
1 Highly Efficient Electrohydrodynamic Pumping: Molecular Isomer
2 Effect of Dielectric Liquids, and Surface States of Electrodes
3 Hiroshi Abe,* Yusuke Imai, Naoki Tokunaga, Yasuhiro Yamashita, and Yoshiki Sasaki

4 Department of Materials Science and Engineering, National Defense Academy, Yokosuka 239-8686, Japan

5 ABSTRACT: Highly efficient electrohydrodynamic (EHD) pumping was obtained by
6 a combination of a dielectric liquid having a molecular isomer and electrodes with a
7 smooth surface. Four kinds of surface states of Cu electrodes were processed by
8 conventional mechanical polishing, fine diamond paste polishing, chemical etching and
9 Au vapor deposition. A series of hydrofluoroether liquids (HFEs) were used as dielectric
10 liquids: C3F7OCH3 (HFE-7000), C4F9OCH3 (HFE-7100), C4F9OC2H5 (HFE-7200),
11 C6F13OCH3 (HFE-7300), and C5H5F6OC3HF6 (HFE-7600). The coexistence of
12 normal (n-) and isomer (i-) HFEs and their molar fractions were examined by NMR
13 spectroscopy. Among the dielectric liquids, the hybrid n- and i-HFE-7600 showed
14 highly efficient EHD pumping, where the electric current, I, was sufficiently suppressed
15 by the smooth surface of the electrodes. The maximum hydrostatic pressure Δpmax was
16 ∼7500 Pa with 12 kV and I = 19 μA. The smooth surface of the electrodes contributes
17 not only to the formation of a stable electric double layer (EDL) but also to the
18 prevention of charge injection from the electrodes. Polarization pumping derived from
19 the stable EDL enables highly efficient energy transfer without discharging, or damage to the sample and electrodes. The dipole
20 moments of the HFEs were estimated by density functional theory calculations. The hydrostatic pressure was found to be
21 proportional to the difference in the calculated dipole moment between n- and i-HFEs. Numerical simulations were carried out to
22 examine the experimentally obtained electrode gap dependence of the hydrostatic pressure.

23 KEYWORDS: electrohydrodynamics, molecular isomer effect, polarization pumping, hydrofluoroether dielectric liquid,
24 smooth surface of electrodes, electrostriction force

1. INTRODUCTION

25 Electrohydrodynamic (EHD) instability has been reported as a
26 universal phenomenon in many scientific fields.1−7 Compli-
27 cated convections or fluidic patterns in EHD fluids show drastic
28 changes depending on applied voltage and AC frequency. For
29 industrial applications, EHD pumping or heat transfer system is
30 designed using simulations and is assembled.8−13 An EHD
31 actuator without rotational mechanism can reduce the device
32 size.
33 Conventional EHD pumping mechanisms are phenomeno-
34 logically classified into three types:14 ion-drag pumping,15−17

35 induction pumping,18,19 and conduction pumping.20,21 The ion-
36 drag pumping is based on the direct transfer of ionized
37 molecules, driven by the Coulomb force. The induction
38 pumping is derived from induced charge under modulated
39 electric field. In thin liquid film, liquid propagation is controlled
40 by phase of electric fields. In case of the conduction pumping,
41 unbalancing between charge dissociation and recombination
42 occurs in heterocharge layer, whose size is estimated to be
43 0.03−300 μm.20 The polarized charge in the heterocharge layer
44 causes the dielectrophoretic force, f DEP. The conduction
45 pumping to ion-drag pumping regime is easily distinguished
46 in a voltage−current plot.22 Since ion-drag pumping in the high
47 electric current region requires direct charge injection into a
48 liquid sample, the molecules of dielectric liquids are easily
49 broken and hydrostatic pressure becomes unstable. On the

50other hand, polarization pumping in the low electric current
51region is advantageous because of the stable hydrostatic
52pressure. The EHD pumping mechanism was established
53accompanied by an electrostriction force, f ES, which is induced
54by a nonuniform electric field.14

55At a macroscopic point of view, dipole moment in the
56dielectric medium was directly considered for polarization
57pumping mechanism without charge injection.23−25 Polar-
58ization force density (= f DEP+ f ES) is obtained satisfying
59fundamental electromagnetism. Recently, the idea of the dipole
60moment is extended into the dipole moment of molecules.26,27

61By introducing electric double layer (EDL) in electro-
62chemistry,28 formation/collapse of the EDL can explain the
63rhythmic oscillations of electric current. In the classic EDL
64model, the EDL consists of Helmholtz layer and diffuse layer.
65On a mesoscopic scale, the EDL is formed near the electrodes
66with orientational order of molecules, where dipole−dipole
67interaction is dominant in the EDL.29 Experimentally, thickness
68of the EDL was found to be 1−3 nm by in situ neutron
69reflectivity.30

70In this study, we optimized dielectric liquids and the surface
71conditions of electrodes in order to obtain highly efficient and
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72 stable EHD within the polarization pumping regime. Electrodes
73 with a smooth surface and dielectric liquids having a large
74 dipole moment can generate up to ∼7500 Pa with a very low
75 electric current. We optimized the surface states and dielectric
76 liquids responsible for a high-performance EHD actuator.

2. EXPERIMENTAL SECTION
77 2.1. Hydrofluoroether Samples. The dielectric liquids used in

f1 78 this study were CF3CF2CF2OCH3 (HFE-7000, Figure 1a), n-

79 CF 3CF 2CF 2CF 2OCH3 (n -HFE -7 100 , F i g u r e 1b ) , i -
80 (C F 3 ) 2 CFCF 2OCH 3 ( i - HFE - 7 1 0 0 , F i g u r e 1 c ) , n -
81 CF3CF2CF2CF2OC2H5 (n -HFE -7200 , F i gu re 1d) , i -
82 (CF3)2CFCF2OC2H5 (i-HFE-7200, Figure 1e), C2F5CF(OCH3)CF-
83 (CF3)2 (HFE-7300, Figure 1f), n-C3HF6(CH3)CHOC3HF6 (n-HFE-
84 7600, Figure 1g), and i-(CF3) (CHF2)CF(CH3)CHOCF(CHF2)
85 (CF3) (i-HFE-7600, Figure 1h) (Sumitomo 3 M Co.). Molecular
86 structures in the gas state (Figures 1a-1h) were obtained by density
87 functional theory (DFT) calculations. All DFT calculations were
88 performed using the Lee−Yang−Peer correlation (B3LYP) 6-31+
89 +G(d,p) basisset31,32 with the PC-GAMESS package.33 The calculated
90 electric dipole moments (μ⃗) of the HFEs were obtained by DFT

t1 91 calculations. The dipole moment values are shown in Table 1. Δμ⃗ in
92 Table 1 is defined as μ⃗n − μ⃗i, where μ⃗n and μ⃗i are the dipole moments
93 of normal and isomer molecules, respectively. ε is the dielectric
94 constant at 1 kHz and at room temperature. The HFEs have a large
95 dipole moment because of their asymmetric molecular structure. In
96 addition, the ether oxygen linkage, which is an electronegative part in
97 HFEs, causes charge transfer inside a molecule.

982.2. Hydrostatic Pressure Measurements. The high-voltage
99power source (model APL-20K05PBX, Max-Elec Co.) was used for
100EHD pumping measurements, over the range 0−20 kV. A micro
101current meter (model 6485, Keithley Instruments Co.) was installed in
102the system to monitor electric current. A pair of flat Cu electrodes was
103 f2selected for hydrostatic pressure measurements. In Figure 2a, the size

104and shape of cylindrical electrodes are illustrated schematically. The
105diameter of the hole at the center of the cylindrical electrodes is 2 mm.
106The electrode gap, Z, was varied in the experiments (Z = 1−5 mm).
107Each electrode was fixed by tungsten wires, whose diameter is 0.2
108mmϕ. By numerical calculations using the difference equation, the
109electric potential in the presence of holes, ϕhole, is simulated between
110the flat electrodes (Figure 2b). The size of one pixel in Figure 2b is 0.1
111× 0.1 mm2 at the cross section of the electrodes. In the vicinity of the
112central holes, the calculated ϕhole is distorted. The electrodes were set
113into a Pyrex glass tube with an inner diameter of 8 mm. Acrylic tube is
114damaged chemically by HFE-7600 (Material safety data sheet HFE-
1157600, 3 M (TM)). Thus, we used the chemically stable glass tube for
116systematic measurements. The electrode part was immersed in the
117dielectric liquids. The hydrostatic pressure, Δp, was obtained by

ρΔ = Δp g h 118(1)

119where ρ is the density of the liquid, g is the gravity, and Δh is the
120height of the elevated liquid.
121Flat surfaces of Cu electrodes were processed by (i) conventional
122mechanical polishing (MP), (ii) fine polishing (FP) carried out step by
123step using 50, 15, 3, and 0.5 μm diamond pastes, (iii) chemical etching
124(CE) using hydrochloric acid (10%), and (iv) Au vapor deposition
125(VD). The average particle size of the diamond pastes were 50 μm
126(SP-50-O, Asahi Diamond Industrial Co.), 15 μm (SP-15-O, Asahi
127Diamond Industrial Co.), 3 μm (SP-3-O, Asahi Diamond Industrial
128Co.), and 0.5 μm (SP-1/2-O, Asahi Diamond Industrial Co.). The

Figure 1. Molecular structures of (a) n-HFE-7000, (b) n-HFE-7100,
(c) i-HFE-7100, (d) n-HFE-7200, (e) i-HFE-7200, (f) n-HFE-7300,
(g) n-HFE-7600, and (h) i-HFE-7600. Each structure is optimized by
DFT calculations.

Table 1. Dipole Moments, μ⃗, of Dielectric Liquids, as Calculated by DFTa

HFE-7100 HFE-7200 HFE-7300 HFE-7600

HFE-7000 n- i- n- i- n- i-

μ⃗ 3.168 3.265 3.152 3.579 3.560 2.725 3.878 2.877
Δμ⃗ 0.113 0.019 1.001
ε 7.4 7.4 7.3 6.1 6.4

aEven in the gas state, HFE-7600 shows large difference in the dipole moment between the normal- (n-) and isomer- (i-) molecules (Δμ⃗). The unit
of dipole moment is Debye. ε is the dielectric constant at 1 kHz and room temperature, which is obtained experimentally.

Figure 2. (a) Cross-sectional images of Cu electrodes and (b)
calculated electric potential by finite element method calculation.
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129 electrodes were etched chemically using the 10% HCl solution (Wako
130 Pure Chemical Industries) for 2 min. A Au thin film was deposited on
131 the electrodes using VPS-020 (ULVAC Technologies). The Au film
132 thickness was found to be 50 nm. Here, we describe each of surface
133 processing steps as follows: MP = MP, FP = MP → FP, CE = MP →
134 FP→ CE, and VD = MP→ FP→ CE→ VD. We estimate the surface
135 profiles by three-dimensional white-light interference microscopy

f3 136 (NewView 6200, Zygo Co.). The surface states for MP (Figure 3a),
137 FP (Figure 3b), CE (Figure 3c), and VD (Figure 3d) were visualized.
138 The flatness of the CE and VD surfaces was much better than that of
139 the MP and FP surfaces.
140 2.3. NMR Characterization. By 13C NMR experiments, the
141 existence of isomer molecules and the molar fractions of the dielectric
142 liquids were examined. A 500 MHz NMR spectrometer (DMX500,
143 Bruker Co.) was used for the measurements. (CD3)2CO (Acros
144 Organics Co.) was used as the additive for HFE-7000 and HFE-7300,
145 and CD3OD (Acros Organics Co.) was used for HFE-7100, HFE-
146 7200, and HFE-7600; the additives were dissolved in the HFEs for
147 analysis. The 13C NMR resonance was referenced to the signals (δ =
148 49.0 ppm) of CD3OD and (δ = 29.8 ppm) of (CD3)2CO. The NMR

f4 149 spectrum of HFE-7100 is shown in Figure 4 as an example. Doublet
150 and triplet peaks are assigned as n-HFE-7100 and i-HFE-7100. Similar
151 to the NMR analysis, the molecular structures of the i-HFEs in Figures
152 1c, 1e and 1h were determined from the isomer molar fractions. The
153 molar fractions of isomer, xi, is defined by

=
+

x
I

I Ii
i

n i154 (2)

155 where In and Ii indicate the peak intensity of the normal and isomer
156 HFEs, respectively. The molar fractions of the isomers are listed in

t2 157 Table 2.

3. RESULTS AND DISCUSSION
158In a previous study,26 we reported that hydrostatic pressure
159depends on surface state, that is, rough surface (MP) or smooth
160surface (CE). We also found by NMR spectroscopy that some
161of the HFEs have molecular isomers, as was evident from the
162damages to the liquids before/after the applied field.27 We
163assume that the following factors are responsible for highly
164efficient EHD (polarization pumping): (i) existence of

Figure 3. Surface states of electrodes processed by (a) conventional mechanical polishing (MP), (b) fine polishing using diamond paste (FP), (c)
chemical etching using hydrochloric acid (10%) (CE), and (d) Au vapor deposition (VD).

Figure 4. NMR spectrum of HFE-7100. Normal (n-) and isomer (i-)
molecules are distinguished by chemical shifts. Molar fraction of the
isomers is estimated by the intensity ratio.

Table 2. Molar Fraction of Isomer, xi, Estimated by NMR
Spectroscopy

HFE-7000 HFE-7100 HFE-7200 HFE-7300 HFE-7600

xi 0 0.83 0.75 0 0.58
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165 molecular isomers, (ii) absolute value of the dielectric dipole
166 moment (μ⃗), (iii) difference in dipole moment between normal
167 and isomer molecules (Δμ⃗), and (iv) surface states of the
168 electrodes.
169 3.1. Ideal Model for Highly Efficient EHD Pumping.
170 According to electromagnetism, polarization force density
171 described by noncharge injection, f p, is given by

μ μ⃗ = ∇⃗ ⃗· ⃗ = ⃗ ∇⃗· ⃗f N E N E( ) ( )p172 (3)

173 where N is total number of molecules per unit volume. The
174 following formula of vector calculus (eq 4), ∇⃗ × E⃗ = 0 and ∇⃗·μ⃗
175 = 0 are used in eq 3. The formula of the vector calculus is given
176 by

∇⃗ ⃗· ⃗ = ⃗·∇⃗ ⃗ + ⃗·∇⃗ ⃗ + ⃗ × ∇⃗ × ⃗

+ ⃗ × ∇⃗ × ⃗
A B B A A B B A

A B

( ) ( ) ( ) ( )

( )177 (4)

178 By substituting Nμ⃗ = εE⃗ into eq 3

ε ε ε ε⃗ = ⃗ ∇⃗· ⃗ = ∇⃗ = ∇⃗ − ∇⃗f E E E E E( )
1
2

1
2

[ ]
1
2p

2 2 2

179 (5)

180 With the deformation of eq 5, we use ∇⃗(A⃗·A⃗) = 2(A⃗·∇⃗)A⃗
181 (modified eq 4) and ∇⃗(εE2) = (∇⃗ε)E2 + ε∇⃗(E2). The first and
182 second terms of eq 5 correspond to f ES and f DEP, respectively.
183 Information of dipole moment of molecules is involved in ε.
184 Generally, it is difficult to calculate the dielectric constant from
185 the molecular polarizability.34 The Kirkwood−Frohlich (KF)
186 equation including the nearest neighbor interactions is used to
187 deduce the dielectric constant.35,36 However, some systems
188 show discrepancy between the experimentally obtained
189 dielectric constant and the values calculated using the KF
190 equation, since the dielectric constant in an actual system is
191 determined by the many-body correlation coupled with
192 dipole−dipole interactions in the bulk liquid state. Particularly,
193 under an external electric field, it is impossible to estimate the
194 dielectric constant at the molecular level in the simulation.
195 Previously obtained surface state dependence of Δp and
196 rhythmic oscillation of electric current, I(t),26,27 are summar-

f5 197 ized in Figure 5. Electric current as a function of time under DC
198 electric field is inserted in Figure 5. In case of HFE-7100,
199 rhythmic oscillation of I(t) was induced weakly by the VD

200processed electrodes (Figure 3d) at 10 kV and Z = 2 mm. Since
201the absolute value of electric current is quite small, charge
202injection from the electrodes to HFE-7100 is suppressed in the
203system. In the polarization pumping regime, the observed
204current is classified into polarization current. In electro-
205magnetism, polarization current density, Jp⃗, is provided by,

μ⃗ = ⃗J N
dtp

206(6)

207Hence, time-variant μ⃗ provides nonzero value of Jp⃗. By
208introducing the EDL, we construct the ideal model to explain
209the experimental results described in Figure 5. In electro-
210chemistry, the classic model of EDL consists of Helmholtz layer
211and diffuse layer. We modify it for a polar molecule, which have
212 f6degrees of freedom of molecular conformations (Figure 6a).

213On the Helmholtz layer, molecules are fixed on the surface of
214electrode with preferring orientational order and molecular
215packing efficiency. Solid-like molecular arrangement requires
216large dipole moment in the Helmholtz layer. On the other
217hand, the diffuse layer locates at outer part as an intermediate
218state between well-ordered Helmholtz layer and random bulk
219liquid. We deduce that the diffuse layer is characterized by
220intermediate dipole moment of a polar molecule. Considering
221orientational order and magnitude of the dipole moment, we
222assume the dielectric constant as a function of distance (ξ)

Figure 5. Electrochemical properties of HFE-7100 in the previous
study26 are classified in surface states of electrodes. Rhythmic
oscillations of electric current, I(t), were observed distinctly on the
smooth surface. The surface improvement can promote highly efficient
hydrostatic pressure, Δp.

Figure 6. Schematic EDL formations near the surface of electrode. (a)
Microscopic dipole moments and orientational order of molecules. (b)
Mesoscopic and heterogeneous EDL formations (green parts) on the
rough and smooth surfaces of electrode. The diffuse layer, whose
thickness is δ, locates between the well-ordered Helmholtz layer and
the disorder bulk liquid.
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223 (Figure 6a). Since f DEP in eq 5 has ∇⃗ε term, only diffuse layer
224 contributes to f DEP in the ideal model. We estimate f DEP in
225 idealized parallel electrodes, whose gap distance is fixed at Z.
226 Focusing on the diffuse layer, electric field is modified by
227 dielectric constant ε(ξ). Thickness of the diffuse layer is defined
228 to be δ in the model. When constant electric potential, ϕ, is
229 applied into the parallel electrodes, electric field at the position
230 ξ in the diffuse layer becomes,

ξ φ ε ξ=E
Z

( )
/ ( )

231 (7)

232 By substituting eq 7 to f DEP, the f DEP is given by

∫ε φ
ε ξ

ε ξ
ξ

ξ| ⃗ | = − |∇⃗ | = −
δ

f E
Z

1
2 2

1
{ ( )}

d ( )
d

d
DEP 2

2

2 0 2
233 (8)

234 In the 1D model, f DEP is expressed by

φ
ε ε

= −
⎛
⎝⎜

⎞
⎠⎟f

Z2
1 1DEP

2

2
B H235 (9)

236 where εH and εB reveal dielectric constants of the Helmholtz
237 layer and the bulk liquid, respectively. In eq 9, the thickness of
238 the diffuse layer (δ) is canceled out by integrating inverse
239 relation of δ and gradient of ε. A significant finding is that f DEP

240 is caused only by εH and εB in the ideal model. In actual system,
241 δ is important to explain the observed Δp and I. In near future,
242 we will determine δ by in situ observation of neutron
243 reflectivity under electric field.30

244 Next, in ideal model, surface-sensitive Δp is interpreted by
245 introducing the heterogeneous EDL. In Figure 6b, the EDL
246 formations on the rough and smooth surfaces are illustrated
247 schematically. MD simulations and direct observation of TEM
248 support the surface-sensitive EDL structures.37 The EDL
249 cannot develop sufficiently on the rough surface. On the
250 basis of the paper, it is considered that, on the rough surface,
251 the EDL is formed isolatedly due to local protrusion of surface.
252 Lifetime of the randomly appeared EDL might be short. On the
253 other hand, on the smooth surface, the stable EDL is induced
254 on the flat part of surface. Actual smooth surface of metallic
255 surface (Figure 3d) is not perfect flatness on nano scale but
256 sinusoidal wave-like shape over the mesoscopic scale. The EDL
257 size on the modulated surface is finite. Larger size of the EDL
258 has longer lifetime. Therefore, collective motion of the EDL is
259 realized on the smooth surface. We confirm that the observed
260 rhythmic current is originated from the collective formation/
261 collapse of the EDL, where molecular orientational order
262 develops in the EDL compared with bulk liquid.
263 3.2. Hydrostatic Pressure of HFEs. On the basis of the
264 relationship between dielectric liquids and hydrostatic pressure,
265 the HFE dependence of Δp follows the order HFE-7300 <

f7 266 HFE-7000 < HFE-7200 < HFE-7100 < HFE-7600 (Figure 7a).
267 The experimental conditions are a constant applied voltage of
268 10 kV and a fixed electrode gap (Z) of 2 mm. We notice that
269 HFE-7000 and HFE-7300 with xi = 0 have low ability of the
270 EHD pumping. Here, the lowest Δp in the case of HFE-7300 is
271 characterized by the smallest value of μ⃗ (Table 1). Assumptions
272 i and ii are proved by the nonactive pumping in HFE-7000 and
273 HFE-7300. In Figure 7a, ion-drag pumping is observed using
274 MP-processed electrodes, judging from the high electric current
275 and unstable hydrostatic pressure. Despite the largest Δp of
276 HFE-7600 (MP) at 10 kV, pumping instability is undesirable
277 for industrial applications. Thus, we exclude the MP-processed

278electrodes considering the stable polarization pumping in this
279study.
280Our next step is to clarify the molecular isomer effect (Δμ⃗
281and nonzero xi) for hydrostatic pressure, in addition to the
282absolute values of μ⃗. In assumption (i), it is emphasized that xi
283is not controlled when using the as-received samples (Figure 7b
284and Table 2). The hydrostatic pressure, Δp, increases
285proportionally with Δμ⃗ (Figure 7b and Table 1). First, HFE-
2867100 is compared with HFE-7200 to discuss assumption (iii),
287where both HFEs are regarded as similar molecular systems
288(Figures 1b−e). Except for the Δμ⃗ values, both the molecular
289structure and the dielectric constant (ε) are comparable. Δμ⃗
290(=0.113) of HFE-7100 is nearly five times larger than that
291(0.019) of HFE-7200. Both the large hydrostatic pressure and
292Δμ⃗ in HFE-7100 suggest that the isomer effect contributes to
293high-performance polarization pumping. Here, we reinstate that
294the effect of Δμ⃗ in polarization pumping is clarified for the first
295time in this study.
296The above-mentioned experimental fact described as
297assumption (iii) is also extended to the HFE-7600 system.
298DFT calculation reveals that Δμ⃗ of HFE-7600 is nine times
299larger than that of HFE-7100. Among FP, CE, and VD, the
300largest hydrostatic pressure (Δpmax) of HFE-7600 (CE) at 10
301kV is attributed to the largest μ⃗ and Δμ⃗ of this sample in the
302HFE series. Another advantage of HFE-7600 that is favorable
303for industrial applications is the low extent of evaporation.
304Since boiling temperature (Tb) is nearly proportional to
305 t3molecular weight (MW), as seen in Table 3, the liquid volume
306of HFE-7600 is time-invariant at room temperature even in an
307open system. On the other hand, the disadvantage of HFE-
3087100 is the non-negligible volume loss at room temperature

Figure 7. (a) Hydrostatic pressure depending on the type of dielectric
liquid and the four surface states of the electrodes at 10 kV and Z = 2
mm. (b) xi and Δμ dependence of hydrostatic pressure, Δp. The
hydrostatic pressure of HFEs is optimized by the surface conditions.
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309 during prolonged measurements. In spite of its second largest
310 Δp in the HFE series, the HFE-7100 system should be
311 assembled in a closed system for actual industrial applications.
312 The near zero evaporation of HFE-7600 is favorable not only in
313 terms of cost reduction but also for the widely utilized open
314 system.
315 Molecular isomer effects have been observed in many
316 molecular systems.38−40 For instance, n-propanol/i-propanol
317 for additives can aid in distinct control of the electrochemical
318 propertied of a molecular isomer.40 Thus, we confirm that at
319 the molecular level, highly efficient polarization pumping is also
320 influenced by the isomer effect described by Δμ⃗. Here, we
321 extend the ideal model introduced in section 3.1 to the
322 molecular isomer-driven EDL. We predict that under an
323 applied electric field, n-HFE having a large μ⃗ preferably forms
324 an EDL on the electrode. The densely packed Helmholtz layer
325 is occupied mainly by n-HFE (Figure 6a). Once holding n-HFE
326 in the bulk liquid flows close to an electrode, the molecular
327 conformation could be a straight chain with a larger dipole
328 moment. It is well-known that the dipole moment is changed
329 drastically by changes in the molecular conformation. Only n-
330 HFE can satisfy the requirements of high molecular packing
331 efficiency and large dipole moment simultaneously. DFT
332 calculations show that the n-HFE has numerous degrees of
333 freedom of conformation, but the isomer one has less degrees
334 of freedom of conformation due to the geometric factor of
335 branched molecular. In addition, well-packed n-HFE on the
336 electrode enables stabilization of the EDL. Dielectric
337 heterogeneity might be an essential factor for stable polar-
338 ization pumping.
339 3.3. Hydrostatic Pressure Depending on Surface
340 States of Electrodes. In addition to the inherent features of
341 dielectric liquids, the surface conditions of electrodes is a
342 significant factor for EHD pumping.26 Four kinds of surface
343 states of Cu electrodes were processed. Surface smoothness
344 decreased in the order MP < FP < CE < VD (Figure 3a−d). As
345 mentioned in the previous section, EHD pumping using MP-

346processed electrodes was identified as ion-drag pumping, except
347in the case of HFE-7300, by monitoring the electric current
348from 0 to 10 kV. Thus, we exclude the experimental results
349observed when using MP for surface arguments. As seen in
350Figure 7a, high-performance Δp is different for each HFE with
351FP-, CE-, and VD-processed surfaces. At each HFE, the
352maximum hydrostatic pressure (Δpmax) was observed for HFE-
3537000 (VD), HFE-7100 (CE), HFE-7200 (CE), HFE-7300
354(VD), and HFE-7600 (CE). The relatively rough surface
355achieved with FP (Figure 3b) does not afford Δpmax. This is
356consistent with assumption (iv). Next, we discuss the surface
357effect in the case of CE and VD in the polarization pumping
358regime. The relation of the HFEs and surface states for high-
359performance EHD pumping is explained by the molecular
360isomer effect (assumption (i)). The HFEs with Δμ⃗ ≠ 0 prefer
361the CE surface state, while efficient EHD pumping of HFEs
362(Δμ⃗ = 0) is realized by using VD-processed electrodes. In
363addition to high-performance Δp, EDL formations on the
364electrodes plays an important role in interpreting the
365experimental facts surrounding the isomer effect of HFEs and
366the surface states of electrodes. The EDL concept expressed in
367Figure 6b does not contradict assumptions i−iv.
3683.4. Surface State and Applied Voltage Dependences
369of HFE-7600. Theoretically, the force density, f, is given by41

ε ε= − ∇ + ∇
⎡
⎣⎢

⎤
⎦⎥f qE E E

1
2

1
2

2 2

370(10)

371where q is the charge density. The first term in eq 10 is known
372as the Coulomb force, which corresponds to ion-drag pumping.
373The second and third terms indicate f DEP and f ES in eq 5,
374respectively. Ideal polarization pumping in HFE-7100 when
375using CE electrodes has been reported in a previous study.26

376Clearly, the Δp plot in HFE-7100 with CE electrodes obeys the
377V2/Z1.5 dependence.26 The Z−1.5 law is obtained if a part of eq 9
378is proportional to Z0.5. The relation is given by

Table 3. Physical Properties and Maximum Hydrostatic Pressure Δpmax of HFE-7100 and HFE-7600a

Δpmax (Pa) Z (mm) V (kV) I (μA) surface Tb (°C) Mw (g/mol) ρ (g/cm3)

HFE-7100 2430 2 15.8 11 CE 61 250 1.52
HFE-7600 7565 1 12 19 VD 131 346 1.54

aTb and MW reveal boiling point and molecular weight, respectively. The values of density (ρ) is measured at 25 °C.

Figure 8. Applied voltage dependences of hydrostatic pressure when using (a) MP, (b) FP, (c) CE, and (d) VD-processed electrodes. Gray lines are
fitted by the V2/Z1.5 function.
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380 Hence, the Z−1.5 law requires that dielectric constants, εH and
381 εB, are variable against Z with satisfying eq 11. Here, we focus
382 on the EHD pumping of HFE-7600 having a large Δμ⃗ (Figure
383 7b).The hydrostatic pressure of HFE-7600 when using each

f8 384 electrode is shown in Figure 8a−d. The gray curves indicate the
385 calculated V2/Z1.5 values. Charge injection was caused in the
386 MP electrodes due to the appearance of the nonlinearity of the
387 current. In fact, when using MP, electric discharge occurred at
388 11 kV and Z = 2 mm (Figure 8a). In the case of the FP
389 electrodes, the discharge was observed under the experimental
390 conditions of 12 kV and Z = 1 mm (Figure 8b). The electric
391 discharge phenomenon in both MP and FP electrodes is
392 expressed by the saturation of Δp, where the applied voltages
393 are indicated by the arrows in Figures 8a and b. On the
394 contrary, electric breakdown did not occur when using CE and
395 VD electrodes. When using HFE-7600 (CE), the hydrostatic
396 pressure exceeded 5000 Pa for the first time (Figure 8c).
397 Further improvement of the electrode surface can help in
398 achieving a larger pressure (Figure 8d). The maximum
399 hydrostatic pressure, Δpmax, in this study was found to be
400 7565 Pa for HFE-7600 (VD), Z = 1 mm, 12 kV, 19 μA, and
401 (Table 3). Moreover, we emphasize that high efficient EHD
402 pumping with low electric current is obtained within a few
403 seconds. Relatively rapid response is also regarded as one of
404 advantages for applications.
405 Although Δpmax was obtained in the case of HFE-7600 (VD),
406 the ideal V2/Z1.5 trend as in the case of HFE-7100 (CE)26 was
407 not measured for HFE-7600 (CE) and HFE-7600 (VD). To
408 clarify the V2/Z1.5 law quantitatively, the Δp × Z1.5 − V2

f9 409 relation is plotted in Figure 9a−c. The modified data for HFE-
410 7100 (CE) are scaled on a universal linear relation (gray line in
411 Figure 9a). This implies that EHD pumping of HFE-7100 (CE)
412 obeys a simple physical law such as eq 11. On the other hand,
413 the Δp × Z1.5 relationship for HFE-7600 (CE) shows two
414 universal lines (Figure 9b). Δp × Z1.5 with Z = 1 mm coincides
415 with the lower universal line over the entire V2 region.
416 However, Δp × Z1.5 with Z = 2−5 mm is in good agreement
417 with the lower universal line only at V2 < 70. Interestingly, a
418 clear crossover behavior from the lower to the upper universal
419 lines is seen in the Δp × Z1.5 − V2 plot (Figure 9b). In Figure

4209c, the scaling property of HFE-7600 (VD) is also represented.
421A fascinating point is that the scaled data are divided in to three
422types of universal lines, satisfying the V2/Z1.5 law in the plot.
423Furthermore, crossover points between the lines exist for some
424Z values. The crossover behaviors of HFE-7600 (CE) and
425HFE-7600 (VD), indicating multistep pumping mechanism,
426still remains unclear. However, all data sets show linearity on
427the V2 scale. f DEP described by the second term in eq 5 affects
428the HFE-7100 (CE), HFE-7600 (CE), and HFE-7600 (VD)
429systems.
4303.5. Simulations of Z Dependence Using f DEP and f ES.
431It is well-known that EHD convection is very complicated.
432Thus, many numerical simulations have been carried out to
433design high-performance devices or interpret the experimental
434results.10,13,42,43 As mentioned in the previous section, the Z−1.5

435dependence of Δp is thought to reflect a specific pumping
436mechanism. In a previous study, we estimated f DEP qualitatively
437using a 1D model, where the central holes on the electrodes
438were not considered.26 When assuming the EDL, the gradient
439of the dielectric constant, ∇ε is included in the 1D model. The
440qualitative calculation of f DEP cannot explain the Z−1.5

441dependence of Δp.
442For further understanding, we perform numerical simulations
443considering actual electrodes having central holes (Figure 2a).
444Simultaneously, we examine the effect of f ES, which is induced
445by the nonuniform electric field expressed in eq 5. The size of
446one pixel in the 2D model corresponds to 0.1 × 0.1 mm2. In the
4472D simulations based on eq 5, spatial information regarding the
448dielectric constant in Figure 6a is indispensable. In this study,
449we assume two types of dielectric constant (ε) distributions.
450 f10Figure 10 reveals the enlarged central parts of the whole
451electrodes for Z = 2 mm in Figures 2a and 2b. To investigate
452the Z−1.5 dependence of Δp, the Z range in the simulation is set
453from 1 to 5 mm. In model 1 (Figure 10), the large dielectric
454constant is distributed near the hole on the anode side. Here,
455we assume that the EDL is formed only on the anode side
456because the HFEs have electronegative components such as
457oxygen and fluorine. In model 2, the dielectric constant
458decreases rapidly close to the central hole. The difference
459between model 1 and model 2 appears in the electric potential,
460ϕhole, where ϕhole is modulated near the central holes of the
461anode. In 2D simulations, ϕhole is calculated with dividing by
462the dielectric constant (eq 7). The large gradient of the

Figure 9. Scaled hydrostatic pressure of (a) HFE-7100 (CE), (b) HFE-7600 (CE), and (c) HFE-7600 (VD). Linearity on the Δp × Z1.5 − V2 plot
indicates V2/Z1.5 scaling.
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463 dielectric constant, ∇ε, in model 2 enables extensive
464 modulation of ϕhole near the edge of the central hole. The
465 next step is to calculate the electric field (E) from ϕhole. A
466 nonuniform E is enhanced around the corner of the central
467 hole. Since eq 5 contains E2 terms, E2 mapping is shown as the
468 second process to obtain f DEP and f ES (Figure 10). In model 2,
469 the large E2 area spreads to a considerable extent. The
470 simulation results suggest that electric breakdown occurs easily
471 in the case of model 2. This is because a large value of E2 is
472 concentrated around the corner of the electrodes and charge is
473 injected from the edge of the anode. On the contrary, in model
474 1, the widely distributed EDL having a large dielectric constant
475 can prevent discharge. Finally, using the dielectric constant
476 distributions and the simulated E2, the distributions of f DEP and
477 f ES are demonstrated in the simulation box (Figure 10). Both
478 f DEP and f ES are effective close to the anode.
479 The above-mentioned 2D simulations are performed in the
480 cross section of the electrodes. Considering the 3D cylindrical
481 electrode, it is necessary to integrate f DEP and f ES with
482 cylindrical coordinates, using f = ∫ f(r)2πrdr. By varying the
483 electrode gap Z, f DEP and f ES are integrated separately in model

f11 484 1 and model 2. Figure 11a reveals the Z dependence of f DEP.

485 The gray curve in Figure 11a is fitted using the Z−1.5 function.
486 In accordance with the Z−1.5 function, the simulated f DEP both
487 in model 1 and model 2 decreases with increasing Z. Hence,
488 f DEP obeys Z−1.5-decay, which is simulated in the cylindrical
489 electrode with a central hole. Moreover, the Z−1.5-decay is
490 reproducible for several spatial distributions of ε. The model-
491 free Z−1.5 decay of f DEP can be addressed for the inherent shape
492 factor of a flat electrode with a central hole. In the case of flat
493 electrodes without the central hole, the simulated f DEP is not
494 extrapolated anymore on a power law, the Zα function. Thus,
495 f DEP could be sensitive to the geometrical factors of electrodes,
496 such as shape and electrode gap. In contrast, Z-invariant f ES is
497 calculated (Figure 11b). The simulated f ES has little Z

498dependence both in model 1 and model 2. Obviously, f ES in
499model 1 and model 2 does not obey the power law, although
500the absolute values of f ES depend on the models.

4. CONCLUSION

501A stable and large Δpmax (∼7500 Pa) was obtained by a
502combination of HFF-7600 and VD electrodes within the
503polarization pumping regime. The low electric current even at
504Δpmax suggests that the smooth surface of the electrodes can
505prevent direct charge injection into dielectric liquids from the
506electrodes. By systematic experiments and DFT calculations, it
507is revealed that the isomer effect of the HFEs is quite significant
508for polarization pumping. The surface states of the electrodes
509are coupled with the isomer effect of HFEs. The observed
510hydrostatic pressure of HFE-7100 (CE), HFE-7600 (CE), and
511HFE-7600 (VD) is scaled by the V2/Z1.5 law. The Z−1.5

512dependence of the hydrostatic pressure is examined by
513numerical simulations, assuming the formation of an EDL on
514the anode side. By experiments and simulations, it is shown that
515high-performance polarization pumping can be derived from
516stable EDL formation.
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