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Abstract: We have successfully demonstrated that imidazolium- and pyrrolidinium-based commercial room-
temperature ionic liquids can electrowet (with a dc voltage) a smooth fluoropolymer (Teflon AF1600) surface.
Qualitatively, the process is analogous to the electrowetting of aqueous electrolyte solutions: the contact
angle versus voltage curve has a parabolic shape which saturates at larger voltages (positive or negative).
On the other hand we observed several peculiarities: (i) the efficiency is significantly lower (by about an
order of magnitude); (ii) the influence of the bulky cation is larger and the importance of the smaller anion
is lesser, especially with respect to electrowetting saturation; (iii) there is an asymmetry in the saturation
contact angles found for positive and negative voltages. The asymmetry may be correlated with the cation—
anion asymmetry of the ionic liquids. The low efficiency may be caused by the presence of water and
other impurities in these commercial materials.

Introduction thin hydrophobic layef2 The external voltage creates an electric
field which drives oppositely charged species (ions or particles)
to the insulator/liquid interface. The surface tension of this
interface is effectively reduced in accordance with Lippmann’s
equation (the relation between charge density and applied
L . ] ! ) potentia?). In the popular case of a flat electrode covered with
These liquids have unique physicochemical characteristies: an insulating polymer (thicknes§,the Young equation describ-

no significant vapor pressure, nonflammability, good thermal ing the contact angle can be combined with Lippmann’s equation
stability, and a wide useable temperature rahdeere is and the result &8

growing interest in their use as clean solvents in various
processes, e.g., pharmaceutical synthesis, catalysis, and extrac- 1 c€q
tion.2~5 They are nonvolatile with high ionic conductivity and cosf = cosf, + 2—C\/2 = cosf, + 2—V2 Q)
therefore very promising in various electrochemical and indus- 7 7t
trial applications including lithium ion batterieg:6

We consider the potential of ionic liquids (IL) as a novel
class of electrowetting agents. Room-temperature ionic liquids
(RTIL), an increasingly important set of electrolytes, are organic
salts that are liquid at room temperattgeften below 100C).

where 6 is the contact angle€)y is the contact angle at zero

Electrowetting (EW) is the decrease in contact angle (i.e., external voltageC is the capacitance/ is the external voltage,
enhanced wettability) achieved by applying an external voltage ,, js the surface tension of the liquids the relative permittivity
across the solid/liquid interface. The effect has been known for ¢ the layer, and is the electric constant.

some time but has recently attracted a lot of interest in relation
to directed and switchable fluid movement. EW is essentially
an electrocapillary effect on a solid electrode insulated with a

As ionic liquids gain industrial significance, the manipulation
of these fluids becomes increasingly important. Electrowetting
is a prime candidate for the actuation of these fluids since it is
reversible, has no moving parts, and is conducive to computer-

. 32:52?2:3 g][ ,\S/l?;t‘?gg‘#s”a“a- ized triggering!®12 The usefulness of EW in reversibly
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Table 1. lonic Liquids and Their Properties: M, Molecular Mass; p, Density; #, Viscosity (Data from the Manufacturer'4)

Abbr.  [Name Structure M p nl Water
[g/mol] [ofem’] |[Pas] Miscibility
IL31 1-Hexyl-3-methylimidazolium O F 447.42 1.37 60 INo
—S—&F
bis(trifluoromethylsulfonyl)imide oty T T e, o=S’N o F
ESE
IL46 1-Butyl-1-methylpyrrolidinium o ¢ 422.41 1.40 100 INo
B~ —py /“_—5:/ E
bis(trifluoromethylsulfonyl)imide N : o=¢ 0 °F
) e\
Flr
1L78 1-Hexyl-3-methylimidazolium T 612.28 1.56 116 INo
H,C
itris(pentafluoroethy I )trifluorophosphate S F)Xp_r EE
i

tion of ionic liquids, it is crucial to examine their wettability " "

under an external voltage. Successful EW-based manipulation gor ]

of RTILs for reaction control would enhance their role as more ¢ [deg]

environmentally sustainable industrial solvents and allow for 70r ]

enhanced small-scale reactions. To the best of our knowledge

this is the first demonstration of electrowetting of ionic liquids. 60 | .

Materials and Methods 5 .
The ionic liquids studied in this report and some of their properties [

are listed in Table 1. G[de;
Indium—tin-oxide (ITO) coated glass slides (unpolished float glass

slides, 30 nm ITO coating, Delta Technologies Ltd., Stillwater, MN) or & ]

were dip coated with an amorphous fluoropolymer layer. The dip o

coating was performed on a Sartorius Analytic A200S balance with 60 | 1

controlled immersion of the glass slide into a 4% (w/v) of Teflon

AF1600 (DuPont Fluoroproducts, Wilmington, DE) dissolved in a 50

Fluorinert FC75 solvent (www.fluorochem.net, Derbyshire, U.K.). The 7ok

slides were lowered at 750m/s, allowed to settle for a few seconds, 0[deg]

and then raised at the same speed. The Teflon-covered ITO glass slides &

were then heat-treated for 6 min at 132, 5 min at 165°C, and 15 60 1

min at 328°C in order to remove residual solvent and improve the

adhesion of the Teflon layer to the substrate. This procedure resulted 50 | :

in AF1600 film thicknesses of 41@ 10 nm, as measured by a

Filmetrics F20 spectral refractance thin film analyzer (Filmetrics, San 40

Diego, CA). -100  -50 0 50 100 150
The coated slides were then loaded into a custom-made sessile drop VIV]

apparatus, where drops of ionic liquids were formed with a vertical Figure 1. Electrowetting curves for three ionic liquids (see Table 1 for
syringe on top of the AF1600 coating. Side-view images of the drops structure and properties). The dc voltage is applied to the insulated electrode,
were obtained using a digital camera with zoom lens (the needle of and the liquid droplet is grounded. The solid lines are fits of the equation
the syringe was kept in contact with the droplet, 20 tq&Qn size). cos6 = cosbp + bV2 (0o andb are free parameters; see Table 2 for values).
A potential difference was applied across the insulated ITO electrode
(in increments of 2, 5, and 10 V) with a power supply (Trek Model
610D high-voltage amplifier/controller, Medina, NY). The high-voltage
source was connected to the ITO substrate while the needle, i.e., theResults
liquid droplet, was grounded. For each drop of ionic liquid, the voltage
was increased from zero to the maximum achievable value (positive R
or negative). Various spots on the same sample or different samplesN€re are shown in Figure 1.

were used to obtain the positive and the negative branches of the full  The experimentally determined contact angles are shown with
electrowetting curve. The potential was no longer increased once theopen circles. A YoungLippmann type of equation (cas= a

ionic liquid became compromised (e.g., by gas evolution). + b\2, aandb are free parameters) was used to fit the data

All experiments were conducted in ambient atmosphere (humidity
approximately 45%) in a class 100 clean room at23 °C.

The electrowetting curves for the three ionic liquids studied
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Table 2. Comparison of the Curvature of the Fitted Parabolas Table 3. Contact Angle at Saturation: Experimentally Determined
(Shown with Solid Lines in Figure 1) with Theoretical Estimates and Calculated (the Surface Tension of Teflon AF1600 Is Taken
from the Young—Lippmann Equation (the Wilhelmy Plate as 12.5 mJ/m?7)

Technique Was Used for Surface Tension Measurements) {act angle at saturation [deg]
contact angle at saturation |aeg

Cl2y[v7 ) - :
negative positive estimated
negative positive RTIL branch branch from eq 2
RTIL  y[mIm?] 6, [deg] branch branch estimated IL31 62 63
IL31 27.2 69/69 6.6(3x 105 9.2(8)x 10> 7.9x 104 IL46 64 60 67
IL46 32.4 73/71  1.7(2x 104 1.2(1)x 10* 6.6x 104 IL78 50 64

IL78 281  65/60 5.1(2x 105 8.6(4)x 105 7.6x 107

Table 1). It thus appears that minute structural variations in the
separately for positive and negative voltagesd the results  cation structure may lead to significantly different electrowetting
are shown with solid lines. At negative voltages, the parabolic pehavior. However, more experiments with homologous series
shape is prominent and the fit accounts for almost all data points of RTILs are needed to confirm this hypothesis. On the contrary,
for IL31 and IL78. For IL46 there is an evident deviation at for positive potentials the picture is essentially the same for all
—30 V and a contact angle saturation at abotit 8 positive three ionic liquids-the curve deviates from the parabolic
voltages, all three electrowetting curves display similar behav- pehavior and saturation is achieved. It must be concluded that
ior: initially a parabolic trend is followed, then an upward the nature of the anion is not of such a crucial importance with
deviation occurs, and finally saturation is reached. respect to electrowetting.

The symmetry between the left and right portions of the e have recently advanced a simple model for the saturation

curves is very good for IL31, less perfect for IL46, and lacking  phenomeno#&.On the basis of thermodynamic consideration,
in the case of IL78. In all cases the contact angle at zero externalhjs model predicts the lowest contact angle, at which the

voltage,fo, is above the smooth parabolic curve (and has been young-Lippmann eq 1 still applies, as

ignored when fitting the parabolas). All results in Figure 1 have

been obtained with an increment of 2 V. Electrowetting curves Vs

were also obtained wita 5 V increment and showed no Osar= ArCCOS— 2)
significant differences in shape or absolute values. The results Y

shown in Figure 1 are in fact the averaged result of several whereys and y are the surface tensions of the solid and the

(2-4) separate measurements. liquid surfaces, respectively. The values calculated through eq

Discussion 2 are listed in Table 3.

The el . btained in thi dv with th It can be seen that our model, eq 2, predicts the deviation
'hee e_ctrpwe_ttln_g curves o tained in this st_u y with three point quite nicely for IL31, gives a correct order of magnitude

different lonic liquids (Figure 1) are very S'm"aT to the for IL46, and yields an irrelevant value in the case of IL78.

electrowetting curves recorded for aqueous solutions of an Once again it appears that simple correlations and ideas

indifferent electrolyte on.the same smooth fluoropolymer developed for electrowetting of insulated electrodes with
surface’ The curve for IL31 is qualitatively identical to the curve aqueous solutions are more complicated in the instance of RT
for aqueous 0.1 M KCI at pH= 5.6 (Figure 5 in the above ionic liquids

reference). This striking similarity is not unexpected. In both Interestingly, in the case of IL46 saturation occurs at positive

cases, the ext_ernal voltage polarizes the insulating_ layer (_Tef_lon as well as negative voltages but the values differ by abotit 10
AF1600) and its outer surface (the one in contact with the liquid) (see Figure 1; the points of deviation rather than the saturation

attracts oppositely charged species from the liquid. The ChargevaIues are listed in Table 3). Such an asymmetry is not usually

d.en.sif[y at the solid/liquid surface ipcreases and effecti\(ely found with aqueous solutions of indifferent electrolytes and
diminishes the surface free energy in accordance with Lipp- probably reflects the considerable aniezation asymmetry of
mann’s equatiofl. Therefore the YoungLippmann equation the ionic liquid

IS lex_pectea to perforrrr: for RT_“‘S_ as well as fo; aque?us_ sa_lt The deviations seen on the positive side of the electrowetting
SO ‘%“0'?5- HOWever, the quantitative correspon ence 1or 10nIC . ;1yeg (Figure 1) resemble the deviations observed previously
liquids is significantly worse than for'elejctrolytes d.|ssqlved N with aqueous solutions and attributed to specific adsorption of
yvate(;./zThg cu_rvatL_JreTofbtlhezp%aboh(l; fits SQO‘_Nn (;n Figure 1| anions at the hydrophobic surfat&imilar effects are apparent
1€, Llcy, 1S given in Table 2. The values o taine sepa_ratey on the negative side and may reflect the specific adsorption of
from the positive and negative branch are compared with the cations, well-known in electrical double layer studi&ave

theoretical value from eq 1 ' cannot at this stage confirm or reject this explanation for the

It.ca.n be seen th'at despite the compgrable S,haPe a.nd.argl'JablﬁT”_S_ It should be stressed that the liquids used in this study
a S"T"'ar mechamsm _the electrowetting of lonic liquids is were all of synthesis grade, i.e., neither pure nor dry, and
conS|dera_1ny less eff|C|e_nt than the electrowettmg of aqueous therefore a variety of physicochemical processes may arise, e.g.,
salt solutions-by approximately an order of magnitude. adsorption, dilution, or component segregation.

Anqther impqrtant aspect of electrowetting is saturation, i.e., The contact angle at zero external voltage does not belong
reachlng a limiting contact angle that would not deprease UPON 44 the parabolic fits (Figure 1) and has been excluded from
further increase of the applied voltage. Saturation was not

achieved with negative potentials for IL31 and IL78 but was (14) Merck. http://pb.merck.de/serviet/PB/menu/1311500/index.html (accessed
; 009.

found for _“‘46 (F|gure 1)' NOI_e that ”_‘31 _and ”‘7_8 share the (15) Hunter, R. JFoundations of Colloid Scienc€larendon Press: Oxford,

same cation; the one found in IL46 is slightly different (see 1987; Vol. 1, Chapter 6.
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consideration. Additional experimentation showed that the Conclusion
electrowetting curves are entirely reproducible regardless of the We have successfully demonstrated that several commercial

Qmal contact anglz being an .ou.tl|er or nst. Most pr]?bsb'Y t.hel RTILs can electrowet a smooth fluoropolymer surface. Quali-
Iscrepancy was due 1o variations in the state of the initia tatively the process appears to be analogous to the electrowetting

contact angle. Such differences are rarely observed with aqueous,¢ 4e0us electrolyte solutions, but there are several quantitative
solutions, and we attribute this unusual behavior to the relatively yigarences: (i) the efficiency is significantly lower (almost an

high viscosity of the RTILs (see Table 1). According to the  4er of magnitude); (i) the influence of the bulky cation is
theory _Of contact angle hysteresis the d_lfference betweenIarger and the importance of the smaller anion is lesser; (iii)
advancing and receding contact angles (without any extemaly,q e appears to be an asymmetry in the saturation levels for
voltage) is fundamentally due to the restrictions for the system ,iive and negative voltages. It is plausible that water and
to jump between metastable stateExternal vibrations may  gher impurities play a role due to the low purity (synthesis
be introduced to improve the situatibhand it is plausible that grade) of the compounds used.
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Finally it should be emphasized that the RTILs used in this
study are commercial agents of a relatively low purity (halide
content< 1000 ppm and water contert 10 000 ppr¥) and
have been used without any further purification or attempt to
store them in any special way. Water and impurities have a
significant impact on the properties of ionic liquitis>1°We
have additionally verified that the amount of water has a
relatively minor influence on the surface tension and contact JA057606D
angle on various substrates, but changes in time for these
parameters have been documented. Nevertheless the electrowefl®) @vﬂi?sfu'éw’*vg\r'k; Gast, A. FRhysical Chemistry of Surfacesth ed.;
ting of ionic liquids on a smooth insulating surface has been (17) Sedev, R.; Fabretto, M.; Ralston,JJ.Adhes2004 80, 497.
successfully carried out. To the best of our knowledge this is (18) Anthony, J. L.; Maginn, E. J.; Brennecke, J.JFPhys. Chem. 2001

; e 105, 10942.
the first report of this kind. (19) Rivera-Rubero, S.; Baldelli, S. Am. Chem. So@004 126, 11788.
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