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Abstract−We have characterized micro-droplet generation using water immiscible hexafluorophosphate ([PF6])- and
bis(trifluoromethylsulfonyl)imide ([Tf2N])-based room temperature ionic liquids (RTILs). The interfacial tension be-
tween total 7 RTILs and phosphate buffered saline (PBS) was measured using a tensiometer for the first time. PBS is
one of the most commonly used buffer solutions in cell-related researches. The measured interfacial tension ranges
from 8.51 to 11.62 and from 9.56 to 13.19 for [Tf2N]- and [PF6]-based RTILs, respectively. The RTILs micro-droplets
were generated in a microfluidic device. The micro-droplet size and generation frequency were determined based on
continuous monitoring of light transmittance at the interface in microchannel. The size of RTIL micro-droplets was
inversely proportional to the increase of PBS solution flow rate and RTILs hydrophobicity, while droplet generation fre-
quency was proportional to those changes. The measured size of RTILs droplets ranged from 0.6 to 10.5 nl, and from
1.0 to 17.1 nl for [Tf2N]- and [PF6]-based RTILs, respectively. The measured frequency of generated RTILs droplets
ranged from 2.3 to 37.2 droplet/min, and from 2.7 to 17.1 droplet/min for [Tf2N]- and [PF6]-based RTILs, respectively.
The capillary numbers were calculated depending on the RTILs, and ranged from 0.51×10−3 to 1.06×10−3 and from
5.00×10−3 to 8.65×10−3, for [Tf2N]- and [PF6]-based RTILs, respectively. The interfacial tension between RTILs and
PBS will contribute to developing bioprocesses using immiscible RTILs. Also, the RTILs micro-droplets will enable the
high-throughput monitoring of various biological and chemical reactions using RTILs as new reaction media.

Keywords: Interfacial Tension, Light Transmittance, Micro-droplet, Microfluidic Device, Water Immiscible Room Tem-
perature Ionic Liquids (RTILs)

INTRODUCTION

RTILs, which are organic salts melted below 100 oC [1,2], have
received great interest as green solvents due to non-volatility and
thermal stability. An enormous number of different RTILs with
different chemical and physical properties, such as viscosity, polar-
ity, hydrophobicity, and water miscibility are available by the com-
bination of various anions and cations [3,4]. Furthermore, chemical
and biological reactions can occur with excellent activity, selectiv-
ity, and stability [5] inside RTILs. RTILs that are insoluble not only
in water but also in organic solvents can be synthesized as well [6].
Thus, various combinations, such as aqueous solution-RTILs, organic
solvent-RTILs, RTILs-RTILs, can supply huge number of different
bi- or multi-phasic systems for various biological and chemical
reactions.

Micro-droplets have obtained increasing interest as nanoliter-
scale reactors in high-throughput screening of various chemical
and biological reactions recent years [7,8]. Reported applications

using micro-droplets include analysis of DNA [9], characteriza-
tion of proteins crystallization [10], formation of polymeric beads
[11,12], measurement of enzyme kinetics [13,14] etc. Microfluidic
device enables the generation of massive number of controllable-
size monodispersed droplets. Thus, various channel designs and
theoretical analysis has been suggested regarding the micro-drop-
let generation in microfluidic devices [15-17]. Water immiscible
liquids such as oil [18], hydrocarbon and organic solvents [19] have
been used for the formation of micro-droplets in a microchannel.
However, novel water-immiscible solvents having various physical
and chemical properties and low vapor pressure are required to
overcome lack of solvent polarity, toxicity on biomolecules, and
device deformation, possibly caused by conventionally used water
immiscible fluids [20]. Thus, micro-droplet technology using water
immiscible RTILs is promising for high-throughput screening of
biological and chemical reactions. Also, this method can be used
to select RTIL appropriate for specific reaction.

Recently, ionic liquid such as [BMIM][BF4] and [BMIM][PF6]
have been used for droplet-based microfluidic devices [21]. Joule
heating of ionic liquids has been suggested to make controllable
temperatures in microfluidic devices [22]. Reported electrochemi-
cal and biological applications using RTILs include electroanalyti-
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cal sensors and gas analysis in medium [23]. The RTILs were also
used for the monitoring of live cardiomyocyte culture in PDMS
micro well [24].

In this study, the formation of water-immiscible RTILs micro-
droplet in a PDMS-based microfluidic device was investigated.
The visible light transmittance was optically measured to deter-
mine the size and frequency of generated RTIL micro-droplets.
The size and frequency of micro-droplets is determined as a func-
tion of the flow rate ratio of PBS and RTILs and hydrophobicity of
RTILs. [Tf2N]- and [PF6]-based RTILs that have different hydro-
phobicities were used. The interfacial tension between PBS and RTILs
was also measured and correlated to the micro-droplet formation
characteristics.

EXPERIMENTAL

1. Microfluidic Device Fabrication
A PDMS (Sylgard 184, Dow Corning, USA) microfluidic device

shown in Fig. 1(d) was prepared by soft lithographic fabrication
process [25]. Briefly, the master mold for the replica molding of
the PDMS device was fabricated on a silicon wafer using an SU-8
negative photoresist (Microchem, USA) and the photo-mask. The
surface of the master mold was functionalized with trichloro(3,3,3-
trifluoropropyl) silane (Sigma-Aldrich, USA) for stripping the hard-
ened PDMS easily after molding at 55 oC for 8 h. The surface of the
molded PDMS was treated by a plasma generator (Electro-Tech-
nic Products, USA) and then attached onto another PDMS layer
for permanent bonding. Subsequently, SilasticTM silicone tubing
(Dow Corning, USA) was bonded through a punched hole in the
PDMS layer and used for the injection of the solutions. The dimen-
sion of microfluidic device is indicated in Fig. 1(d). The height of
the microchannel was 52µm.

2. Micro-droplets Generation
Micro-droplets were formed with PBS (pH 7.0) and water immis-

cible RTILs in the microfluidic device. Each fluid was injected using
a 50µl micro-syringe (ILS, Germany) and a 250I syringe pump
(World Precision Instrument, USA). The size and frequency of the
generated micro-droplets were measured using a BX51 fluorescence
microscope (Olympus, Japan) equipped with photomultiplier tube
(PMT, Hamamatsu H7467, Japan). The images were obtained by
DP-70 cooled-CCD camera (Olympus, Japan).

A schematic drawing (Fig. 1(a)), photograph of the experimen-
tal setup (Fig. 1(b)) and dimensions are shown in Fig. 1. Micro-
droplets were generated at the cross junction region of microchan-
nel in which RTIL and two PBS buffer streams encountered each
other. RTIL was introduced through the horizontal microchannel
while two PBS buffers were infused from two vertical channels.
Water immiscible RTILs with different hydrophobicities were used.
Those are 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfo-
nyl)imide ([EMIM][Tf2N])), 1-butyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([BMIM][Tf2N]), 1-hexyl-3-methylimid-
azolium bis(trifluoromethylsulfonyl)imide ([HMIM][Tf2N]), 1-octyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([OMIM]
[Tf2N]), 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM][PF6]), 1-hexyl-3-methylimidazolium hexafluorophos-
phate ([HMIM][PF6]), and 1-octyl-3-methylimidazolium hexaflu-
orophosphate ([OMIM][PF6]) (C-Tri Co., Korea). The flow rate of
the RTIL was fixed as 0.03µl/min, while the injection ratio was
varied from 1 : 1 : 1 to 4.5 : 1 : 4.5 by changing flow rate of PBS. Con-
sequently, the total flow rate was increased from 0.09 to 0.3µl/min,
depending on the flow rates of PBS.
3. Interfacial Tension Measurement

A small quantity of residual water in RTILs was removed before
use in a desiccator with molecular sieve more than 12hours. A bipha-

Fig. 1. Experimental setup and dimension of the microfluidic device. (a) Schematic drawing of the visible light transmittance monitoring to
determine droplet size (drawn not to scale), (b) optical micrograph of experimental set-up, (c) picture of the actual area used for the
measurement of light transmittance, (d) cross-junction to generate micro-droplet.
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sic solution having 10ml of RTIL and PBS each was kept in a shak-
ing incubator at 25 oC and 180rpm for five days to reach equilibrium,
and then allowed to settle down without shaking for 1 day before
measurement. RTILs form the bottom phase due to higher den-
sity than PBS. Interfacial tension between RTILs and PBS was meas-
ured with a Surface Tensiomat® 21 (Fisher Scientific, USA) equipped
with platinum wire ring (diameter 1 cm). The platinum wire ring
was submerged in the middle of the bottom RTILs phase, and then
moved upward to the middle of thte top PBS phase. The interfacial
tension was measured when the platinum wire ring passes through
the interface between RTILs and PBS.
4. Micro-droplet Size Measurement

The size and number of micro-droplets were calculated from
the measured data with the photon-counting PMT mounted on a
microscope. A slit with a 2 mm diameter pin-hole at the center
was positioned in front of the PMT to restrict the area to measure
the amount of transmitting light. Since the pin-hole covered the
side walls of the microchannel, the amount of light only passing
through the inside of the microchannel was measured (Fig. 1(c)).
The transmitting light through the microchannel was scattered at
the interface between RTIL and PBS. Thus, the number of meas-
ured photons decreased rapidly when the interface between RTILs
and PBS passed under the observation area (Fig. 2). The time inter-

Fig. 2. Optical micrograph and measured transmittance (number
of photon) during droplet generation. (a) PBS phase, (b) RTIL
to PBS interface, (c) RTIL phase, and (d) PBS to RTIL inter-
face.

Table 1. Selected properties of [Tf2N]- and [PF6]-based RTILs used in this study
Log P Molecular weight (g/mol) Density (g/cm3) Viscosity (cp) Solubility in water (%, w/w)

[EMIM][Tf2N]
[BMIM][Tf2N]
[HMIM][Tf2N]
[OMIM][Tf2N]

−1.18
−0.55
−0.16
−0.79

391.3
419.4
447.4
475.5

1.519
1.436
1.373
1.317

28-34
52-53
59-68

93

1.9
1.5
1.1
0.9

[BMIM][PF6]
[HMIM][PF6]
[OMIM][PF6]

−2.39
−0.23
−0.45

284.2
312.2
340.3

1.373
1.304
1.235

389
688
691

3.1
2.4
1.8

val between two passing interfaces was converted into the volume
of the RTIL micro-droplet using microchannel dimension and the
total volumetric flow rate of the liquids. Similarly, the volume of
PBS between two RTIL droplets was determined. The RTIL drop-
let generation frequency was calculated using time interval for one
RTIL and one PBS droplet as a repeating unit.

RESULTS AND DISCUSSION

1. Interfacial Tension between RTILs and PBS Solution
RTILs can have various chemical and physical properties depend-

ing upon the combination of cation and anion. Some reported
important physical and chemical characteristics of RTILs used in
this study are summarized in Table 1 [26-28]. Log P in Table 1, which
is calculated from the dissolved concentration ratio of RTIL in water/
octanol two-phase system, represents the hydrophobicity of the mole-
cule. The hydrophobicity of RTILs increases as increasing the alkyl
chain length. The preferred phase of RTIL is inverted from water
to octanol when the number of carbon atoms in the alkyl chain
bound to the cation is increased from 4 ([BMIM]) to 6 ([HMIM])
in both of [Tf2N]- and [PF6]-based RTILs. On the other hand, [PF6]-
based RTILs have higher solubility in water than [Tf2N]-based RTILs.
These differences are coming from the hydrophobicity difference
between anions. The anion, [Tf2N], is more hydrophobic than [PF6].
The viscosity is increased from 6.8 to 10.2 times among tested RTILs
when anion, [Tf2N] is replaced with [PF6], which affects the char-
acteristics of the micro-droplet generation as well. The [EMIM]
[PF6] is not included in the table, since it is miscible with water at
room temperature. However, the measured properties have large
variation, depending on the measurement condition. Thus, a more
accurate method is required to obtain physical and chemical prop-
erties of the RTILs.

The interfacial tension between RTILs and PBS, which is an im-
portant parameter to determine the size and frequency of micro-
droplet generated in the microchannel, was measured and displayed
in Table 2. Even though information on the properties of an inter-
face between RTIL and an aqueous solution is essential to give insight
of the surface activity of RTILs, the thermodynamics and kinetics
of extraction, and mass or charge transfer at the interfaces, only a
few results on the interfacial tension between water and immisci-
ble RTILs are reported so far [30]. According to our investigation
on the interfacial tension between RTIL and PBS, RTILs that have
the same alkyl chain length show similar interfacial tension. For
example, the interfacial tension of the RTILs that have [HMIM] is



60 J. W. Hwang et al.

January, 2016

13.76 with [Tf2N] and 13.16 with [PF6]. Overall, the interfacial ten-
sion is increasing with the increased alkyl chain length bound to
the cation until 6 ([HMIM]) in both RTIL groups (Table 2). On
the contrary, the interfacial tension is decreasing when the chain
length is 8 ([OMIM][Tf2N] and [OMIM][PF6]). Fitchett et al. [30]
reported that the interfacial tension in a water-immiscible RTILs
biphasic reaction system containing bis(perfluorethysulfonyl)imide
(BETI) or bis(perfluoromethylsulfonyl)imide (BMSI) anion with
0.1 M LiCl solution decreased according to the increase of alkyl
chain length on cation from 6 to 12 [30]. Interestingly, it is oppo-
site to the air-RTILs systems where interfacial tensions increased
with longer alkyl chain. In our case, the measured interfacial tension
decreased with [OMIM], even though the hydrophobicity and alkyl
chain length was increased. A higher hydrophobicity in [OMIM]-
based RTILs is supposed to stimulate RTIL aggregation, and thus
the interfacial tension with aqueous solution was decreased, simi-
lar to previously reported BETI- and BMSI-based RTILs. However,
further investigation is needed to completely understand these inter-
facial tension issues in [OMIM]-based RTILs.
2. Optical Detection of RTIL Micro-droplets

RTIL injected through the middle channel was pinched and
chopped by two PBS solutions, as shown in Fig. 1(d), and this is
resulted in the formation of RTIL micro-droplet. The different vis-
ible light transmittance in RTIL and PBS liquids enables the opti-
cal detection of the RTIL droplet. The transmittance of visible range
light in RTIL was approximately 10% lower than PBS (Fig. 2(a) and
(c)). Therefore, the detected number of photons was abruptly changed
when the front (Fig. 2(d)) and the end (Fig. 2(b)) of the interface
between RTIL and buffer solution passed under the monitored
area. Rapid drop of the number of transmitting photons occurred
by scattering the light at the interface. The distance between those
peaks generated from the interfaces are corresponding to the length
of each RTIL micro-droplet, as well as PBS spacer.
3. Characteristics of Micro-droplets Generation

The size of RTIL micro-droplet was inversely proportional to
the hydrophobicity of RTILs, as well as PBS flow rate, except for
[OMIM][Tf2N] (Fig. 3(a)). The volume of generated [EMIM][Tf2N]
micro-droplets, which has minimum hydrophobicity among the
tested [Tf2N]-based RTILs, dramatically decreased from around 11
to 2 nl. On the other hand, the most hydrophobic [OMIM][Tf2N]
did not be matched in this trend; instead, similar size micro-drop-

lets were generated with 4.5 : 1 : 4.5 and 2.5 : 1 : 2.5 ratios. The vis-
cosity and interaction between RTIL and the microchannel wall
should affect the size of micro-droplet. Higher viscosity and hydro-
phobicity of [OMIM][Tf2N] would be expected to make the RTIL
capable of resist the shear force between PBS and RTIL, which cut
the RTIL phase into small micro-droplet. Stronger interaction be-
tween hydrophobic surface of PDMS and hydrophobic RTIL could
enhance this as well. Choi et al. [29] showed the microchannel
wall that has lower wettability (more hydrophobic) makes smaller
water droplets; however, further investigation on the properties of
the channel surface and the size of RTILs micro-droplet is needed
to explain this phenomenon more accurately.

The [PF6]-based RTILs show similar characteristics with [Tf2N]-
based RTILs as shown in Fig. 3(b). However, the volume of gener-
ated micro-droplets are larger than [Tf2N]-based RTILs. Consider-
ing higher viscosity and lower hydrophobicity of [PF6]-based RTILs
than [Tf2N]-based RTILs, the viscosity affects the droplet size more
than hydrophobicity.

The droplet generation frequencies using [Tf2N]- and [PF6]-based
RTILs are displayed in Fig. 4, respectively. The [Tf2N]-based RTILs
have higher droplet generation frequency (ranged from 2.3 to 37.2
droplet/min) than [PF6]-based RTILs (ranged from 2.7 to 17.1droplet/
min). In general, the frequency is higher with the RTIL and flu-
idic condition to generate smaller droplet. For example, the RTIL
generated smallest droplets, i.e., [HMIM][Tf2N], shows highest fre-

Table 2. Measured interfacial tension between PBS and [Tf2N]- and
[PF6]-based RTILs, and calculated capillary number in dro-
plet generation

Interfacial tension
(dyn/cm)

Capillary number
(×10−3)

[EMIM][Tf2N]
[BMIM][Tf2N]
[HMIM][Tf2N]
[OMIM][Tf2N]

08.51±1.74
10.52±2.68
13.76±1.38
11.62±2.59

0.191
0.249
0.254
0.400

[BMIM][PF6]
[HMIM][PF6]
[OMIM][PF6]

09.56±1.04
13.19±0.51
11.98±1.37

1.880
2.480
3.251

Fig. 3. Volume of generated RTIL micro-droplets with volumetric
injection ratio of PBS, RTIL and PBS. (a) [Tf2N]-based RTILs,
(b) [PF6]-based RTILs.
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quency of droplet generation among tested RTILs as shown in Fig.
4(a). The RTILs generated larger droplets, i.e., [EMIM][Tf2N] and
[BMIM][PF6], show lowest generation frequency (Fig. 4(a) and (b)).
As shown in Fig. 3, the sizes of generated [HMIM]- and [OMIM]-
based RTILs droplets are similar when the volumetric flow ratio of
the PBS:RTIL:PBS is larger than 2.5 :1 :2.5. However, droplet gen-
eration frequency of [OMIM]-based RTILs is lower than [HMIM]-
based RTILs in both [Tf2N]- and [PF6]-based RTILs. Interestingly,
the frequency with highest volumetric flow ratio, i.e., 4.5 : 1 : 4.5, is
not significantly higher than 3.5 : 1 : 3.5. Considering the instability
of the flow with the ratio higher than 4.5 : 1 : 4.5, the maximum
frequency is expected to be around 40 and 20droplet/min for [Tf2N]-
and [PF6]-based RTILs, respectively.

Table 2 also shows the calculated capillary number of RTILs drop-
let generation based upon the measured interfacial tension between
RTIL and PBS. Capillary number is a ratio between viscous and
capillary force, and it is often used to show the characteristics of
the droplet formation, for example stable droplet generation range,
not only in a micro-channel or capillary but also in membrane
emulsification [31]. Capillary number, Ca, which is defined as Ca=
μU/σ; where μ is the viscosity of the constant phase (RTIL in this
study), U is the linear flow rate of the constant phase, and σ is the
interfacial tension between the two phases. The linear flow rate of
the constant phase was 0.05×10−6 m/s in this study. More hydro-
phobic RTILs exhibited larger Ca, and ranged from 0.191×10−3 to

0.400×10−3 and from 1.880×10−3 to 3.251×10−3 for [Tf2N]- and [PF6]-
based RTILs, respectively. The [PF6]-based RTILs have higher Ca
due to higher viscosity. Interestingly, the Ca of both [OMIM]-based
RTILs was increased compared with [HMIM]-based RTILs, while
interfacial tensions of those RTILs were decreased. The increased
Ca in [OMIM]-based RTILs originates from the larger viscosity
and smaller interfacial tension. The Ca in [PF6]-based RTILs is larger
than [Tf2N]-based RTILs, because of around ten-times larger vis-
cosity. The Ca in RTILs is much smaller than that of conventional
Ca between oil and water, which means the more difficult detach-
ment of the RTILs droplet than oil [32]. Consequently, larger RTILs
micro-droplets are formed. Thus, the further addition of physical
assistant method, such as ultrasonic vibration, local heating, or geo-
metrical modification, may be required to generate smaller RTILs
micro-droplets with higher frequency.

CONCLUSIONS

The RTIL micro-droplet generation in a microfluidic device was
characterized. The size and frequency of the generated micro-droplet
was measured using optical method with visible light transmittance
and a conventional microscope. The higher viscosity and hydro-
phobicity of the RTILs make larger micro-droplets than oil. The
lower capillary number in RTIL micro-droplets generation condi-
tion than that of oil verifies this as well. The characteristics of the
RTILs micro-droplet generation will enhance the application of RTILs
as a novel nanoliter-scale reactor in microfluidic device by using
various physical and chemical properties of RTILs. High-through-
put screening of appropriate RTILs using developed technique can
expand the application of RTILs in various chemical and biologi-
cal reactions as a green solvent.
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