviations of the measured from 
the fitted data in the lower part of Fig. 1 are free of any systematics, which indicates 
the validity of the theoretical working equations.

4 � Results and Discussion

The results of the liquid dynamic viscosity ηL and surface tension σ of [EMIM][NTf2]  
for temperatures T between (303 and 473) K obtained from combined SLS-PD 
experiments are summarized in Table  1. Therein, also the input parameters for 
liquid density ρL, vapor density ρG, and vapor viscosity ηG are included. Here, ρL 
was obtained using the fit equation determined from density measurements by 
Tariq et al. [15] at 0.1 MPa in the temperature range from (293 to 473) K, which 
are accompanied by a reported uncertainty of 0.4 %. The influence of the Ar gas 
pressure of 0.1 MPa on ρL can safely be neglected. Considering the extremely low 
vapor pressure of ILs, the gas phase is given by pure Ar, for which the gas proper-
ties ρG and ηG were calculated using the REFPROP database [31] at the specified 
measurement conditions in terms of temperature and pressure. The corresponding 
expanded (k = 2) uncertainties for ρG and ηG can be found in the caption of Table 1. 
In line with our previous studies [22, 23, 32], the expanded (k = 2) uncertainty for 
the reported surface tension data from PD method is specified to be 2.0 %. This 
uncertainty sufficiently accounts for the uncertainty related to the used correlation 
for ρL and is also considered in the evaluation of ηL and its uncertainty from SLS 
measurements in the overdamped case. The corresponding uncertainties for the SLS 
results were calculated from error propagation schemes considering the uncertain-
ties of the relevant input parameters. More details to these schemes are reported in 
Ref. [22]. By averaging over the individual uncertainties within the overdamped and 
oscillatory region, expanded (k = 2) uncertainties of 2.3 % for ηL in the overdamped 
case as well as of 4.0 % and 3.0 % for ηL and σ, respectively, in the oscillatory case 
were obtained.
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In the following, the thermal stability of the IL sample up to 473 K is first vali-
dated by analyzing the thermophysical property results from several repetition meas-
urements. Thereafter, the results for viscosity and surface tension of [EMIM][NTf2] 
listed in Table 1 are represented by temperature-dependent correlations and are dis-
cussed. Here, a particular focus is on the comparison of the experimental data avail-
able in literature for viscosity and surface tension at or close to ambient pressure of 
0.1 MPa with the present results.

4.1 � Check of Thermal Stability

To probe the thermal stability of the studied [EMIM][NTf2] sample up to elevated 
temperatures of 473  K, a couple of repetition measurements by SLS and the PD 
method were conducted at 323 K. The measurements were performed after corre-
sponding measurements at larger temperatures of (373, 413, 453, and 473) K, i.e., 
four temperature cycles were carried out. In Fig.  2, the relative deviations of the 
results for the surface tension σ (left part) and liquid viscosity ηL (right part) deter-
mined from the repetition PD and SLS measurements at 323 K, relative to the cor-
responding reference values obtained from the initial measurements at 323 K, are 
shown in the form of bar diagrams. These reference values refer to the fit values 
ηL,calc and σcalc developed from the T-dependent measurement results in Sects. 4.2 
and 4.3, respectively. As can be seen in Fig.  2, the repetition results are always 
within ± 1.0 % for surface tension and within ± 1.2 % for viscosity in comparison to 
the initial values. These deviations are smaller than the related expanded uncertain-
ties of the individual data indicated by the dashed lines in both parts of Fig. 2 for the 
reference values. All these findings indicate a certified long-time thermal stability of 
[EMIM][NTf2] up to 473 K under an inert gas atmosphere over the total measure-
ment period. Such statement is in agreement with studies [8, 33, 34] on the thermal 
stability of this particular IL, and ensures the reliability of the present viscosity and 
surface tension results.

Fig. 2   Bar diagrams showing the relative percentage deviation of the results from the repetition measure-
ments for the surface tension (left, measured by PD method) and viscosity (right, measured by SLS) at 
323 K after investigations at elevated temperatures of (373, 413, 453, and 473) K, relative to the initial 
values σcalc and ηL,calc obtained at 323 K. In both plots, the dashed lines represent the expanded (k = 2) 
uncertainties for the reference values of the corresponding property
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4.2 � Liquid Viscosity

The SLS results for the liquid dynamic viscosity ηL of [EMIM][NTf2] listed in 
Table 1 are plotted as a function of T in the upper part of Fig. 3. They cover a 
broad viscosity range from (28 down to 2) mPa·s, show the typical decreasing 
behavior with increasing temperature, and could be correlated well by a Vogel-
type equation according to

By unweighted fitting of all the experimental data in the entire T range via a 
least-squares minimization algorithm, the three fit parameters of Eq. 1 are deter-
mined to be η0 = 0.11220  mPa·s, B = 957.13  K, and C = 128.89  K. The average 
absolute relative deviation (AARD) of the measured data from Eq. 1 is 1.3 %. As 

(1)�L,calc(T) = �0 exp (B∕(T − C)).

Fig. 3   Data comparison for liquid dynamic viscosity ηL of [EMIM][NTf2] at 0.1 MPa as a function of 
temperature T. The upper part presents the absolute values obtained from the present SLS measurements 

 as well as collected from literature and categorized according to the used measurement technique, 
while the lower part shows the relative deviations of the experimental data from the fit ηL,calc ( , Eq. 1) 
developed from the present SLS results. Error bars representing the experimental expanded (k = 2) uncer-
tainties are only shown for the present SLS data (Color figure online)
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can be seen from the lower part of Fig. 3, the relative deviations of the SLS data 
from ηL,calc are always smaller than their uncertainties indicated by the error bars.

In Fig. 3, the viscosity values obtained in this study are also compared with the 
experimental data in literature from in total 30 different Refs. [10–14, 19, 35–58], 
which were collected from the IL database “ILThermo” [9] since the year 2008 and 
include at least 3 data points per set. These database encompasses various types of 
used viscometers, as classified by different marker types in Fig. 3. According to the 
lower part of Fig. 3, our viscosity data are generally in the middle of the literature 
values determined in most cases only up to about 353 K. Particularly, good agree-
ment within about ± 5 % is observed with the results from former SLS experiments 
limited to T of 333  K [19], falling or rolling sphere viscometry [11, 14, 36–44], 
capillary viscometry [50–52, 54], and most studies using concentric cylinder vis-
cometry [10, 12, 45–49, 56]. A few notable outliers could be identified, which 
holds particularly true for the data reported in the study of Trenzado et al. [58]. 
Their data for ηL obtained by capillary viscometry deviate significantly from all the 
remaining database with relative deviations of more than + 60 % from Eq. 1, which 
exceed the scales illustrated in Fig. 3. By trend, systematic negative deviations from 
ηL,calc down to − 15 % are evident for the literature values obtained using cone and 
plate viscometry [13, 35, 55]. Furthermore, the viscosity data from Seki et al. [57] 
obtained using concentric cylinder viscometry scatter around the SLS-based corre-
lation, with relative deviations between − 7 % and + 19 %. Based on a review of all 
references, it has been found that the water content of the investigated IL samples 
has been sufficiently low, thereby excluding the influence of water as a common rea-
son for too low viscosity values of ILs [59]. Overall, the current investigation of the 
viscosity of [EMIM][NTf2] by SLS agrees well with the existing literature and could 
significantly extend the database towards higher temperatures up to 473 K.

4.3 � Surface Tension

The experimental data for the surface tension of [EMIM][NTf2], obtained from the 
PD method and denoted by σPD in Table 1, are represented in Fig. 4 in dependence 
on temperature. From (303  to 473) K, the measurement results show the typically 
found, relatively linear decrease with increasing T. Thus, a linear correlation func-
tion with respect to temperature given by

could be applied. The parameters in Eq. 2 determined from an unweighted fitting 
procedure are σ0 = 50.42 mN·m−1 and σ1 = − 0.04772 mN·m−1·K−1. This results in 
an AARD of the PD data from σcalc of 0.13 %. In all cases, the relative deviations of 
the PD values from σcalc are clearly lower than their uncertainties displayed by the 
red error bars.

Figure  4 includes also the experimental surface tensions of [EMIM][NTf2] 
obtained from the present SLS experiments (denoted by σSLS in Table 1) between 
(353 and 473) K simultaneously with the determined viscosities as well as all pre-
viously published data in literature accessed by the IL database “ILThermo” [9]. 

(2)�calc = �0 + �1T
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These ten different datasets featuring at least three single T-dependent data points 
are cataloged based on the applied measurement method, which is assigned to a 
specified marker symbol in Fig. 4. Here, it can be seen that the SLS results show 
excellent agreement with the results from the PD method within 2 % over the entire 
temperature range. This demonstrates the reliable access to the surface tension by 
the SLS technique, even close to the critical damping of surface fluctuations at Y 
numbers around 1, where the experiments and the data evaluation are more chal-
lenging. The agreement of the σ results also implies that the IL phase boundaries 
studied by the macroscopic PD method and the microscopic SLS technique are prac-
tically identical.

The majority of the literature sources is restricted to the lower temperature range 
below 373  K. In this range, the datasets related to the PD method [46, 60] and 

Fig. 4   Data comparison for surface tension σ of [EMIM][NTf2] at 0.1 MPa as a function of temperature 
T. The upper part presents the absolute values obtained from the present PD  and SLS  measure-
ments as well as collected from literature and categorized according to the used measurement technique, 
while the lower part shows the relative deviations of experimental data from literature from the fit σcalc 
( , Eq. 2) developed from the PD results. Error bars representing the experimental expanded (k = 2) 
uncertainties are only shown for the present PD and SLS data (Color figure online)
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Wilhelmy plate method [16, 61] as well as most of the surface tension determined 
by ring tensiometers [61–63] match the present PD data σcalc mostly within ± 2 %, 
see Fig. 4. Exceptions are the distinctly larger values obtained by Beigi et al. [12] 
and Kilaru et al. [64] with the help of ring tensiometers. Since water can practi-
cally be excluded as a possible error source for σ of IL [59], it seems that the used 
measurement devices were not applied properly. For temperatures above 373 K, only 
Tariq et al. [15] employed the PD method for investigations up to 533 K. In the tem-
perature range from (303 to 473) K relevant in this study, the data from Tariq et al. 
[15] are smaller than the present PD results and show some scattering, although the 
deviations are mostly within combined uncertainties. In summary, the current PD 
and SLS experiments could also improve the data situation for the surface tension of 
the IL [EMIM][NTf2] in the high-temperature region.

5 � Conclusions

The present study reported first-time experimental data for the viscosity and surface 
tension of the common IL [EMIM][NTf2] up to elevated temperatures of 473  K. 
Conventional tensiometry in the form of the PD method was combined with the 
SLS technique for studying the argon-IL interface within the same measurement 
cell under identical conditions in the presence of an argon atmosphere at 0.1 MPa 
from (303 to 473) K. For the entire temperature range, the surface tension could be 
obtained by the PD method with an expanded (k = 2) uncertainty of 2 %. By SLS, 
the viscosity could be accessed between (303 and 323) K with an uncertainty of  
2.3 % using the PD results as an input, while a simultaneous determination of vis-
cosity and surface tension with average uncertainties of 4 % and 3 % was possi-
ble from (353 to 473) K. The sound thermal stability of the IL sample could be 
confirmed by the matching of the results for both properties from several repetition 
measurements at 323  K after experiments at high temperatures up to 473  K. The 
agreement of the surface tension from the PD method and SLS validates the accu-
rate access to this property by both techniques, even close to the critical damping 
of the surface fluctuations probed by SLS. The relative deviations of the present 
experimental results and the majority of the available data in literature are typically 
within 5 % and 2 % for viscosity and surface tension, respectively. Since the so far 
existing database is often only available up to about 353 K, the present work serves 
to extend the thermophysical property database for viscosity and surface tension of 
ILs at process-relevant elevated temperatures.
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