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ABSTRACT 

The characterization of ionic liquids near neutral and charged graphene surfaces 

was performed using four complementary surface techniques: sum frequency generation 

(SFG) spectroscopy, contact angle measurement, cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS). 

The SFG results indicate that only the anions are attracted to the positively 

charged BaF2 (111) surface and occupy the first layer at the solid-liquid interface. The 

graphene coating shields the charged crystal surface and allows both cations and anions 

to exist at the ionic liquid/ graphene interface. The SFG results show the presence of both 

cations and anions at the charged graphene surface. The anion signal increased with the 

external potential growth and the cation signal had little influence on the external 

potential. Results from the contact angle measurement reveal the increase in the contact 

angle of the ionic liquid on the BaF2 surface after the graphene layer deposition, 

suggesting that the graphene coating modifies the wetting behavior of BaF2 substrate and 

lowers the surface energy. The electrochemical results suggest that ions form a stable 

double-layer at the charged graphene surface and the amount of cations increases with the 

reduction of potential. These measurements demonstrate that ions of the ionic liquid 

adsorb to the graphene electrode surface to generate a Helmholtz-like electric double-

layer, where anions are located at the inner Helmholtz layer and cations are distributed at 

the outer Helmholtz layer.  
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Chapter 1 :  Introduction 

Interfacial phenomena in ionic liquids at the graphene surface are a subject of 

intensive ongoing research in various areas, such as electrochemistry, bio-

electrochemistry, adhesion, and lubrication.
1-3

  The investigation presented here focuses 

on two interfaces: ionic liquid-neutral graphene, and ionic liquid-charged graphene 

electrode. The interfacial interaction and structure of ionic liquids at the graphene surface 

is studied using SFG vibrational spectroscopy, contact angle measurement, CV, and EIS. 

This dissertation is devoted to the study and discussion of the properties of ionic liquids 

at different liquid-solid interfaces, in particular the response of ionic liquids to the 

graphene and/or charged graphene interface. 

1.1 Room-Temperature Ionic Liquids 

Ionic Liquids (ILs) are a special class of pure liquid salts, which do not evaporate 

with time.
4
 ILs, typically composed of organic cations and inorganic anions, are liquid 

under 100  .
5
 ILs that have a melting point lower than ambient temperature are called 

Room-Temperature Ionic Liquids (RTILs). Synthesis and characterization of ILs were 

first reported in the 19
th

 century.
4,6

 Since then the number of publications mentioning 

“ionic liquids” have increased in which scientists around the world have produced 

thousands of different ILs. In Figure 1-1, the ionic liquids investigated are composed of 

bulky imidazolium cations and inorganic anions, such as    
 ,    

 ,      and other 

anions. 



The interest in research involving ILs grew due to their distinctive properties such 

as negligible vapor pressure, high thermal stability, electric conductivity, and high heat 

capacity.
7-9

 These properties yield a number of potential advantages, which can be 

exploited in various processes and applications.
10-14

 Figure 1-2 gives an overview of the 

applications of ILs in chemistry. 

 

Figure 1-1: Common anions and cations used for ionic liquids synthesis 

Making different combinations of the cation or anion allows for modifications in 

their properties such as hydrophobicity, viscosity, density and solvation. These properties 

are what led to the current most common applications of ionic liquids, specifically liquid-

liquid extraction, gas chromatography (GC), liquid chromatography (LC), lubrication, 

solar cells, and electrochemical applications.
5,6,15-21

 To reduce the reliance on volatile 

organic compounds, ILs can be used in liquid-liquid extractions and reactive separations 



due to their alcohol-like polarities, salt-like composition,
16,22

 and the difference in their 

solubility.
15,16

 

 

Figure 1-2: Application of ionic liquids. 

In GC and LC, ILs exhibit dual nature retention selectivity and the separation 

ability of polar molecules and nonpolar molecules.
21,23

 Ionic liquids, specifically, 

alkylimidazolium tetrafluoroborates, are applied as versatile lubricants for the contact of 

steel/steel, steel/aluminum, steel/copper, steel/SiO2, Si3N4/SiO2, steel/Si(100), steel/sialon 

ceramics and Si3N4/sialon ceramics due to their excellent load-carrying capacity.
20

 Last 

but not least, the use of ILs in various aspects of electrochemistry,
24

 including 

electrochemical sensors,
25

 electrochemical deposition,
24

 supercapacitors,
26

 and 

electrowetting devices,
14,27

 have great significance to science and industry.  

As the majority of their applications mentioned here all deal with their behavior 

near interfaces and particularly near a charged interface, the need for studying ionic 

Sensors

Separations 
GC/LC/CE

EWOD Devices

AnalyticsSolvents

Heat Storage

Electrolytes



liquid interfaces at the molecular-level becomes vital. Knowing the molecular orientation, 

the charge distribution and the electric potential difference at the liquid-solid interfaces 

and/or liquid-charged interfaces is crucial for understanding the performance of the ILs as 

electrolytes. 

1.2 Graphene  

 

Figure 1-3: Graphene, a sheet of honeycomb lattice carbon atoms, can be manipulated to 

form (from left to right) buckyballs, carbon nanotubes, or multilayer graphite.
28

 

Graphene is a two-dimensional (2D) one atomic plane of sp
2
-bonded carbon, 

where atoms are arranged in a honeycomb-style pattern (Figure 1-3). It is the base for 

other dimensional graphitic materials, such as zero-dimensional (0D) buckyball 

(spherical shape), one-dimensional (1D) carbon nanotube (cylindrical shape) and three-

dimensional (3D) graphite (stacks of graphene layers).
28

 



Over several decades, a strictly 2D crystal material was considered as a 

theoretical material based on the studies of thermal fluctuations performed by Peierls,
29,30

 

and Landau.
31

 The experimental discovery of graphene was first isolated by mechanical 

exfoliation from graphite in 2004.
32

 Since then, graphene has become one of the most 

exciting materials because of its distinctive band structure and physical properties. The 

strong carbon-carbon bonds in graphene keep the thermal fluctuations from destroying 

the crystal structure.
28,33

  

The outstanding properties of graphene, such as the anomalous quantum Hall 

effect,
33

 extremely high mobility,
32

 superior thermal conductivity,
34

 high elasticity,
35

 and 

optical transparency,
36

 make it a great potential candidate for various applications, e.g., 

transparent conductors,
37

 transistors, transparent electrodes,
38

 energy storage,
39

 composite 

materials,
40

 and chemical/bio sensors.
41,42

 In Figure 1-4, graphene is used in a 100 GHz 

transistor, a touch screen, and a biosensor.  

There are several ways to obtain graphene, such as the drawing method, chemical 

exfoliation, the creation of colloidal suspensions, and chemical vapor deposition (CVD) 

growth. The drawing method, also known as the “Scotch tape” method is the first 

reported method, in which graphene is obtained by mechanical exfoliation from (repeated 

peeling) of small mesas from highly oriented pyrolytic graphite (HOPG).
32

 This approach 

is highly reliable for yielding small samples of graphene that are useful for fundamental 

study, and it also has the ability to prepare few-layer graphene films up to 10    in size. 

Vacuum graphitization can grow epitaxial graphene on single-crystal silicon carbide.
43

 

The CVD growth of graphene on copper foil is more promising in growing large-area 



graphene films which are easily transferred to any arbitrary substrate, and the films 

obtained are predominantly single layer graphene. The production of graphene from 

colloidal suspensions made from graphite are scalable and versatile in terms of being 

well-suited for chemical functionalization.
44

 

 

Figure 1-4: (A) IBM graphene transistor, (B) and (C) An assembled graphene/PET touch 

panel, and (D) the chemical/bio sensor.
35,45

 

The quality of the graphene can be characterized by many techniques including 

atomic force microscopy (AFM), transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and Raman spectroscopy. AFM not only can be used to 

determine the number of the layers of the graphene, but also can identify the elastic 

properties and intrinsic breaking strength of the graphene.
46

 TEM and SEM images can 

show the structure and morphology of the graphene sheet.
47,48

 Raman spectroscopy is the 



most general tool used to probe the structural and electronic characteristics of graphene 

materials. Figure 1-5 shows a Raman spectrum of single- and multi- layer graphene on a 

quartz substrate, where the in-plane vibration of sp
2
 carbon atoms (G-band) and the 

stacking orders (2D-band) are clearly present. While all kinds of sp
2
 carbon materials 

exhibit a strong peak in the range of 2500 - 2800 cm
-1

 in the Raman spectra, for the 

single-layer graphene the G band is much lower and the 2D band is more intense, 

respectively, as compared to the G band and the 2D band in the multi-layer graphene.
49

 

 

Figure 1-5: The Raman spectra of monolayer, bilayer, three layers, and four layers 

graphene on quartz.
49

 

 

1.3 Interface of ionic liquid-graphene interface 

The behavior of ILs near graphene surfaces is receiving more attention due to 

their unique properties and the promising potential for numerous applications. Graphene-

based electrodes combined with IL electrolytes can provide an attractive alternative for 



supercapacitors. Such combinations result in an optimal pairing of high specific surface 

area electrodes and wider operating potentials that may be afforded by some IL 

electrolytes.
50

 In the dye-sensitized solar cell, the transparent thin graphene films on F-

doped SnO2 showed high electrocatalytic activity toward the I3
-
 / I

- 
redox couple, 

especially in ionic liquid-based electrolyte on the monolayer graphene electrode.
18,51

 

Ionic liquids based on the dicyanamide anion exhibit low viscosity and relatively high 

electrical conductivity,
52

 and have been used in dye-sensitized solar cells to improve the 

conversion efficiency.
18

 For chemical/bio sensors, the ionic liquid-functionalized 

graphene sheets show good dispersibility and long-term stability.
53

 In addition, it was 

found that the ionic liquid-modified graphene electrochemical biosensor directed the 

electron transfer of various redox biomolecules.
54

 Furthermore, unlike water-based 

electrolytes, the ILs are being considered as electrolytes to increase symmetric 

supercapacitors operating voltages and temperatures.
39

  

These applications are mainly based on chemical or electrochemical phenomena 

at the ionic liquid/graphene interface, therefore it is important to understand the 

interaction at this interface. In particular, the monolayer located at the interface is 

responsible for most of the chemical, physical, and biological process occurring in these 

applications. Therefore, the molecular-level structures of the ionic liquids at the neutral 

(un-charged) graphene and charged graphene surfaces have gained a lot of attention. 

For the IL/neutral graphene interface: The first SFG spectroscopy of the 

interface between the ionic liquid [BMIM][MS] and the graphene-coated CaF2 surface 

has been studied by Baldelli et al.
55

 They found that when both cations and anions were 



arranged at the graphene surface. The methyl group on the anions tilted more than 40° to 

the surface normal, and the imidazolium ring on the cations slightly tilted from the 

surface. From the molecular dynamics simulation study of the [DMIM][Cl]/graphene 

interface reported by Fedorov and Lynden-Bell, the enrichment of the [DMIM]
+
 cations 

present at the graphene surface generated a cationic-layered structure at the interface and 

attracted Cl
-
 anions, leading to the formation of several distinct solvation layers.

56
 This 

layered structure produced a negative nonzero potential shift between the graphene 

interface and the bulk of ionic liquid. Ghatee et al. studied [BMIM][Cl] and [BMIM][PF6] 

on graphene plates using density functional theory (DFT).
57

 They reported that the 

imidazolium ring and the alkyl chain of the imidazole cation tends to orient parallel to the 

graphene surface, and the methyl group on the butyl chain is slightly downward to the 

surface with respect to the imidazolium ring. These studies have not considered the 

influences of the substrate. A graphene sheet is a single atomic layer; therefore, the shape 

and surface properties of the graphene layer are strongly influenced by structure and 

chemical or electrical properties of the substrate. The Raman studies of graphene-coated 

on different substrates (i.e, SiC, quartz, Si) have been reported by Wang and co-

workers.
49

 The significant blueshift of Raman bands were attributed to the interaction of 

the graphene sheet with the substrate. These studies suggest that the understanding of 

both the interfacial structure of the IL/graphene interface and the influence of the 

graphene/substrate interface are significantly important. 

The IL/charged graphene interface: The EDL structures have been well studied 

since 1853; and the Helmholtz model is described as the earliest and most simple model 



for EDL. Since that time, more and more models have been developed for EDL such as: 

the Gouy−Chapman model, the Gouy−Chapman-Stern model, and the Grahame model. 

Due to the highly concentrated ionic system, these classic models cannot describe the 

EDL structures of ionic liquid at the electrode surface well. In the example shown in 

Figure 1-7, the compacity parameter   is a key factor for the EDL structure at interface. 

The model developed by Kornyshev
58

 is a mean-field lattice-gas description of a 

concentrated electrolyte and predicts a “bell” shaped capacitance curve. This is the same 

form as is predicted by the Bikerman–Freise model for aqueous electrolytes in the limit 

where the solvent concentration is zero. 

The voltage-dependence of the EDL differential capacitance is expressed by: 

The particular case of     corresponds to an ultra-dense system with maximum 

packing density of ions and no solvent, as neat ionic liquid. 

where  
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possible local concentration of both ions;   is the high frequency dielectric constant of the 

IL; k is the Boltzmann’s constant and T is the absolute temperature. 

Kornyshev extended his model to consider ionic liquids which comprise cations 

and anions of different sizes and in which the ions are not densely packed; in other words 

the liquids are compressible. In this case, Kornyshev develops an approximate expression 

for the differential capacitance which is “camel”-shaped and in which the “wings” of the 

curve are asymmetric with the maximum association with the larger ion dominating. 

Lu et al. characterized the graphene production from the graphite electrode using 

ionic liquid-assisted electrochemical exfoliation and found that the presence of the 

imidazolium moiety as well as the    
  counter ion can be seen clearly in the XPS survey 

scan. Most recently, Fedorov and Lynden-Bell investigated the screening of solute 

ion−electrode interactions in two ionic liquids (1-butyl-3-methylimidazolium 

tetrafluoroborate [BMIM][BF4] and 1,3- dimethylimidazolium chloride [MMIM]Cl) by 

constructing free energy profiles for dissolved charged probes as a function of distance 

from a charged graphene surface. They found that the free energy profiles show high 

barriers impeding the passage of an ionic probe to an oppositely charged surface and that 

the heights of the barriers strongly depend on the ionic liquid composition.  



 

Figure 1-6: The differential capacitance as a function of electrode potential and 

temperature as obtained from MD for: (a). the atomically flat basal graphite surface, (b). 

recalculated and reprinted (a), (c). the ‘‘weakly’’ corrugated surface.
59,60

 

Vatamanu et al. examined the differential capacitance of ionic liquid electrolytes 

near electrified graphene surfaces by using molecular dynamic simulations.
59

 This 

approach could not incorporate the true electronic structure of a semi-infinite semimetal 

electrode, i.e., to involve into the simulation of the EDL in the graphite. They found that 

the EDL was more compact at the positive electrode, as compared to the negative 

electrode. An innermost layer is seen 4 to 5.3 Å away from the interface, an intermediate 

layer at 5.3 to 7.5 Å and the third layer at 7.5 to 9 Å. On the basis of this study, Fedorov 



et al. calculated capacitance, which has a camel shape structure, with focusing only on 

the finding of this team about the EDL in the RTIL side, as shown in Figure 1-6.  

 

Figure 1-7: Animation showing an ionic liquid between two electrodes, respresenting the 

concept of the compacity parameter   (red spheres standing for anions, blue spheres depict 

cations, and empty space in the lattice representing voids).
60

  

The electrochemical stability of ionic liquids increases the range of potentials that 

can be applied to a device, which allows for an increase in the energy density of single-

cell capacitors and a reduction in the number of cells required in a series pile.
61

 

Electrochemical impedance spectroscopy (EIS) is found to be useful for the study of the 

ionic liquid-electrode interface.
60,62,63

 Uesugi et al. investigate the electric double-layer 

capacitance between [BMIM][PF6] and multi-layer graphene and suggest that both the 

capacitance of carrier distribution and the quantum capacitance of graphene layers 

contribute to the total capacitance.
63

 Graphene is also found as an efficient charge transfer 

agent in the viscous IL and as a catalyst for the electrochemical reduction of   
  in the 

electrolyte layer as determined by Brennan et al.
64

 They reported that the interactions 

between the graphene and the IL system lead to the formation of self-organized 

assemblies or networks. 



1.4 Organization of Dissertation  

In this dissertation, the interface between the ionic liquid and neutral and/or 

charged graphene is studied, and the applications of graphene as transparent electrodes 

are demonstrated.  

In Chapter 2, a fundamental theory and formulation of sum frequency generation 

spectroscopy, cyclic voltammetry, electrochemical impedance spectroscopy and 

electrowetting is introduced. A theoretical description of the physics of the electrowetting 

process is given.  

In Chapter 3, the Nd-YAG laser, the optical parametric generator/amplifier 

(OPA/OPG), and details of the optical system setup used for the experiment are discussed. 

The high vacuum system including the vacuum line, the electrowetting vacuum cell and 

the SFG vacuum cells is described in detail. Moreover, the synthesis and characterization 

procedures of room-temperature ionic liquid are reported. 

In Chapter 4, sum frequency generation vibrational spectroscopy and contact 

angle measurements of an ionic liquid, 1-butyl-3-methylimidazolium dicyanamide 

[BMIM][DCA], at solid-liquid interfaces are reported. A bare solid single-crystal barium 

fluoride (BaF2) (111) surface, a monolayer graphene-coated BaF2 (111) surface and a 

bilayer graphene-coated BaF2 (111) surface were used as the solid substrates. The SFG 

results indicate that both [BMIM]
+
 and [DCA]

- 
can be detected specifically on the 

graphene–coated BaF2 (111) surface. Without coating only the [DCA]
-
 anions are 

observed. [DCA]
-
 anions are attracted to the positively charged BaF2 (111) surface and 



occupy the first layer at the solid–liquid interface. The graphene coating shields the 

charged crystal surface and allows both cation and anion to exist at the interface. 

Furthermore, an increase in the contact angle of the BaF2 surface after the graphene 

layers deposition suggests that the graphene coating lowers the surface energy. This work 

has already been published in. J Phys Chem B 2014, 118, 5203-10 with the following 

authors Xu, Siyun; Xing, Sirui; Pei, Shin-Shem; and Baldelli, Steven. 

In Chapter 5, the ion distribution of the interfacial layer information at the 

charged graphene triple layer – ionic liquid (1-butyl-3-methylimidazolium dicyanamide) 

interface by sum frequency generation spectroscopy, cyclic voltammetry and 

electrochemical impedance spectroscopy are studied. The SFG results show the present 

of both [BMIM]
+
 cations and [DCA]

-
 anions at the charged graphene surface, where the 

anions signal increased with the external potential growth and the cations signal has little 

influence on the external potential. The electrochemical results suggest that ions form a 

stable double-layer at the charged graphene surface and the amount of cations increases 

with the reduction of potential. These measurements conclude that ions of the ionic liquid 

adsorb to the graphene electrode surface to generate a Helmholtz-like electric double-

layer, where anions locate at the inner Helmholtz layer and cations distribute at the outer 

Helmholtz layer. 

In Chapter 6, the electrowetting properties of ionic liquid and water on a 

polystyrene and/or paraffin surface is studied by contact angle measurement. The solid 

surface is characterized by the sum frequency generation spectroscopy. The results 



implied that the thickness of the insulating film affect the value of the contact angle at 

different potentials. The value of the electrowetting contact angle of [BMIM][PF6] has a 

smaller ability to switch than the one of water. The EWOD curve of [BMIM][PF6]  under 

vacuum shows a more symmetric parabolic shape compared to under ambient conditions, 

which further provide the influence of water on the surface of ionic liquid. 



1.5 Reference 

(1) Ivaništšev, V.; Fedorov, M. V.; Lynden-Bell, R. M. J. Phys. Chem. C 2014, 

140310095559001. 

(2) Yang, H.; Shan, C.; Li, F.; Han, D.; Zhang, Q.; Niu, L. Chem. Commun. 2009, 

3880-3882. 

(3) Liu, N.; Luo, F.; Wu, H.; Liu, Y.; Zhang, C.; Chen, J. Adv. Funct. Mater. 2008, 18, 

1518-1525. 

(4) Wasserscheid, P.; Welton, T. Ionic Liquid in Synthesis, Second Edition, 2007. 

(5) Bowers, J.; Butts, C. P.; Martin, P. J.; Vergara-Gutierrez, M. C.; Heenan, R. K. 

Langmuir 2004, 20, 2191-2198. 

(6) Gabriel, S.; Weiner, J. Eur. J. Inorg. Chem. 1888, 21, 2669-2679. 

(7) MacFarlane, D. R.; Forsyth, S. A.; Golding, J.; Deacon, G. B. Green Chem. 2002, 

4, 444-448. 

(8) Crosthwaite, J. M.; Aki, S. N. V. K.; Maginn, E. J.; Brennecke, J. F. J. Phys. 

Chem. B 2004, 108, 5113-5119. 

(9) Rogers, R. D.; Seddon, K. R. Ionic Liquids Iiib: Fundamentals, Progress, 

Challenges, and Opportunities, Copyright, Foreword, in Memoriam Transformations and 

Processes, 2005; Vol. 902. 

(10) Smirnova, N. A.; Safonova, E. A. Russ. J. Phys. Chem. 2010, 84, 1695-1704. 

(11) Przemyslaw, K. Prog. Polym. Sci. 2004, 29, 3-12. 

(12) Rivera-Rubero, S.; Baldelli, S. J. Phys. Chem. B 2006, 110, 4756-4765. 



(13) Lu, X.; Zhou, J.; Zhao, Y.; Qiu, Y.; Li, J. Chem. Mater. 2008, 20, 3420-3424. 

(14) Millefiorini, S.; Tkaczyk, A. H.; Sedev, R.; Efthimiadis, J.; Ralston, J. J. Am. 

Chem. Soc. 2006, 128, 3098-3101. 

(15) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; Broker, G. A.; 

Rogers, R. D. Green Chem. 2001, 3, 156-164. 

(16) Liu, R.; Liu, J. F.; Yin, Y. G.; Hu, X. L.; Jiang, G. B. Anal. Bioanal. Chem. 2009, 

393, 871-883. 

(17) Dubois, P.; Marchand, G.; Fouillet, Y.; Berthier, J.; Douki, T.; Hassine, F.; 

Gmouh, S.; Vaultier, M. Anal. Chem. 2006, 78, 4909-4917. 

(18) Wang, P.; Zakeeruddin, S. M.; Moser, J.-E.; Grätzel, M. J. Phys. Chem. B 2003, 

107, 13280-13285. 

(19) Alam, M. T.; Islam, M. M.; Okajima, T.; Ohsaka, T. J. Phys. Chem. C 2008, 112, 

16600-16608. 

(20) Ye, C.; Liu, W.; Chen, Y.; Yu, L. Chem. Commun. 2001, 2244-2245. 

(21) Anderson, J. L.; Armstrong, D. W. Anal. Chem. 2005, 77, 6453-6462. 

(22) Wei, G. T.; Yang, Z.; Lee, C. Y.; Yang, H. Y.; Wang, C. R. J. Am. Chem. Soc. 

2004, 126, 5036-5037. 

(23) Qiu, H.; Liang, X.; Sun, M.; Jiang, S. Anal. Bioanal. Chem. 2011, 399, 3307-3322. 

(24) Mann, O.; Freyland, W.; Raz, O.; Ein-Eli, Y. Chem. Phys. Lett. 2008, 460, 178-

181. 

(25) Kachoosangi, R. T.; Musameh, M. M.; Abu-Yousef, I.; Yousef, J. M.; Kanan, S. 

M.; Xiao, L.; Davies, S. G.; Russell, A.; Compton, R. G. Anal. Chem. 2009, 81, 435-442. 



(26) Simon, P.; Gogotsi, Y. Nat. Mater. 2008, 7, 845-854. 

(27) Paneru, M.; Priest, C.; Sedev, R.; Ralston, J. J. Am. Chem. Soc. 2009, 132, 8301-

8308. 

(28) Geim, A. K.; Novoselov, K. S. Nat. Mater. 2007, 6, 183-191. 

(29) R.E, P. Helv. Phys. Acta. 1934, 7, 81-83. 

(30) R.E, P. Ann. Inst. Henri. Poincare. 1935, 5, 177-222. 

(31) Landau, L. D. Phys. Z. Sowjetunion 1937, 11, 26-35. 

(32) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.; Dubonos, S. 

V.; Grigorieva, I. V.; Firsov, A. A. Science 2004, 306, 666-669. 

(33) Latil, S.; Henrard, L. Phys Rev Lett 2006, 97, 036803. 

(34) Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, 

C. N. Nano Lett. 2008, 8, 902-907. 

(35) Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J. S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; 

Kim, H. R.; Song, Y. I.; Kim, Y. J.; Kim, K. S.; Ozyilmaz, B.; Ahn, J. H.; Hong, B. H.; 

Iijima, S. Nat. Nanotechnol. 2010, 5, 574-578. 

(36) Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.; Stauber, 

T.; Peres, N. M.; Geim, A. K. Science 2008, 320, 1308. 

(37) Brownson, D. A.; Kampouris, D. K.; Banks, C. E. Chem. Soc. Rev. 2012, 41, 

6944-6976. 

(38) Polat, E. O.; Kocabas, C. Nano Lett. 2013, 13, 5851-5857. 

(39) Liu, C.; Yu, Z.; Neff, D.; Zhamu, A.; Jang, B. Z. Nano Lett. 2010, 10, 4863-4868. 



(40) Gunes, F.; Shin, H. J.; Biswas, C.; Han, G. H.; Kim, E. S.; Chae, S. J.; Choi, J. Y.; 

Lee, Y. H. ACS Nano 2010, 4, 4595-4600. 

(41) Pumera, M.; Ambrosi, A.; Bonanni, A.; Chng, E. L. K.; Poh, H. L. TrAC, Trends 

Anal. Chem. 2010, 29, 954-965. 

(42) Wu, W.; Liu, Z.; Jauregui, L. A.; Yu, Q.; Pillai, R.; Cao, H.; Bao, J.; Chen, Y. P.; 

Pei, S.-S. Sens. Actuators, B 2010, 150, 296-300. 

(43) Berger, C.; Song, Z.; Li, X.; Wu, X.; Brown, N.; Naud, C.; Mayou, D.; Li, T.; 

Hass, J.; Marchenkov, A. N.; Conrad, E. H.; First, P. N.; de Heer, W. A. Science 2006, 

312, 1191-1196. 

(44) Park, S.; Ruoff, R. S. Nat. Nanotechnol. 2009, 4, 217-224. 

(45) Lin, Y. M.; Dimitrakopoulos, C.; Jenkins, K. A.; Farmer, D. B.; Chiu, H. Y.; Grill, 

A.; Avouris, P. Science 2010, 327, 662. 

(46) Lee, C.; Wei, X.; Kysar, J. W.; Hone, J. Science 2008, 321, 385-388. 

(47) Lu, J.; Yang, J. X.; Wang, J.; Lim, A.; Wang, S.; Loh, K. P. ACS Nano 2009, 3, 

2367-2375. 

(48) Fu, C.; Kuang, Y.; Huang, Z.; Wang, X.; Yin, Y.; Chen, J.; Zhou, H. J. Solid State 

Electrochem. 2010, 15, 2581-2585. 

(49) Wang, Y. y.; Ni, Z. h.; Yu, T.; Shen, Z. X.; Wang, H. m.; Wu, Y. h.; Chen, W.; 

Shen Wee, A. T. J. Phys. Chem. C 2008, 112, 10637-10640. 

(50) Kim, T. Y.; Lee, H. W.; Stoller, M.; Dreyer, D. R.; Bielawski, C. W.; Ruoff, R. S.; 

Suh, K. S. ACS Nano 2011, 5, 436-442. 

(51)  avan, L.;  um,  .  .; Gr tzel, M. ACS Nano 2010, 5, 165-172. 



(52) Deng, M. J.; Chen, P. Y.; Leong, T. I.; Sun, I. W.; Chang, J. K.; Tsai, W. T. 

Electrochem. Commun. 2008, 10, 213-216. 

(53) Shan, C.; Yang, H.; Han, D.; Zhang, Q.; Ivaska, A.; Niu, L. Biosens. Bioelectron. 

2010, 25, 1504-1508. 

(54) Shan, C.; Yang, H.; Song, J.; Han, D.; Ivaska, A.; Niu, L. Anal. Chem. 2009, 81, 

2378-2382. 

(55) Baldelli, S.; Bao, J.; Wu, W.; Pei, S.-s. Chem. Phys. Lett. 2011, 516, 171-173. 

(56) Fedorov, M. V.; Lynden-Bell, R. M. Phys. Chem. Chem. Phys. 2012, 14, 2552-

2556. 

(57) Ghatee, M. H.; Moosavi, F. J. Phys. Chem. C 2011, 115, 5626-5636. 

(58) Kornyshev, A. A. J. Phys. Chem. B 2007, 111, 5545-5557. 

(59) Vatamanu, J.; Xing, L.; Li, W.; Bedrov, D. Phys. Chem. Chem. Phys. 2014, 16, 

5174-5182. 

(60) Fedorov, M. V.; Kornyshev, A. A. Chem. Rev. 2014, 114, 2978-3036. 

(61) Stoller, M. D.; Magnuson, C. W.; Zhu, Y. W.; Murali, S.; Suk, J. W.; Piner, R.; 

Ruoff, R. S. Energy Environ. Sci. 2011, 4, 4685-4689. 

(62) El-Kady, M. F.; Strong, V.; Dubin, S.; Kaner, R. B. Science 2012, 335, 1326-

1330. 

(63) Uesugi, E.; Goto, H.; Eguchi, R.; Fujiwara, A.; Kubozono, Y. Sci. Rep. 2013, 3, 

1595. 

(64) Brennan, L. J.; Barwich, S. T.; Satti, A.; Faure, A.; Gun'ko, Y. K. J. Mater. Chem. 

A 2013, 1, 8379. 



Chapter 2 :  Theory and Background 

The present work is focused on the investigation of the electric field effects on 

ionic liquid response on an uncharged and/or charged surface. Two surface sensitive 

methods are used in this work: vibrational spectroscopy methods, and electrochemical 

methods. The former focuses on sum frequency generation spectroscopy (SFG), and the 

latter consists of cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) 

and the electrowetting (EW) technique.  

2.1 The Sum Frequency Generation Spectroscopy 

SFG vibrational spectroscopy is a second-order nonlinear vibrational 

spectroscopic technique that involves two input laser beams: visible frequency beam, 

    , and tunable IR frequency beam,    , that overlap at a surface (an interface) to 

generate an output beam that has a frequency equal to the sum of the frequencies of the 

two incoming beams,              . As shown in Figure 2-1, the IR beam excites 

the molecule from the ground state, | ⟩, to an excited vibrational state, v ; and the 

second photon in the visible frequency range excites the molecule into a virtual state, | ⟩, 

as a Raman anti-Stokes process. The third photon released is known as the sum frequency 

signal. This excitation procedure makes SFG active to molecules that are both IR and 

Raman active, and the SFG signal is a highly surface-specific technique, since it is 



forbidden in a medium with inversion symmetry. Due to these two properties, the SFG 

technique has been widely used in the field of surface science for several decades.
1-7

  

 

 

 

Figure 2-1: Vibrational state diagram of a molecule; (a) IR absorption, and (b) Raman 

scattering process, and SFG process are shown. | ⟩, | ⟩, and | ⟩ represent non-stationary, 

vibrational, and ground states of the molecule, respectively. 

To understand the nonlinear vibrational process, the most general linear process 

should be considered.
1
 When a molecule is placed in a weak electric field, the induced 

dipole,  , is proportional to the strength of the electric field, E, as shown in Equation 2-1.  

To understand the origin of the SFG process the interaction of a molecular 

vibration and an external electric field should be considered.
1
 When a molecule is under 

       

    

     

       

     

   

   

  



the influence of a weak electric field, the response of molecular vibration to the external 

electric field is linear and the total dipole is given by 

Eo    
Equation 2-1 

where, 
o  is the static dipole and α is the polarizability. Since in general the induced 

dipole is in the same direction as the electric field, α is a second-rank 3×3 tensor. 

Therefore, the dipole moment per unit volume, or polarization, P, in an electric 

field is 

            Equation 2-2 

where, the linear susceptibility,      takes the place of the polarizability. 

On the contrary, when a molecule is placed under an intense electric field such as 

a laser, the induced dipole is no longer linear and the higher order terms in E must be 

included in the expression for the dipole moment, 
1,8

 

...:  EEEEEEo   
Equation 2-3 

where, b  and   are the first and second hyperpolarizability. The operator EE:  

denotes nm nmlmn EE
,
 , where l , m , and n  represent molecular coordinates. The optical 

process arises from the hyperpolarizability which is known as a nonlinear process. For 

the second-order nonlinear optical process SFG, the first hyperpolarizability interacts 

with to the two electric fields, the electric field of the fixed visible beam and the tunable 



IR beam,         and       , respectively. The corresponding expression of second-

order polarization is 
9,10

  

)()(:)( )2()2(

IRvisSFG EEp    Equation 2-4 

where the second-order nonlinear susceptibility,  
   

, yields induced polarization at SFG . 

VisE  and IRE  are the electric fields of visible and IR incident light, respectively  

The  
   

 is the third-rank polar tensor and it changes signs under the inversion 

operation as follows: 

)()( )2()2( rr    Equation 2-5 

However, in a centrosymmetric environment such as bulk solution, the 

susceptibility tensor element, r , is invariant under the inversion operation. 

)()( )2()2( rr    Equation 2-6 

Hence,  
   

 must be zero in the centrosymmetric media within the dipole 

approximation. Therefore, SFG is forbidden in centrosymmetric media and has a high 

surface selectivity. 

In SFG spectroscopy, the most widely used geometry is shown in Figure 2-2, 

where two input beams are co-propagating and reflecting the SFG beam,      , with a 

specific angle, SFG . SFG  is determined by the conservation of momentum parallel to the 

surface.
11

  



IRIRVisVisSFGSFG  sinsinsin   Equation 2- 1 

where,     ,    , and      are the three frequencies, and      and     are the angle of 

incidence of the visible and IR laser,      is the emission angle of the SFG light.  

 

 

Figure 2-2: Schematic diagram of typical SFG configuration.  

The intensity,           , of the emitted SFG light depends on |          |
 
, so 

the intensity is  

           |    
   

|
 

              Equation 2-7 

with 

    
   

   ̂                  
   

   ̂                ̂             Equation 2-8 



here,         and        are the intensity of visible and IR incident light, respectively. 

    
   

 is a third-rank polar tensor, which is consistent with tensorial Fresnel factors ( ), the 

unit optical field vector ( ̂), and macroscopic second-order nonlinear susceptibilities,     
   

.  

The xy place in the laboratory coordinated system (x, y, z) is defined as the plane 

of interface with z axis as the surface normal, while the p- denotes the polarization of the 

optics plane in the xz plane and s- is the polarization perpendicular to the xz plane. 

Surface is isotropic in the xy plane with a C∞v rotation of the z axis so that     , 

y   , but z   . Changing the direction of these axes will therefore change the sign of 

the     
   

. Subsequently, the     
   

 components, which remain are the ones that are non-

zero when the X or Y axes are inverted. Hence, among the total 27 macroscopic 

susceptibility tensors     
   

             , seven of them are non-zero terms and are 

written in red letters on underline depicted in Table 2-1. 

Table 2-1: Non-Zero components of     
   

. 

xxx xyx xzx yxx yyx yzx zxx zyx zzx 

xxy xyy xzy yxy yyy yzy zxy zyy zzy 

xxz xyz xzz yxz yyz yzz zxz zyz zzz 

 

    
   

 is a linear combination of the four most commonly used polarization 

combinations, ssp, sps, pss and ppp, as shown in the following equations: 



        
   

                                      Equation 2-9 
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Equation 2-12 

 
   

, is the macroscopic average of the molecular hyperpolarizability,  
   

, with  
   

 

 ∑ 
   

.     
   

 is expressed as a non-resonant contribution    
   

 from the background 

signal of the substrate and a resonant contribution of vibrational modes   
   

.  

    
   

    
   

   
   

    
   

  〈    〉   Equation 2-13 

In SFG, when the IR incident frequency is in resonance with a vibrational mode 

of the molecules on a surface, second-order hyperpolarizability,  
   

, is given by
1,12

 

 
   

     
   

 ∑
  

          
 

 Equation 2-14 

Here,    
   

 represents the non-resonant contribution.   ,     and q  are the qth 

sum frequency strength factor tensor, the qth resonant frequency and the qth molecular 

vibrational mode, respectively.  



In the combination of Equation 2-6, Equation 2-13, and Equation 2-14, the 

intensity,            is therefore as 

 
   

  |   
   

 ∑
 〈  〉

          
 

|

 

 
Equation 2-15 

In addition, Equation 2-26 is generally used as a fitting function for normal SFG 

spectra. The ratios of SFG intensity observed from two different stretches at the same 

and/or different polarization combination are normally used in orientational average 

analysis.  

 

Figure 2-3: Simulation of orientation curve of     on BaF2 (111) crystal surface. The ratio 

of SFG intensity of symmetric and asymmetry stretch is a function of orientation tilt angle.  

As an example, Figure 2-3 shows a simulated SFG orientation curve of C2v on the 

BaF2 (111) surface. The estimated tilt angle,  , with respect to the surface normal is 



obtained from the SFG signal intensity ratio of symmetric and asymmetric stretch in ssp 

polarization using the orientational average curve. 

 

Figure 2-4: The intensity ratio of symmetric and asymmetric C2v stretch, which has been 

simulated at    to 90  of orientation distribution angle,  . 

However, all of the molecules on a surface do not have a unique tilt angle but 

show an orientational distribution,  . Thus, Gaussian distribution is used to describe the 

heterogeneity of the surface molecules as follows. 
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Equation 2-17 

Here,   and c  are orientation distribution and center orientation angle. In the 

example shown in Figure 2-4, the orientation curve changes depending on the 

orientational distribution,  . 

The signal intensity I(SF) of the generated sum frequency beam depends on the 

square of the induced second-order polarization |    |
 
. 

10
 

              |    |
 

 |    
   

                   |  Equation 2-18 

where            and           are the optical fields of visible and IR incident beams.  

    
   

 is the second order (nonlinear) susceptibility tensor, which relates the induced 

polarization to these incident fields.     
   

 is expressed as a non-resonant contribution    
   

 

from the background signal of the substrate and a resonant contribution of vibrational 

modes   
   

.  

    
   

    
   

   
   

    
   

  〈    〉   Equation 2-19 

The second order hyperpolarizability, 〈    〉 is averaging over all the possible 

orientations of the molecules and is related to the IR transition moment     and Raman 

transition moment    .    ,    , and    are the frequency of the IR beam, frequency of 

the     vibration transition and the damping constant of the     vibrational mode( line 

width),
13

 respectively, as shown in Equation 2-20. 



     
  

          
 Equation 2-20 

Substituting Equation 2-18 and Equation 2-19 into Equation 2-20, the intensity 

signal in the SFG experiment from resonant and non-resonant terms that can be simply 

expressed and fitted as: 

    |      ∑
  

          
 

|  Equation 2-21 

Where   is the relative phase between the vibrational resonances (strength   ) 

and the non-resonant background B.  The susceptibility parameters only depend on the 

structures of the species at the interface.  

2.2 Electrochemistry 

Surface electrochemistry such as CV and EIS are some of the useful 

techniques,
14,15

 which are sensitive to the measurement condition and are only applicable 

to liquid samples. 

2.2.1  Cyclic Voltammetry 

The cyclic voltammetry, an “electrochemical spectroscopy”, involves the 

imposition of a triangular waveform as the potential (E) on the working electrode with 

simultaneous measurement of the current (I).
16

  

By scanning the potential between these potentials (scan rate v), it is possible to 

obtain a highly reproducible current-voltage behavior (cyclic voltammograms) for solid 

electrodes such as platinum and graphene. In general, reproducible behavior in CV 



depends on a series of parameters, including electrolyte purity, identity of the electrode 

materials, and scan rate. 

 

Figure 2-5: The Cyclic Voltammograms of the ionic liquid [BMIM][DCA] with two 

potential range: left  range from -1.0 to 1.0 V, and right range from -1.5 to 1.5 V. This two 

curves show an electrochemical window of approximately 3 V. 

In the present investigation, two electrode cells are used, consisting of a working 

electrode (WE) and a reference and counter electrode (RE/CE). The cyclic 

voltammograms are employed to test the electrochemical stability window of the ionic 

liquids, to determine the real surface area of the electrode via hydrogen adsorption, and to 

detect small amounts of impurities, such as organic compounds, dissolved gases, and 

water. An example of CV for a neat ionic liquid is shown in Figure 2-5. Platinum was 

used for the reference and counter electrodes, and the working electrode is three-layer 

graphene (3L graphene). 
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2.2.2  Electrochemical Impedance Spectroscopy  

 Electrochemical impedance spectroscopy or dielectric spectroscopy is an 

electrochemical analytical tool that is applied to determine the double-layer capacitance, 

and the electrode impedance.
17

 The EIS experiment involves applying a small sinusoidal 

potential or current perturbation around a steady-state value and measuring the resulting 

current or voltage along with the phase angle. Using this data the real and imaginary 

impedances,     and    , are calculated and plotted against each other for different 

perturbation frequencies in what are called the Nyquist plot (-    vs    ). An example of 

the ionic liquid 1-butyl-3-methylimidazolium dicyanamide is shown in Figure 2-6.  

 

Figure 2-6: Example of Nyquist plot for the system [BMIM][DCA] / 3L graphene. 

Impedance is the study of an electrode reaction by the perturbation of the cell with 

an alternating signal that is small in magnitude.  
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The experiment involves an excitation of the system with an oscillating potential 

    : 

          Equation 2-22 

to which it responds with a current      described by: 

        
      Equation 2-23 

where   is the frequency and   is the phase shift. From the Ohm’s Law, the impedance 

can be defined as the total derivative of the potential with respect to the resulting current:  

From Equation 2-24 it is evident that the impedance has a real and an imaginary part, 

which are usually plotted as a Nyquist plot, which shows the imaginary versus the real 

component of the impedance Z. 

 

Figure 2-7: Example of an equivalent circuit used to model the impedance data. 

An example is shown in Figure 2-7, where the interface electrode/electrolyte is 

modeled by a circuit containing elements that describe the resistance of the electrolyte 

     
      

      
    

                   Equation 2-24 



(Re), the polarization resistance (RCT), the Warburg resistor (W), and the capacitance of 

the double-layer (C). 

EIS studies the system response to the application of a periodic small amplitude 

ac signal. Analysis of the system response contains information about the interface, its 

structure and reactions taking place there. Its measurement is useful for the investigation 

of surface/interface properties such as: adsorption/reaction kinetics and double-layer 

capacity, and bulk properties of materials, such as conductivities and diffusivity constants. 

2.2.3  Electrowetting 

 

Figure 2-8: The experimental setup for observing and measuring the electro-capillary 

effect.
18

 

Electrowetting is the decreasing of the apparent contact angle of a liquid drop 

upon the application of an external electric field across the solid-liquid interface.
19

 The 



basis of electrowetting can be traced back to the electro-capillary experiment, which was 

reported by Lippmann in 1875.
18

 As shown in Figure 2-8, Lippman studied the effect of a 

potential difference applied to mercury inside a double-walled capillary tube. When a 

voltage was applied the interfacial surface tension of the mercury glass interface 

decreased causing the liquid to rise under the action of a capillary force. Lippman termed 

this process the “electro-capillary effect.”  

Since that time, several quantitative experiments have been performed to 

understand the diffusion near the charged surfaces. Froumkine first studied the 

modification of contact angles at the electrolyte-metal interface by the application of a 

voltage.
20

 Sondag-Huethorst and Fokkink investigated electrowetting of aqueous 

solutions on gold electrodes modified with thiol self-assembled monolayers to increase 

the electrowetting effect.
21

 The self-assembled monolayers with different surface energies 

enhanced the noticeability, stability and the possibility of the reversibility of the effects. 

Initiated by Berge et al. in the early 1990s,
19,22

 a new electrowetting setup was 

introduced to study electrowetting systematically using a droplet of an aqueous solution 

on thin electrically insulating polymer films, which separates the electrolyte liquid from 

the metallic electrode surface. These systems, as distinct from earlier examples, permitted 

larger voltages (up to several hundred volts) to be applied while maintaining a negligible 

current flow, and therefore, larger reversible changes of the contact angle (up to 70°). 

This lately has been defined as electrowetting-on-dielectric (EWOD). The robustness, 

reversibility, simplicity and low-cost of the EWOD facilitate various applications and the 

development of new devices.  



Recently, EWOD has been used successfully for both fundamental experiments in 

wetting science
23-25

 and on a number of technological applications, such as the micro 

flow,
26,27

 the electronic displays,
28

 the lab-on-chip,
29

 and liquid lens.
30

 In general water or 

aqueous electrolytes are used as the liquid medium, while the insulating layer is either 

hydrophobic, low-energy polymer, such as poly(tetrafluoroethylene) (PTFE) or 

poly(ethylene terephthalate) (PET) in these applications.
26,31,32

  

Due to the several unique electrochemical properties of the RTILs, the number of 

publications on the electrowetting of RTILs is quite reduced. Chatterjee, et al. reported in 

2006 that two kinds of RTILs, [BMIM][BF4] and [BMIM][PF6], successfully move on an 

electrowetting based microfluidic device.
33

 Later in that year Millefiorini et. al. studied 

the electrowetting properties of three ionic liquids on an amorphous fluoropolymer layer 

under a DC electric field.
34

 Dubois et al. used ILs as “e-Microreactor” (solvents) to 

perform multicomponent Grieco’s reactions in an EWOD based lab-on-a-chip.
29

 

Successful EW-based manipulation of RTILs for reaction control would enhance their 

role as more environmentally sustainable industrial solvents and allow for enhanced 

small-scale reactions.  

Electrowetting on dielectric (EWOD) is voltage-induced manipulation of small 

drops of conductive liquids placed on a dielectric surface. The most basic and simple 

experiment setup is shown in Figure 2-9. This figure describes the state of the droplet 

before applying the external voltage (zero external voltage) at the left side and the state of 

the droplet after applying the external voltage at the right side. 



 

Figure 2-9: Electrowetting on dielectric layer (EWOD) experiment setup 

In this figure,    and   are the initial contact angle at zero voltage and the contact 

angle at the designated voltage across a dielectric layer, respectively, and      ,     and     

are the interfacial tensions associated with the liquid-vapor, solid-vapor and solid-liquid 

interfaces, respectively. 

In the absence of an electric field, the shape of the droplet is thus determined by 

the balance in these three interfacial tensions γ among the conducting liquid, the 

insulating layer, and the vapor and/or vacuum. The initial contact angle    formed by the 

droplet on the substrate is then described by  oung’s equation as the equilibrium contact 

angle: 

         
       

 
  Equation 2-25 

On the basis of  oung’s equation, the equilibrium contact angle can also be 

interpreted as the drop shape with minimization of energy.
27

 In general, hydrophobic 

dielectric materials are used to obtain a high value of the initial contact angle (      ), 

which leads to a larger reduction of the contact angle formed by the external electrical 

field. 

   

   

      

  



The application of voltage between the electrode and conductive liquid induced 

an electrowetting phenomenon, which is the decrease of the apparent contact angle (from 

initial    to a final angle  ) of a liquid drop upon application of an external electric field 

across the solid/liquid interface. The relationship between the external electric field 

across the dielectric layer (V) and the apparent final contact angle ( ) can be described by 

the Young-Lippmann equation (as shown in Equation 2-26),
35

 

            
 

  
          

   

   
   Equation 2-26 

where c is the specific capacitance,   is the relative permittivity of the dielectric layer 

(dielectric constant),    is the permittivity of a vacuum,   is the surface tension of the 

liquid and d is the thickness of the dielectric layer.  

As shown in Figure 2-10, the basic electrowetting system can be modeled as a 

capacitor. The dielectric is in between two electrodes, the droplet and electrode. Here, the 

liquid is assumed to be a perfect conductor, so that the free electric charge density within 

 

Figure 2-10: Schematic charge distribution at the electrolyte/electrode interface at 

EWOD setup. 

   

      
   



its bulk is zero. As a result of applied potential, a horizontal electromechanical force    is 

imposed onto the system and affects the final contact angle of the droplet, causing the 

contact angle of the droplet to be reduced.
36

 For small voltages, the theoretical 

predictions of the electrowetting equation are in good agreement with the experimental 

results so far reported.  

 

Figure 2-11: Characteristic parameters that can be measured from an electrowetting curve. 

   is the contact angle at zero voltage,     is the change in contact angle at negative 

voltages, and     is the analogous contact angle change at positive voltages. VL is the 

saturation voltage in the negative voltage realm, and VR is the analogous saturation voltage 

in the positive voltage realm.
24

 

In general, Equation 2-26 is found to hold as long as the voltage is not too high. 

However, at some point the contact angle does not dependent to the applied voltage, 

when it above a certain system dependent threshold voltage. The voltage and 



corresponding contact angle where this occurs is referred to as the saturation voltage and 

saturation angle, respectively. Figure 2-11 presents the plot of the contact angle saturation 

phenomenon. 
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Chapter 3 :  Experimental 

3.1 Sum Frequency Generation Set-up 

3.1.1  Nd-YAG laser 

The laser system used in the experiments is an EKSPLA, PL2251A-20-G-X 

Neodymium Yttrium Aluminum Garnet (Nd: YAG) laser with a fundamental output of 

1064nm, and is a 20Hz with a pulse duration of less than 30 picosecond. The maximum 

pulse energy of the fundamental laser output at 1064 nm is 50 mJ with less than 1.5 % of 

the stability.  

 

Figure 3-1: Picture of laser head of Nd:YAG laser (EKSPLA). 

The laser system comprises three main compartments: the laser head where the 

laser beam is generated and amplified by the main cavity and amplifier; the control unit 

that uses a computer to control optical components in the laser head; and the cooling 

system that uses chilled water to remove the heat in the laser chamber by the heat 

exchange. A picture of the laser head is present in Figure 3-1.Initially the beam diameter 



is set to ~ 8 mm, but, it has been modified to a larger diameter for pumping OPG/OPA 

crystals without damaging the crystals. The polarization also has been rotated to be 

vertical to the optical table from the horizontal polarization. The horizontal polarization 

purity is designed to be more than 200:1 and the beam divergence is less than 0.5 mrad. 

A detailed description of the laser is found in the literature.
1
 

3.1.2  Optical parametric generation/amplification system 

The LaserVision parametric system, a combination of an optical parametric 

generator (OPG) and an optical parametric amplifier (OPA), contains the nonlinear 

crystals which convert the fundamental 1064 nm beam to a tunable mid-IR and a second-

harmonic fixed 532 nm visible beam.
2
 The system uses the nonlinear crystals potassium 

titanyl phosphate, (KTiOPO4, KTP) and titanyl phosphate arsenate, (KTiAsO4, KTA). 

The details of optical components in OPG/OPA are illustrated in   

Figure 3-2.  

The 1064 nm fundamental beam generated from the laser is first divided into two 

separate beams by a beam splitter, BS1. The first 1064 nm beam (#1), containing 10% of 

the total laser output intensity is directed to the mirrors M2 and M3 and used as a fixed 

incident for SFG imaging microscopy (SFGIM). The second 1064 nm beam (#2), 

containing 90% of the total laser output intensity, is directed to the M1 and split into two 

portions by a beam splitter, BS2. One beam (#3) is sent through a delay stage (M4) and 

the other beam (#4) is frequency doubled in a nonlinear KTA crystal to provide a 532nm 

visible beam. A half - wave plate and a polarizer, HWP1 and PL1, placed after BS2 



ensures the polarization of the #3 beam before entering the difference frequency 

generation stage. The size of the #3 beam is controlled by both plano-convex and plano-

concave lenses, L1 and L2, respectively. A pair of mirrors, M5 and M12, directs the third 

1064 nm beam (#3) to the crystals 3 and 4. 

   

Figure 3-2: Optical layout of OPG/OPA. 

Along the first beam path, the fundamental 1064 beam (#4) is directed to the half 

wave plate, HWP2 is positioned before the KTA crystal. The HWP2 varies the 

polarization of the 1064 beam (#4) to match the KTA crystal orientation hence the 

intensity of the 532 nm beam is produced by the second-harmonic conversion. The #4 

beam is frequency doubled by the KTA crystal to produce the 532 nm beam, and 

subsequently the residual 1064 nm beam is filtered by a dichroic mirror, DM1, which is 

placed after the KTA crystal. The 532 nm beam is split by a beam splitter, BS3. The first 

portion of the 532 nm beam (#6) is sent outside the system and serves as a fixed incident 



for SFG experiments; while the other portion (#5) is directed to the first stage conversion 

system.  

In the first conversion stage, the 532 nm beam (#5) is again divided into two 

portions by a beam splitter, BS4, to pump the first stage crystal from both directions. The 

first portion (#8) is sent to a pair of KTP crystals (crystals 1and 2), while the other beam 

(#7) is sent through a delay (M7, M8, and M9) before it reenters the KTP crystals. That is 

called the second pass. Once the 532 nm beam passes through the KTP crystals, two 

different frequency beams are generated, which are known as signal (shorter wavelength) 

and idler (longer wavelength) beams. Since the mirror, M9, only reflects the 532 nm 

beam, the signal and idler beams are reflected from a mirror, M6, which is mounted on a 

translational stage as a delay stage. The delay time for signal and idler beams are set for 

the reflected signal and idler beams to arrive at M9 at the same time with the second pass 

532 nm beam (pump). The reflected signal and idler, and pump 532 nm beam are 

combined on M9 and directed to the KTP crystals (second pass), where the pump 532 nm 

beam amplifies the signal and idler beams (the seeding process). The second pass 532 nm 

beam recombines with the idler beam and is used for the second stage in the optical 

parametric amplification (OPA) process.  

After exiting the first conversion stage, the polarization of the idler beam from the 

first stage is corrected with a magnesium fluoride rotator, ROT, before entering the 

second stage. The signal beam (horizontally polarized) is separated from the idler by a 

silicon polarizer, PL2, and the residual 532 nm beam is removed by a mirror, DM2. The 

idler beam is then directed to the second stage by mirrors, M10 and M11, and combined 



with the third 1064 nm beam (#3) in the nonlinear KTA crystals, 3 and 4, for a different 

frequency generation process. The nonlinear KTA crystals pumped by the 1064 nm beam 

and stimulated by the idler beam, generate another set of signal and idler beams. The 

residual 1064 nm and the idler bean are removed by the M13 and the PL3, respectively, 

and only the signal beam comes out of the OPG/OPA system generating a tunable mid-IR 

beam of ~2000 to 4000 cm
-1

.  

Both the first and second conversion stages use phase-matching, where the 

refraction index changes with the crystals rotation in the extraordinary plane, with respect 

to the incoming beam. The polarizations of the generated beams are extraordinary (e) and 

ordinary (o) and are achieved by rotating and tuning the nonlinear crystals. The “e” 

polarized beam from the mid-IR output polarization is parallel to the optics table, and the 

“o” polarized beam is perpendicular to the optics table. The order in the phase matching 

type is the signal, the idler, and the pump beam, as e-polarized, o-polarized, and o-

polarized, respectively. The nonlinear crystals are mounted on DC motors, which are 

controlled by Laservision Motor Control software.  

 

3.1.3  Optical table and sample stage 

A schematic diagram of the SFG optical table setup is shown in Figure 3-3. The 

generated tunable mid-IR beam and fixed visible beam from the OPG/OPA system are 

directed through a series of optics towards the sample stage. 



 

Figure 3-3: Layout of the optical table for the SFG measurements. 

 



The mid-IR beam generated from the OPA/OPG system is passed through a 

germanium Brewster's angle polarizer, PL1, and a desired polarization using HWP1, 

which are used to change the polarization of the beam from parallel (p) to perpendicular 

(s). The mid-IR beam is then overlapped with a Helium-Neon (HeNe) laser at a mirror, 

M5, for alignment of the IR beam as it is invisible to the naked eye. To prevent the 

divergence of the mid-IR during the long path way, two telescopes and image relay is 

used (L3 and L4). M15 and M19 direct the tunable mid-IR beam to the sample surface. 

 

Figure 3-4: Optical components of normal SFG setup. 

The visible 532 nm beam enters a delay line using two mirrors, M1 and M2 and 

goes through two pinholes P2 and P3 to keep the beam straight. Two telescopes, L1 and 

L2, are used to prevent divergence of the 532 nm. The 532 nm is centered at four more 



pinholes, P4, P5, P6 and P7, by adjusting two more mirrors, M3 and M4. The next group 

of mirrors M10 and M11, which are placed on a translation stage, delay the 532 nm in 

achieving a temporal overlap with the mid-IR on the sample surface, by utilizing the M10 

and M11 mirror. The 532 nm beam is attenuated by a half wave plate, HWP2 and a 

polarizer, PL2, and a desired polarization is set by HWP3. M13 and M14 direct the 532 

nm beam to the sample surface. Detailed optical components of each SFG setup near the 

sample surface are shown in Figure 3-4. 

 

Figure 3-5: Beam geometry and configuration in sample area. 

A more detailed description on the arrangement of the optic for the sample stage 

and the beam geometry in the sample area is shown in Figure 3-5. The 532 nm and mid-

IR beam are then overlapped spatially and temporally on the sample surface to generate 

the SFG. The angle of incidence at the sample surface was 60° for the IR and 50° for the 

532 nm beam with respect to the surface normal. The SFG beam comes off at 51° from 



the surface normal and is aligned by two pinholes before hitting mirrors M19 and M20 to 

reach the detector. 

The polarization of the SFG signal generated from the sample is kept aligned by 

two pinholes P11 and P12, while the linear polarizer PL3 and the quarter-wave plate 

QWP1 control the polarization of the SF beam (s- and p-polarization). L6 is placed to 

focus and direct the SFG signal to a monochromator. The short pass filter F1 is used for 

filtering out the incident visible light before the “Normal SFG detector”.  

In the “Normal SFG detector,” a R3788 Hamamatsu photomultiplier tube (PMT) 

detectors is used to detect and amplify the SFG signal from the sample. The 

monochromator, connected at the front of the PMT, filter out the visible 532 nm beam as 

well as increase the signal-to-noise ratio of the SFG signal. The signal from the sample is 

averaged in gated integrator (SR250, Stanford research system) and box car averager. A 

Labview program simultaneously collects the data and generates the spectra from the 

integrator interface and controls the motor for tuning the IR frequency at a scan rate of 1 

cm
-1

/s and 20 shots / point. 

3.1.4  Sample Alignment Procedure 

A 1 KÅ thickness gold coated        mm CaF2 window is used as a reference 

for all the solid–liquid samples, as shown in Figure 3-6. The SFG beam generated from 

the interface between the CaF2-gold standard is aligned by adjusting the height and 

flatness of the sample stage. The visible 532 nm beam reflected from the CaF2-gold 

standard is centered through the pinholes, P9 and P10, respectively. A HeNe laser is used 



as an SFG guide beam and is overlapped in place of the SFG beam at the CaF2-gold 

standard. This guide bean is then aligned to the P11 and P12 to ensure the SFG signal is 

entering the monochromator by adjusting M19 and M20. The visible 532 nm delay stage 

(M10 and M11) is adjusted to maximize the SFG signal. 

 

Figure 3-6: The CaF2-gold standard. (24.5X3 mm window) 

3.2 High Vacuum Line Design and Vacuum Cell 

3.2.1  Introduction 

The purity of the sample is of great importance for the investigation of surface 

analysis, since very small amounts of impurities can be detected at the interface of 

substances with the techniques employed. One of the most common contaminants is 

water from the atmosphere, and it must be removed prior to the different experiments. 

Due to the negligible vapor pressures of the ionic liquids (  Pa of [BMIM][PF6]),
3
 the 

high-vacuum line and vacuum vessels are employed for dehydrating and purifying the 



ionic liquids samples. The different vacuum cells are designed to facilitate measurements 

in a contained environment using surface characterization techniques, in particular 

electrochemical measurement, and SFG spectroscopy. The cells were fabricated generally 

from Pyrex, glass, and Teflon parts, chosen for their inertness toward the samples, ability 

to be cleaned aggressively, and their capacity to maintain high vacuum conditions. 

3.2.2  Vacuum Line 

A vacuum line was used to remove volatile components and water from the ionic 

liquid samples. The line can reach vacuum pressures of approximately          Torr. 

The components of the line are shown in Figure 3-7. A Model RV8 Edwards vacuum 

mechanical pump aids in reaching a roughing pressure of          Torr, and then a 

TMP 151/361 turbo pump (Oerlikon Leybold TURBOVAC) controlled by a Turbotronik 

NT 151/361 controller lowers the pressure to          Torr as monitored by an 

ionization gauge.  

The vacuum line is cleaned prior to using it. Heating tape is wrapped around the 

glass line, turned on, and achieved temperature around 150 °C while all the vacuum 

valves are closed but the #4 valve and the side liquid N2 trap (#1) is filled full with liquid 

N2. This cleaning procedure is performed overnight. Then the heating tape is turned off 

and the #4 valve is closed. Until the vacuum chamber cools down to the room 

temperature, the liquid N2 trap (#2) is full, the main vacuum valve is opened and the 

mechanical pump is employed for the background pressure          Torr. 



 

Figure 3-7: Vacuum Line: A) sketch and B) picture  

The different vacuum vessels are attached through a vacuum valve equipped with 

o-ring adapters at the background pressure (see Figure 3-8). The samples are normally 

pumped down by a mechanical pump until a vacuum pressure of          Torr is 

reached, and then the turbo pump is turned on to reach a high vacuum pressure of 

         Torr.  



 

A 

 

B 

Figure 3-8: Evacuate the Contact Angle/Electrowetting Vacuum Cell (A) and SFG 

Electrochemical Vacuum Cell (B). 

 

Ionic liquid

droplet

Vacuum Line
Electrodes

Observation

windows

Pt CE&RE

3L graphene WE

Vacuum valves

Vacuum Line

[BMIM][DCA] droplet



3.2.3  Electrowetting Vacuum Cell 

The scheme of the electrowetting cell in vacuum (         Torr) and the cell’s 

main body are shown in Figure 3-9. The overall dimension of the cell is 150 mm wide 

and 300mm high. The cell’s main body has two observation windows and four openings. 

The two observation windows are two 1.5 inch glass windows, which are sealed against 

two O-ring joints with Viton O-rings. The four openings include a Pyrex glass flange 

(#1), a threaded Pyrex glass joint (#2); Pyrex glass tubing (#3); and an O-ring joint (#4).  

The main opening #1 that is sealed by a vacuum flange clamp is used for loading 

a sample holder. The #2 threaded glass joint opening of the cell’s main body holds the 

top electrode. The top electrode contains two parts. The top part is a stainless steel 

electrode holding onto a Teflon housing and the bottom part is a Pt wire, which is welded 

at the bottom of the steel electrode. The Teflon housing is allowed to modify and control 

the position of the electrode, in such a way that the Pt wire is able to immerse into the 

liquid droplet for the electrowetting measurement. The ionic liquids droplet is placed on 

the sample device (i.e., graphene device shown in Figure 3-9).  

The #3 opening secures the side electrode using a Swagelok fitting. The side 

electrode is a Ti wire welded to a steel tube, as a connection between the outside potential 

source and the stainless steel clips at the sample holder. The sample device is clamped 

onto the sample holder by the stainless steel clips, which allows the electrical connection 

between the outside potential source and the sample device. The electrowetting vacuum 

cell is equipped with a vacuum valve at the #4 opening to allow attachment of the cell to 



a vacuum line for evacuation purposes (see Figure 3-9). Once the sample holder is loaded 

inside the cell, the cell is evacuated to maintain the integrity of the samples. A strong 

magnet, buried at the bottom of the sample holder, is used to control the position with 

another magnet (Figure 3-9 h) outside of the cell.  

For the ionic liquid/graphene electrowetting experiment, the sample device is 

graphene coating/silver connector on a BaF2 (111) window, shown in Figure 3-9. This 

graphene/silver device is located on the Teflon sample holder, where the stainless steel 

clip of the holder is attached to the silver connector of the sample. Then an ionic liquid 

droplet (around     ) is deposited on top of the graphene sheet for measurement. These 

ionic liquids are previously pumped dry to          Torr to order to be analyzed. A 

voltage is applied between the conductive layer (graphene) and the electrolyte droplet 

(ionic liquid). The contact angles are measured as a function of the potential.  

For the normal contact angle measurements, the contact angle is measured on 

ionic liquid droplets by means of the sessile drop method. The top and side electrodes are 

not connected to the drop, the sample device, and the outside potential source. More 

details are described in Section 3.3. 

  



 

 

Cell main body 

 

Electrowetting –set-up 

The graphene/sliver device on 

substrate 

Figure 3-9: Electrowetting vacuum cell. a) wire connection to the potential, b) Teflon holder, 

c) platinum wire, d) wire connection, e) vacuum valve and O-ring joint, f) stainless steel 

clips and screws, g) Teflon sample holder, h) magnet, i) clamp, and j) cell main body 

  



3.2.4  Sum frequency generation solid-liquid vacuum cell 
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Figure 3-10: The picture and scheme of the SFG solid-liquid vacuum cell: A) Top-view, B) 

side–view, and C) Picture of SFG cell filled ionic liquid 
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The scheme of the SFG solid-liquid vacuum cell is shown in Figure 3-10. It 

consists of a #15 Pyrex vacuum O-ring fitting with one end closed flat and two  #12 

Pryrex vacuum O-ring joints with terminated high vacuum valves attached on both sides. 

A 1.0 inch diameter   3 mm thickness window is attached at the #15 O-ring joint at the 

top of the cell, which is vacuum-sealed using a Kalrez O-ring and is fixed with a pinch 

clamp. The valves have Teflon stopcocks fitted with O-rings. These two additional O-

ring joints with high vacuum valves are used for attaching the cell to the vacuum line, 

introducing or removing the ionic liquid sample. This cell can hold approximately 7~8 

mL of ionic liquid. All the O-rings that come in contact with the ionic liquid are made of 

Kalrez. The cell is able to hold a vacuum down to a pressure of 10
-6

 Torr. 

For the SFG spectroscopy measurement, the IR beam and visible 532 nm beam 

enter the cell through the top window, overlap at the solid-liquid interface and generate 

the SFG beam. 

3.2.5  Sum frequency generation electrochemistry vacuum cell 

The Pyrex SFG electrochemical cell for the liquid/metal electrode interface 

experiment was built in this laboratory. The picture and scheme of the SFG 

electrochemistry vacuum cell are shown in Figure 3-11. The main body is cylindrical and 

consists of a #15 Pyrex vacuum O-ring fitting at the top, a threaded Pyrex glass joint at 

the end, and two #12 Pryrex vacuum O-ring joints with terminated high vacuum valves 

attached on the both sides.  

  



 

A 

 

B 

Figure 3-11: A) Picture and B) sketch of the SFG electrochemistry vacuum cell. Cell is able 

to hold vacuum down 10
-6

 Torr. 
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The 1.0 inch diameter   3 mm thickness windows are attached to the #15 O-ring 

joints at the top of the arms which are vacuum sealed using Kalrez O-rings, and fixed 

with pinch clamps. The working electrode (WE) is made by coating a 1.5 cm   1.5 cm 

square multiple layer graphene on a barium fluoride (BaF2) or calcium fluoride (CaF2) 

windows, and two silver semicircle connectors are applied to the graphene to connect the 

outside potential source and the graphene electrode. Infrared grade BaF2 and CaF2 are 

transparent from 270~10000   , and 150~8000   , respectively.
4,5

 The transparence of 

the graphene-coating on the windows is corresponded to the graphene structure and 

remains stable in this region.
6
 This kind of graphene/silver device has the advantages of 

being vacuum tight and probing the SFG signal with applied potential. 

 

Figure 3-12: The Picture of the SFG Electrochemical Vacuum Cell 
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The counter and reference electrode (CE&RE) is a 0.42 cm
2
 platinum cylinder, 

which is connected to the circuit by welding it to a copper tube. The CE&RE is attached 

to a Kel-F shaft using a Teflon compression fitting. The shaft, sealed against the inner 

walls of the cell with Kalrez O-rings, can be moved along the cylindrical axis using a cap 

with a reverse thread at the thread joint. In such a way, the electrode is susceptible to 

being pressed to the electrolyte droplet against the graphene-coated window.  

These two additional #12 O-ring joints are used to evacuate the cell, to introduce 

and/or remove the sample. All the materials that come in contact with the sample are 

chemically inert and made of platinum, graphene, or BaF2 windows. The cell is able to 

hold a vacuum down to a pressure of        Torr. 

 

3.3 Contact Angle Measurement  

The contact angle measurement setup is depicted in Figure 3-13. The set-up 

consists of a white light source, a pinhole, a blue-violet filter, a cell holder, a zoom and 

telecentric lens system and a CCD camera. This cell was in turn, mounted to a cell holder, 

which allowed vertical and horizontal movement. The lens system was used to enhance 

and magnify the image. The CCD camera is a WATEC high resolution WAT – 902B 

Charge Coupled Device camera, which is connected to a computer, equipped with “eCap 

program” to capture and process the image of the drop. The resolution of the captured 

bmp image is determined to be 1280 1024 pixels. 



 

Figure 3-13: Contact angle measurement setup. 

For the normal contact angle measurements, the ionic liquid sample is prepared 

the same way as for the SFG experiment. After being dried in a separate vessel down to a 

pressure of          Torr, a drop of ionic liquid (around 10   ) is transferred to the 

electrowetting vacuum cell, which was designed and built in this research lab (see Figure 

3-9). For the electrowetting with dc voltage measurement, the top and side electrodes are 

connected to the outside potential source and the Image J is utilized to process the images 

and convert them to JPG files. On these images, the contact angles are calibrated by the 

plugin called “drop-analysis: DropSnake”.
7
 (see Figure 3-14) 



 

Figure 3-14: Image calibration steps. Top two images are the calibration of normal 

contact angle measurement. Bottom two images are the calibration of Electrowetting 

contact angle measurement. 

3.4 Synthesis of the Room-Temperature Ionic liquid 

The synthesis and characterization of the ionic liquids are performed combining 

various procedures found in the literature. 
8-14

 All chemicals are from Sigma–Aldrich and 

are used without further purification. The amount of ionic liquid synthesized is close to 

the amount necessary to be used in analysis. Milli-Q water is used for all the reactions 

and washing. The purity of the compounds was tested with 
1
H NMR, FTIR and ion 

selective electrode (ISE). In this section a detailed description of the synthesis is 



established. 
1
H NMR spectrum of the final product is taken after the purification and 

drying in the vacuum line to ensure the removal of all residual reactions solvents. 

3.4.1  Bis-trifluoromethylsulfonimide Based Ionic Liquid  
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1-benzyl-3-methylimidazolium bistriflate 1,3-dibenzylimidazolium bistriflate 

Figure 3-15: The TFSI based ionic liquid. 

The two bis–trifluoromethylsulfonimide based ionic liquid compounds were 

provided by Dr. Edward L. Quitevis from Texas Tech University. Both 1-benzyl-3-

methylimidazolium bistriflate and 1,3-dibenzylimidazolium bistriflate are colorless liquid 

at the room temperature. Further vacuum dehydration was performed on these two 

compounds. The purity of the compounds was tested with 1H NMR and FTIR. The 

general structure of the compounds is shown in Figure 3-15.  

3.4.2  Synthesis of 1-butyl–3–methylimidazolium chloride, [BMIM][Cl] 

The ionic liquid [BMIM][Cl] is synthesized according to the scheme shown in 

Figure 3-17. Approximately 0.20 mol of 1-methylimidazole (Sigma-Aldrich ≥99%) is 



mixed with 0.22 mol of 1-chlorobutane (Sigma-Aldrich 99%), and the mixture refluxes 

under N2 gas in a 250 mL round bottom flask. 

 The temperature of the mixture is directly controlled and monitored by a silicon 

oil bath and a thermocouple which is used for a controlled temperature setting. The 

mixture is stirred and refluxed at a temperature of 65 °C - 70°C for 72 hours During the 

reaction time, the color of the mixture was transformed from colorless to white cloudy, 

and white cloudy to colorless. 

 

Figure 3-16: Synthesis of [BMIM][Cl]. 

At the end of the reactions, a two-phase liquid product is generated and the 

bottom layer contained the desired product. This is then transferred into a 500 mL 

separatory funnel and washed five times with ethyl acetate. This is then dried under 

vacuum using a rotary evaporator for about 20mins while being stirred and heated at ~ 

70 °C in a water bath. Ideally, this dried product is colorless liquid or white crystal, 

depending on the water residues.
15

 Carbon charcoal is used to de-color the product if the 

new color of this product is yellowish.
16

 The resulting product is then dried under high 

vacuum to a pressure of ~          Torr. The drying procedure is described in Section 

3.5. 
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3.4.3  Synthesis of 1-hexyl-3-methylimidazolium chloride, [HMIM][Cl] 

The ionic liquid [HMIM][Cl] is synthesized according to the scheme shown in 

Figure 3-17.
9
 The [HMIM][Cl] is prepared according to the procedure described for the 

synthesis of [BMIM][Cl] using 0.20 mol of 1-methylimidazoe and 0.22 mol of 1 – 

chlorohexane instead.
17

 All ionic liquids are dried in vacuum prior to use. The drying 

procedure is described in Section 3.5.  

 

Figure 3-17: Synthesis of [HMIM][Cl]. 

3.4.4  Synthesis of 1-octyl-3-methylimidazolium chloride, [OMIM][Cl] 

 

 

Figure 3-18: Synthesis of [OMIM][Cl]. 

The ionic liquid [OMIM][Cl] is synthesized according to the scheme shown in 

Figure 3-18. The [OMIM][Cl] is prepared according to the procedure described for the 

synthesis of [BMIM][Cl] using 0.20 mol of 1-methylimidazole and 0.22 mol of 1-
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chlorooctane instead. All ionic liquids are dried in vacuum prior to use. The drying 

procedure is described in Section 3.5. 

3.4.5  Synthesis of 1-butyl-3-methylimidazolium dicyanamide [BMIM][DCA] 

Figure 3-19 shows the reaction scheme for the synthesis of [BMIM][DCA]. In a 

500 mL round bottomed flask, sodium dicyanamide is added to a solution of the 

synthesized [BMIM][Cl] in 50 mL acetone (≥99.9% Sigma-Aldrich). The mixture is 

stirred for 20hr at room temperature, and then kept it under -10°C for 1 day. The white 

crystal sodium chloride (NaCl) is precipitated and filtrated by a fine Buchner funnel. 

After removing acetone by a rotary evaporator, the remaining NaCl residues are removed 

by a large amount of dichloromethane (DCM) (≥99.9% Sigma-Aldrich), cooled under -

10°C for additional 10hr, filtrated by a fine Buchner funnel, and vacuum dried. The 

purification procedure was repeated until the mixture of IL and dichloromethane (DCM) 

is clear. The product ionic liquid was then tested for the concentration of chloride residue 

using an ISE as described at Section 3.5. All ionic liquids are dried in vacuum prior to 

use. The drying procedure is described in Section 3.5. 

 

Figure 3-19: Synthesis of [BMIM][DCA]. 
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3.4.6  Synthesis of 1-hexyl-3-methylimidazolium dicyanamide, 

[HMIM][DCA] 

 

Figure 3-20: Synthesis of [HMIM][DCA]. 

Figure 3-20 shows the reaction scheme for the synthesis of [HMIM][DCA]. In a 

500 mL round bottom flask, the synthesized [HMIM][Cl] is mixed with a small excess of 

sodium dicyanamide in a molar fraction of 1:1.1, dissolved in 50 mL Milli-Q water, and 

stirred for approximately 12 hours at 35 °C. The water is removed under vacuum in a 

rotary evaporator and the vacuum line. The white crystal sodium chloride (NaCl) is 

precipitated after the complete removal of water. Dichloromethane is added to the filtrate 

and cooled down in the refrigerator overnight at a temperature of approximately -10 °C. 

The mixture is filtered by a fine Buchner funnel again and dried under vacuum using a 

rotary evaporator. The product ionic liquid is then tested for the concentration of chloride 

residue using an ISE as described at Section 3.5. All ionic liquids are dried in vacuum 

prior to use. The drying procedure is described in Section 3.5. 

3.4.7  Synthesis of 1-octyl-3-methylimidazolium dicyanamide, 
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Figure 3-21 shows the reaction scheme for the synthesis of [OMIM][DCA]. A 

procedure similar to that descried for [HMIM][DCA] was followed but the synthesized 

[OMIM][Cl] was used instead. The product ionic liquid was then tested for the 

concentration of chloride residue using an ISE as described at Section 3.5. 

 

Figure 3-21: Synthesis of [OMIM][DCA]. 

3.4.8  Synthesis of 1–butyl–3-methylimidazolium thiocyanate [BMIM][SCN] 

 

Figure 3-22: Synthesis of [BMIM][SCN]. 

Figure 3-22 shows the reaction scheme for the synthesis of [BMIM][SCN]. In a 

250 mL round bottom flask, the synthesized [BMIM][Cl] is mixed with a small excess of 

potassium thiocyanate (KSCN, Sigma-Aldrich, ACS reagent) in a molar fraction of 1:1.1 

and stirred for approximately 48 hours at around 30 °C. Dichloromethane is added to the 

filtrate and cooled down in the refrigerator overnight at a temperature of -10 °C. The 

mixture was filtered by a fine Buchner funnel again and dried under vacuum using a 

rotary evaporator. This step is repeated three times until the mixture of product ionic 
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liquid and DCM is clear. The product ionic liquid was then tested for the concentration of 

chloride residue using an ISE as described underneath at Section 3.5. All ionic liquids are 

dried in vacuum prior to use. The drying procedure is described in Section 3.5. 

3.4.9  Synthesis of 1–butyl–3-methylimidazolium tetrafluoroborate 

[BMIM][BF4]  

 

Figure 3-23: Synthesis of [BMIM][BF4]. 

The ionic liquid [BMIM][BF4] is synthesized according to the scheme shown in 

Figure 3-23.
18

 In a 500 mL Teflon beaker, the 0.20 mol of synthesized [BMIM][Cl] is 

mixed and stirred with 0.22 mol of fluoroboric acid HBF4 (Sigma-Aldrich, 48 wt% in 

water) in NH4OH solvent for 15 hours at room temperature. At the end of the reactions, a 

two-phase liquid product is generated and the bottom layer contained the desired product. 

The mixture was then washed five times with ice-cold Milli-Q water in a Teflon 

separatory funnel to remove residual acid and chloride ions, and the other impurities were 

removed by using rotary evaporator and vacuum drying at        Torr. The chloride 

residue in washing water is tested with a saturated solution of AgNO3 (Sigma Aldrich, 

ACS reagent) solution and ISE to determine the concentration of chloride ions in ionic 
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liquid product. All ionic liquids are dried in vacuum prior to use. The drying procedure is 

described in Section 3.5. 

3.4.10  Synthesis of 1-butyl-3-methylimidazolium hexafluorophosphate 

[BMIM][PF6] 

The ionic liquid [BMIM][PF6] is synthesized according to the scheme shown in 

Figure 3-24.
15

 In a 500 mL Teflon beaker, the 0.2 mol of synthesized [BMIM][Cl] is 

dissolved in Milli-Q water and an equimolar amount of NH4OH. This solution is mixed 

and stirred with 0.22 mol of hexafluorophoric acid, HPF6 (Sigma-Aldrich, 60 wt% in 

water). After the completion of reaction, a two-phase liquid product is generated and the 

bottom layer contained the desired product. The bottom phase is washed five times with 

ice-cold water in a Teflon separatory funnel. The chloride residue in washing water is 

tested with a saturated solution of AgNO3 (Sigma Aldrich, ACS reagent) solution and ISE 

to determine the concentration of chloride ions in ionic liquid product. All ionic liquids 

are dried in vacuum prior to be used. The drying procedure is described in Section 3.5. 

 

Figure 3-24: Synthesis of [BMIM][PF6]. 
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3.5 Sample Treatment 

3.5.1  Purification of Room-Temperature Ionic Liquids 

The ionic liquids that were synthesized are kept as colorless as possible. The ionic 

liquids were dissolved in methanol and then powdered active carbon (Sigma-Aldrich, 

Darco6-60,-100 mesh) is added. The mixture was stirred overnight at ~40 °C. Finally, the 

charcoal is filtrated and alcohol solution are removed by a fine Buchner funnel and a 

rotary evaporator, respectively. Finally, the samples are dried prior to every analysis. Due 

to the negligible vapor pressure of ionic liquids, high vacuum (3.5x10
-7 

Torr) has been 

used to dehydrate the final IL in vacuum vessel Figure 3-25. The vacuum valve is locked 

to keep a high vacuum pressure. 

 

Figure 3-25: Glass cell for drying ionic liquid under high vacuum diagram. 
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3.5.2  The Ion Selective Electrode Test  

The glass-body, double-junction combination chloride ion-selective electrode was 

purchased from Weiss Research, Inc.. The electrode was first cleaned with Millipore 

water and then slightly polished with a soft cloth (i.e., #600). The pipette was used to add 

the fill solution (1M KNO3) into the electrode if it needed to be refilled. It was then 

briefly stored in a 0.01 M chloride solution for electrode calibration procedures. The 

ionic strength of samples and standards should be made the same by an adjustment with 

the Ion Strength Adjuster. The temperature of both sample solutions and standard 

solutions should be the same. 

The chloride standard solutions (KCl) were prepared according to the electrode 

calibration standards. The concentrations of 100 ppm, 10ppm, and 1ppm were serial 

diluted from the 1000ppm standard. 2 mL of 5 M NaNO3 was added to 100 mL of each 

standard solution. The first standard solution was a mixture of 100.0 mL water and 2.0 

mL of 5 M NaNO3. Each standard solution was placed in a 150 mL beaker, with a 

magnetic stirrer inside. The IES experiment instrument is shown in Figure 3-26. The 

electrode potential was recorded when the reading had stabilized. The voltage reading of 

pure water meaning zero chloride is around 290 ± 5 mV. The different electrode 

potentials between 100 ppm and 1000 ppm KCl were measured and supposed to be 56 ± 

2 mV. The calibration curve is shown in Figure 3-27.  



Different concentrations of [BMIM][C1] were used as standard solutions for the 

determination of the chloride residue concentration of dicyanamide ionic liquid. The 

concentrations of [BMIM][C1] prepared were 0.1 ppm, 1.0 ppm, 10 ppm, 100 ppm, 500 

ppm, and 1000 ppm. A calibration curve of concentration versus voltage can be used to 

determine the amount of chloride in the dicyanamide ionic liquid. The level of chloride 

ions, corresponding to the measured potential, is described by the Nernst equation: 

           Equation 3-1 

 

Figure 3-26: Picture of the Ion selective electrode measurement. 
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where, E is measured electrode potential; Eo is reference potential; s is electrode slope of 

plot, and the activity, X, represents the effective concentration of the chloride ions in 

solution. 

 

Figure 3-27: The standard ISE calibration curve. 

Finally, before the chloride electrode is stored for long periods (longer than two 

weeks), the tip of electrode (sensing pellet) was rinsed, dried, and wrapped with the 

Parafilm around it, and recapped the electrode protection cap. 

3.5.3  The Ionic Liquid Vacuum Transfer from Vessel to SFG Cell  

The vacuum system is driven by two pumps, a turbo pump and a mechanical 

pump. The purified ionic liquid is vacuum-dried four hours in a custom-made 150 mL 

vessel with two O-ring fitting joints under 3.5x10
-7 

Torr. The pressure of the vessel is 
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reduced to 3.0x10
-3 

Torr by turning off the turbo pump of the vacuum system. Valves #1 

and #2 are closed and the vacuum in this vessel is maintained at 3.0x10
-3 

Torr. The vessel 

is connected with the solid-liquid SFG cell through O-ring joint #2, which is then 

attached to the vacuum line with valve #3 and valve #4 open. After 45 minutes, the 

pressure of the SFG cell is detected to be stable at 3.5 x 10
-7 

Torr. Finally, the ionic liquid 

is transferred to the SFG cell by the pressure difference of 3.5 x 10
-7

Torr and 3.0x10
-3 

Torr.  

 

Figure 3-28: Pressure difference ionic liquid transfer setup. 

 



3.6 Electrochemical Instruments 

A Pine Instrument Potentiostat Model AFBP1 was used for CV. The same 

potentiostat was also used to control the potential for the electrode-liquid spectrochemical 

analysis. The potentiostat section is designed to be versatile and reliable while 

maintaining simplicity of operation. The potential is controlled independently of the 

current flowing in the cell, and the potential applied to one electrode will not affect the 

potential or current of other electrode. The rise time of the amplifiers in the potentiostat is 

0.5 volts per microsecond.
19

 

Electrochemical impedance spectroscopy (EIS) measurements were performed 

using an EG&G PAR Model 263A potentiostat/galvanostat (as shown in Figure 3-29) in 

combination with a PAR M5210 lock-in amplifier controlled by PowerSINE software. 

The frequency ranged from 100 kHz to 1 Hz with an applied sinusoidal signal of 5 mV. 

Impedance data was fitted to an equivalent circuit, R(QR), by ZSimp Win software. 

 

 Figure 3-29: Picture of a Model 263A potentiostat/galvanostat 

 



3.7 References 

(1) Laser Pl2251a-20-G-X Technical Description and User's Manual. In EKSPLA, 

2010. 

(2) Operation and Maintenance Manual for Custom Ktp/Kta/Aggase2 Opg/Opa 

System. In LaserVision, Ed., 2001. 

(3) Kabo, G. J.; Blokhin, A. V.; Paulechka, Y. U.; Kabo, A. G.; Shymanovich, M. P.; 

Magee, J. W. J. Chem. Eng. Data 2004, 49, 453-461. 

(4) Radtke A.S., B. G. E. Am. Mineral. 1974, 59, 885-888. 

(5) Tasker, P., W. J. Phys. Colloques 1980, 41, C6-488-C486-491. 

(6) Wang, X.; Zhi, L.; Mullen, K. Nano Lett. 2008, 8, 323-327. 

(7) Stalder, A. F.; Melchior, T.; Müller, M.; Sage, D.; Blu, T.; Unser, M. Colloids 

Surf., A 2010, 364, 72-81. 

(8) MacFarlane, D. R.; Forsyth, S. A.; Golding, J.; Deacon, G. B. Green Chem. 2002, 

4, 444-448. 

(9) Crosthwaite, J. M.; Aki, S. N. V. K.; Maginn, E. J.; Brennecke, J. F. J. Phys. 

Chem. B 2004, 108, 5113-5119. 

(10) Przemyslaw, K. Prog. Polym. Sci. 2004, 29, 3-12. 

(11) Bäcker, J.; Mihm, S.; Mallick, B.; Yang, M.; Meyer, G.; Mudring, A.-V. Eur. J. 

Inorg. Chem. 2011, 2011, 4089-4095. 

(12) Srour, H.; Rouault, H.; Santini, C. C.; Chauvin, Y. Green Chem. 2013, 15, 1341. 



(13) SaÌ•nchez, L. G. n.; Espel, J. R.; Onink, F.; Meindersma, G. W.; Haan, A. B. d. J. 

Chem. Eng. Data 2009, 54, 2803-2812. 

(14) Liu, W.; Yan, X.; Lang, J.; Xue, Q. J. Mater. Chem. 2011, 21, 13205. 

(15) Martinez, I. S.; Baldelli, S. J. Phys. Chem. C 2010, 114, 11564-11575. 

(16) Aliaga, C.; Baldelli, S. J. Phys. Chem. B 2007, 111, 9733-9740. 

(17) Stoppa, A.; Hunger, J.; Buchner, R. J. Chem. Eng. Data 2008, 54, 472-479. 

(18) Hernández-Fernández, F. J.; de los Ríos, A. P.; Gómez, D.; Rubio, M.; Víllora, G. 

AlChE J. 2010, 56, NA-NA. 

(19) Company, P. I. Operatiing Instructions for Potentiostat, 1992. 



Chapter 4 :  Sum Frequency Generation Spectroscopy Study of 

an Ionic Liquid at a Graphene-BaF2 (111) Interface 

4.1 Introduction  

In this chapter, SFG vibrational spectroscopy and contact angle measurements of 

an ionic liquid, 1-butyl-3-methylimidazolium dicyanamide [BMIM][DCA], at solid-

liquid interfaces are reported. Bare solid single-crystal barium fluoride (BaF2) (111) 

surface, monolayer graphene-coated BaF2 (111) surface and a bilayer graphene-coated 

BaF2 (111) surface were used as the solid substrates. 

Graphene, a two-dimensional crystalline material, has garnered interest due to its 

extremely high electron mobility,
1
 high elasticity,

2
 optical transparency,

3
 and high 

specific surface area.
4
 Because of these unique properties, graphene shows promising 

potential in various applications, such as in transparent electrode substitutes,
5
  solar 

cells,
6,7

 flexible touch screens,
8
 highly sensitive chemical/bio sensors,

9,10
 and 

supercapacitors.
11,12

 Ionic liquids, liquid salts at low temperature, are pure ionic solvents, 

some of which have extremely low vapor pressures, electrical stability, thermal stability,  

_____________________________________ 
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and high conductivity.
13-15

 All these distinctive properties make the ionic liquids 

attractive in the applications of graphene. In the dye-sensitized solar cell, the transparent 

thin graphene films on F-doped SnO2 showed high electrocatalytic activity toward the I3
-
 / 

I
- 

redox couple, especially in ionic liquid-based electrolyte on monolayer graphene 

electrode.
7,16

 Ionic liquids based on dicyanamide anion exhibit low viscosity and 

relatively high electrical conductivity,
17

 have been used in dye-sensitized solar cells to 

improve the conversion efficiency.
16

 For chemical/bio sensors, the ionic liquid - 

functionalized graphene sheets show good dispersibility and long-term stability.
18

 In 

addition, it was found that the ionic liquid-modified graphene electrochemical biosensor 

directed the electron transfer of various redox biomolecules.
19

 Furthermore, comparing to 

water-based electrolytes, the ionic liquid electrolytes can be operated at higher voltage 

and temperature for symmetric supercapacitors.
12

 

These applications are mainly based on chemical or electrochemical phenomena 

at the ionic liquid/graphene interface, and it is important to understand the interaction at 

this interface. The first SFG spectroscopy of the interface between ionic liquid 

[BMIM][MS] and graphene-coated CaF2 surface has been studied by Baldelli et al.
20

 

They found that both cations and anions arranged at the graphene surface, the methyl 

group on the anions tilted more than 40° to the surface normal, and the imidazolium ring 

on the cations slightly tilted from the surface. From the molecular dynamics simulation 

study of [DMIM][Cl]/graphene interface reported by Fedorov and Lynden-Bell, the 

enrichment of the [DMIM]
+
 cations present at the graphene surface generated a cationic 

layered structure at the interface and attracted Cl
-
 anions, leading to the formation of 



several distinct solvation layers.
21

 This layered structure produced a negative nonzero 

potential shift between the graphene interface and the bulk of ionic liquid. Ghatee et al. 

studied [BMIM][Cl] and [BMIM][PF6] on graphene plates using density functional 

theory (DFT).
22

 They reported that the imidazolium ring and the alkyl chain of the 

imidazole cation tends to orient parallel on the graphene surface, and the methyl group on 

the butyl chain is slightly downward to the surface with respect to the imidazolium ring. 

These studies have not considered the influences of the substrate. A graphene sheet is a 

single atomic layer; therefore, the shape and surface properties of the graphene layer are 

strongly influenced by structure and chemical or electrical properties of the substrate.  

Rafiee et al. reported the “wetting transparency” in which the contact angle of water on 

graphene-coated copper, gold, and silicon barely changes from the one on the uncoated 

surfaces; however, this wetting transparency is not observed on the graphene-coated 

glass.
23

  The Raman studies of graphene-coated on different substrates (i.e, SiC, quartz, 

Si) have been reported by Wang and co-workers.
24

 The significant blueshift of Raman 

bands were attributed to the interaction of the graphene sheet with the substrate. These 

studies suggest that the understanding of both the interfacial structure of the IL/graphene 

interface and the influence of the graphene/ substrate interface are significantly important.  

The BaF2 (111) crystal surface, with well-studied structural and electronic 

properties,
25,26

  is considered to be positively charged.
27-30

 Penalber et al. investigated that 

the interfacial structure of ionic liquid 1-butyl-3-methylimidazolium dicyanamide 

[BMIM][DCA] on BaF2 (111) and concluded that the [DCA]
-
 anion was strongly 

absorbed on the surface and the [BMIM]
+
 cation was absent at the interface.

30
 Because of 



the strong Coulomb interaction between [DCA]
- 
and the BaF2 (111) surface, the anions 

form a Helmholtz-like electric double-layer. Additionally, their SFG study results of the 

ionic liquids on the BaF2 (111) surface showed that the cyano-functional anions revealed 

a strong electrostatic affinity to the BaF2 surface, especially, the linear [SCN]
-
 anion.

31
  

In this study, the interaction between the graphene - coated BaF2 (111) surface 

and the ionic liquid [BMIM][DCA] is observed and analyzed. The chemical vapor 

deposition (CVD) synthesized graphene, a thin transparent neutral film, screen the 

inherent positive charge on the BaF2 (111) surface to reduce the electric field on the ions 

adsorption to the surface. SFG spectroscopy has been used to probe the presence and 

orientation of the cation and anion at the [BMIM][DCA]/ graphene / BaF2 (111) interface.  

The contact angle measurement results suggest that the monolayer graphene coating 

gives rise to partial wetting transparency.  

4.2 Materials and Method 

The barium fluoride (BaF2) window with a (111) crystal surface is purchased 

from Crystran Ltd. The bare BaF2 surface is cleaned by the drop and drag technique 

(Cleaning Optics procedure from Edmund Optics) with methanol (spectrophotometric 

grade, ≥99.9% Sigma-Aldrich). A monolayer graphene (1L graphene) coating sample is 

prepared using CVD as previously described
9
 and grown on Cu foil (99.8% 25 µm Alfa). 

A poly(methyl methacrylate)(PMMA) assisted wet-transfer method
32

 was used to coat the 

single-layer graphene sheet onto the BaF2 window substrate. A thin layer of PMMA (495 

Microchem A4) was spin -coated on one side of graphene/ graphene/Cu. Afterward, 



PMMA/1L graphene/Cu layer was suspended on the 0.1 g/mL ferric nitrate solution for a 

few hours in order to etch the Cu. PMMA/1L graphene was then scooped up by the BaF2 

substrate. After this transfer procedure, the PMMA residue was removed by acetone, and 

the 1L graphene sample was rinsed with Milli-Q water and the water residue was vacuum 

dried. The bilayer graphene (2L graphene) and the triple layer graphene (3L graphene) 

coating samples were prepared by a direct LBL interface coupling route.
33

 After the Cu 

foil was etched by ferric nitrate solution, the PMMA/1L graphene sample was directly 

scooped onto the second layer graphene on a copper foil sample, forming a 2L graphene 

film. After etching the copper film, the 2L graphene films can be directly transferred onto 

a third later graphene on copper foil, forming a 3L graphene film. On the basis of this 

route, the 2L and 3L graphene without the PMMA residues between layers can be 

obtained. Finally, the 2L graphene and 3L graphene can be transferred onto the BaF2 (111) 

surface, followed by the removal of the top PMMA in acetone.  

The graphene-coated surface is rinsed with around 200 mL acetone and blow 

dried by N2 gas, repeating at least two times. The cleaned surface was then rinsed with 

methanol (Aldrich spectrophotometric grade 99.9+ %). Finally, the sample is rinsed with 

Milli-Q water; places on top of solid-liquid SFG cell and vacuum dry the water residues. 

The Raman spectroscopy is commonly used to characterize and determine the number of 

graphene layers. Figure 4-1 shows Raman spectra for graphene samples. 



 

Figure 4-1: Raman spectra of graphene layer on BaF2 (111) window. 

The ionic liquid [BMIM][DCA] has been synthesized from [BMIM][Cl] and 

sodium dicyanamide
34

 and vacuum purified (more details are shown in the Chapter 3), 

and the [BMIM][DCA] was transferred to a SFG cell by the pressure difference under 

vacuum conditions. The graphene-coated BaF2 (111) surface was directly in contact with 

[BMIM][DCA]. The solid-liquid SFG vacuum cell used for SFG measurement is similar 

to a previous design
35

 and shown in Figure 4-2. 

 

Figure 4-2: Solid-liquid SFG vacuum cell 
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SFG is a second-order nonlinear optical process, which involves two input laser 

beams.
36

 More details are described in the Chapter 2. In order to avoid the damage to the 

graphene layers, the maximum energy density of the two overlapped laser beams on the 

graphene is lower than 60 mJ/cm
2
.  

The intensity signal in a SFG experiment from resonant and non-resonant terms 

that can be expressed and fitted as 

2









 qIRq

ri

SF
i

A
BeI  Equation 4-1 

Where   is the relative phase between the vibrational resonances (strength is    ) 

and the non-resonant background amplitude of the non-resonant signal. The second-order 

susceptibility parameters described the structures of the species at the interface.
37

 

The contact angle measurements were performed under vacuum conditions 

(3⨯10
-7

 Torr) to minimize the contaminations (i.e., water) and to keep the experimental 

system at the same stable condition. The purified [BMIM][DCA] droplet (~ 10 µL) was 

placed in the contact angle cell.  The detailed setup is shown in the Chapter 3. 

4.3 Results 

Two spectroscopic regions were chosen for SFG measurements, the 2000-2300 

cm
-1

 interval for the  stretching region of [DCA]
-
 and 2750-3300 cm

-1
 interval for 

the C-H stretching region of [BMIM]
+
, as shown in Figure 4-3. The SFG spectra have 

been taken on three different interfaces; the [BMIM][DCA]/ BaF2 (111) interface, the 

[BMIM][DCA]/1L graphene/BaF2 (111), the [BMIM][DCA]/2L graphene/BaF2 (111), 

C º N



and the [BMIM][DCA]/3L graphene/BaF2 (111) with SSP (s-polarized SFG beam, s-

polarized visible beam, and p-polarized IR beam), PPP, PSS, and SPS polarization. 

However, due to the weak orientation, no resonances were observed in PSS and SPS 

spectra in both CH and CN regions, and no further information was provide from the 

weak resonances in PPP spectra.  

 

The four anion-region spectra (Figure 4-3a) contain three peaks corresponding to 

the  antisymmetric stretching (uas ) at 2131cm
-1

, the  symmetric stretching 

(us ) 2194 cm
-1 

and a combination band of symmetric and antisymmetric N-C stretching 

modes (uas +usN-C) at 2222 cm
-1

.
35

 In the four cation-region spectra (Figure 4-3b), the 

symmetric stretch and Fermi resonance of CH3 (


FRrr , ) and CH2 (d
+,dFR

+
) group on the 

butyl chain are present, but the imidazolium ring modes are not observed at ~3150cm
-1 

and
 
~3170 cm

-1 
.
35

 The peaks assignments are shown in Table 4-1. The peak at 2945 cm
-1

 

is attributed to an overlap of two unresolved peaks between a Fermi resonance of the 

C º N C º N

Table 4-1: SFG Vibrational Spectroscopy Results for [BMIM][DCA]
35,38,39

 

 [BMIM][DCA] 

 C-H region C≡N region 

 
r

 


FRr  d +  dFR
+

   
N-C 

Wavenumber (cm
-1

) 2878 2945 2852 2918 2131 2194 2222 

uas us
uas +us



methyl symmetric stretch (


FRr ) and a Fermi resonance of the methylene symmetric stretch 

( dFR
+

).
39

 The SFG spectra are fitted by Equation 4-1 and show in Table 4-2.  

 

Table 4-2: SFG fitting data the CN region and the CH region 

 

 

Estimate 

BaF2 (111) 

Estimate 

Monolayer 

graphene 

Estimate 

bilayer graphene 

The CN region 

 B -0.1 ± 0.1 -0.1 ± 0.1 -0.1 ± 0.1 

   4.47 ± 0.1 4.75 ± 0.1 4.97 ± 0.1 

νas 

   1.1 ± 0.1 1.2 ± 0.2 0.9 ±0.1 

   2131.1 ± 0.8 2126.3 ± 0.4 2125.7 ± 0.6 

   6.1 ± 0.6 6.0 ± 0.5 6.5 ± 0.7 

νs 

   2.7 ± 0.1 2.6 ± 0.2 1.6 ± 0.2 

   2194.9 ± 0.5 2194.4 ± 0.4 2191.0 ± 0.6 

   9.6 ± 0.5 10.0 ± 12.2 9.8 ±0.8 

νas + νs N-C 

   0.7 ± 0.1 0.6 ± 0.2 0.3 ± 0.1 

   2222.1 ± 0.7 2220.9 ± 0.9 2219.6 ± 1.3 

   6.7 ± 1.4 7.0 ± 1.8 6.8 ± 2.5 

The CH region 

 B -0.2 ± 0.1 -0.2 ± 0.1 -0.2 ± 0.1 

 𝝓 4.1 ± 0.1 4.6 ± 0.1 4.0 ± 0.1 

      0.4 ± 0.4 0.2 ± 0.1 0.9 ± 0.2 

    2853.2 ± 2.1 2853.4 ± 1.3 2855.6 ± 1.0 

    6.0 ± 1.9 6.3 ± 3.8 6.5 ± 0.7 



      0.8 ± 0.3 0.5 ± 0.1 1.2 ± 0.1 

    2877.6 ± 2.0 2878.9 ± 1.8 2882.7 ± 1.0 

    7.0 ± 1.9 7.2 ± 2.2 7.5 ± 1.0 

   
     

     1.5 ± 0.3 2.7 ± 0.3 4.3 ± 0.1 

    2945.8 ± 2.2 2946.13± 1.0 2947.1 ± 0.5 

    16.5 ± 3.5 16.0 ± 1.7 16.5 ± 0.6 

 

The SFG intensities of each vibrational mode in the anion spectra decrease with 

increasing number of graphene layer coating. Conversely, the intensities of each 

vibrational mode in cation spectra grow after graphene is coated. In comparison to the 

other two cation region spectra, the SFG spectrum of [BMIM][DCA]/ BaF2 (111) 

interface shows a fairly low intensity. Also, there are no apparent peak shifts between 

bare BaF2 (111) surface and 1L graphene, 2L graphene, and 3L graphene -coated surface 

in the cation and anion spectra. 

The contact angle measurement results are shown in Figure 4-4. The 

[BMIM][DCA] on bare BaF2 (111) surface shows a contact angle of 58 ± 2°, the 

[BMIM][DCA] on the 1L graphene - coated BaF2 (111) surface shows an angle of 69 ± 

2°, the 2L graphene - coated surface shows an angle of 67 ± 2° ; the 3L graphene -coated 

surface shows an angle of 64 ± 2°; and the high ordered pyrolytic graphite (HOPG) 

surface shows an angle of 51 ± 2°. 

 



 

Figure 4-3: SFG spectra of [BMIM][DCA] on BaF2 (111) surface, monolayer graphene/BaF2 

(111) surface, bilayer graphene/BaF2 (111) surface,  and triple-layer graphene/BaF2 (111) 

surface in (a) CN and (b) CH stretch region for polarization ssp. The red line in each 

spectrum is the fitting data. 

 



 

 

Figure 4-4: Contact angle of [BMIM][DCA] on: a) bare BaF2 (111) surface, b) monolayer 

graphene coated BaF2 (111) surface, c) bilayer graphene coated BaF2 (111) surface, d) 

triple-layer graphene coated BaF2 (111) surface, and e) HOPG surface. 
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4.4 Discussion 

4.4.1  Overview of Both CH and CN Region Spectra: 

The cation and anion region spectra of the [BMIM][DCA]/BaF2 (111) surface are 

similar to the previous results.
30

 The presence of the anion [DCA]
-
 and the absence of the 

cation [BMIM]
+ 

indicate that only the [DCA]
-
 anion adsorbed and oriented on the solid 

salt surface to form a Helmholtz-like electric double-layer (Figure 4-5a).
30

 This 

phenomenon is due to the strong Coulomb interaction between the positively charged 

BaF2 (111) surface and the [DCA]
-
 anions in the ionic liquid. All six of 

[BMIM][DCA]/1L graphene/BaF2 (111), [BMIM][DCA]/2L graphene/BaF2 (111), and 

[BMIM][DCA]/3L graphene/BaF2 (111) interfaces SFG spectra presented both cation and 

anion signals, which indicate that the ionic liquid [BMIM][DCA] interacts with the 

graphene surface and that both the cation and anion are arranged at the surface. The 

presence of both cations and anions on the surface suggests that the charge shielding 

effect of the graphene sheet reduces the electric attraction between the positively charged 

BaF2 (111) surface and the [DCA]
-
 anions or the electric repulsion between the BaF2 

surface and [BMIM]
+
 cations. Consistently, the second harmonic generation (SHG) study 

on fused silic/graphene/water interfaces by the Gouy-Chapman fitting shows that the 

pristine single layer graphene sheet screens the silica surface charges by 60% and the 

defected graphene reduce the silica charge density by 23%~30% .
40,41

 The effect of the 

Coulomb interactions onto the arrangement of the ions on the surface was decreased. 

Therefore, both the cation and anion adsorption at the graphene surface illustrated that the 



graphene surface is functionalized with the [BMIM][DCA] via noncovalent 

interactions.
42

 

 

Figure 4-5: SFG intensities of each vibrational mode as a function of the number of 

graphene layers in the (a) CN and (b) CH regions. 

4.4.2  CN region: 

While comparing all the SFG peak intensities in these four CN region spectra of 

the different interfaces in Figure 4-5a and Figure 4-5a, the signal intensities of the 

[DCA]
- 
anion decrease under the same experimental conditions. This trend suggests that 

the ion density of the [DCA]
- 
anion at the interface decreased due to the graphene coating 

reducing of the Coulomb interaction between the positively charged BaF2 (111) surface 

and [DCA]
-
 anions. In addition, the SFG peaks corresponding to the symmetric 

stretching presented a large decrease from the [BMIM][DCA]/ BaF2 (111) interface to the 

[BMIM][DCA]/2L graphene/BaF2 (111) interface and a small increase from the 

C º N



[BMIM][DCA]/2L graphene/BaF2 (111) to the [BMIM][DCA]/3L graphene/BaF2 (111) 

interface. This suggests that the 2L graphene well shields the Coulomb interaction 

between the ILs and positively charged BaF2 (111) surface and the anion – graphene 

interactions exerts stronger influence on the anion adsorption to the 3L graphene coatings 

surface, as compared to the Coulomb interaction, supporting the idea that the graphene 

coatings shield the electric attraction from the BaF2 (111) surface.  

Table 4-3: The refractive indexes for BaF2, graphene, and [BMIM][DCA] 
25

 
43,44

 

 Refractive Index 

BaF2 

n1,vis n1,IR n1,SFG 

1.476 1.453 1.478 

Graphene 

n2,vis n2,IR n2,SFG 

         2.55          

[BMIM] 

[DCA] 

n3,vis n3,IR n3,SFG 

1.509 1.509 1.509 

 

As shown in Figure 4-6, the ratio between SFG intensity of symmetric  

stretch and the antisymmetric  stretch show the influence of the number of 

graphene layers. The approximate orientation angles, i.e. tilt angle, are calculated by 

comparing these ratios of different vibrational modes with theoretical curves of peak 

intensity. These ratios are then used in the [DCA]
- 

orientation simulation at different 

C º N

C º N



interface, results are shown in Figure 4-7 and Figure 4-8. All the refractive indexes used 

in simulation are shown in Table 4-4. 

 

Figure 4-6: The ratio of SFG intensity as function of number of graphene layers. 

The [DCA]
- 
is assigned with a C2v symmetry without free rotation around its C2 

symmetry axis and has both a tilt angle,  , and a twist angle,  .
45

 The C2V symmetric of 

dicyanamide is shown in Figure 4-7. Calculations of hyperpolarizability are carried out 

using the G matrix elements of the antisymmetric and symmetric C≡N stretch (shown in 

Table 4-4); the hyperpolarizability expressions were derived by Hirose et al.
45-47

 The 

single bond polarizability ratio r=0 has been chosen for the orientation simulation.
48

 The 

orientation calculation results show that the twist angles corresponding to these four 

interface CN region spectra have an effective range 0°~60°. 
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Table 4-4: Orientation fitting data (G matrix element & hyperpolarizability) 
45-47 

Fitting constants 

MC MN                    

12 14      
        

  
 

 

  
 

        

  
 

 

  
 

Hyperpolarizability 

               

0               
        

       
     

 

 

Figure 4-7: Simulation of orientation curve of [DCA]
-
 (twist angle vs tile angle) A) bare 

BaF2 surface, B) monolayer graphene-coated surface, C) bilayer graphene coated, and D) 

triple layer graphene coated surface. 



 

Figure 4-8: Simulation of orientation curve of [DCA]
- 
: A) bare BaF2 surface, B) 

monolayer graphene-coated surface, C) bilayer graphene–coated surface, and D) triple 

layer graphene-coated surface. 

In Figure 4-8, the curves have been plotted as these ratios versus the tilt angle 

with respect to the surface normal, and as a function of the Gaussian distribution angle, σ. 

With the average twist angle from 0° to 60°, the C2 axis from [DCA]
-
 at the bare BaF2 

(111) surface shows an average tilt range of 26° ± 6°, and the average tilt angles at 

graphene-coated interface are increased from 28° ± 6° to 31° ± 8° for the value of σ 

between 0° to 20°. The value of σ is consistent with 30° for the 2L graphene -coating 

interface, this suggests that the [DCA]
-
 anions are more randomly oriented on the solid 

surface. In addition, the ratios between the symmetric and antisymmetric C≡N stretch are 

reduced with the rising number of graphene coatings on the BaF2 surface. With a constant 

value of σ, it is seen that for the graphene-coated surface, the [DCA]
-
 anions are oriented 



mostly along the surface normal, while the number of the graphene coating is increased, 

the [DCA]
-
 anions become aligned more parallel to the surface plane. 

 

 

Figure 4-9: The title angle as a function of the number of the graphene layer, σ = 15° 

As with σ = 15°, the values of the title angle θ, as a function of number of 

graphene layers, are reproduced in Figure 4-9. Consequently, the data suggests that with 

graphene layers, fewer [DCA]
-
 ions exist at the top interfacial layer, and the [DCA]

- 
ions 

are oriented more parallel to the surface. It is also evident that the [DCA]
-
 ions are less 

directed to the graphene coated BaF2 (111) surface and more distributed at the bare BaF2 

(111) surface. This may be due to the decreasing Coulomb interaction and the graphene 

shielded direct sites on the BaF2 (111) surface. Conversely, comparing to the [DCA]
-
 

anions on the 2L graphene coating surface, the [DCA]
-
 anions on the 3L graphene-

coating surface are more oriented along the surface normal. This seems to be the case as 



the electric attraction from the BaF2 (111) surface may be well-shielded by the 2L 

graphene coatings. The interaction between the anions and graphene surface is a 

dominant influence on the anions orientation to the 3L graphene-coated surface. 

4.4.3  CH region: 

The absence of ring vibrational modes in all three CH region spectra suggest that 

the preferential orientation of the imidazolium rings in the top layer is parallel to the 

graphene surface. This result is consistent with a previous SFG spectroscopy study of 

ionic liquids on the nonpolar surface
49

 and recent molecular dynamics simulations works 

of Fedorov and Lynden-Bell on the [DMIM][Cl]/graphene interface.
21

 In a comparison 

with the cation’s butyl chain region (2800 cm
-1

 to 3000 cm
-1

) SFG spectrum with 

previous results, the [BMIM][DCA] on the 1L graphene coated surface spectrum (Fig. 2f) 

is similar to 1-butylimidazole on the hydrophobic quartz and the butyl chain shows the 

tilt is larger than 40°;
50

 the [BMIM][DCA] on the 2L graphene-coated BaF2 surface 

spectrum is similar to [BMIM][DCA] on the TiO2 surface, and the butyl chain shows a 

range of orientation angle from 68° to 83° from the surface normal.
35 

Fedorov and 

Lynden-Bell found an enrichment of cations at the neutral graphene surface, and the 

imidazolium ring is parallel to the surface. Due to a nonzero potential shift 

(approximately -0.7V) between the interface and bulk of the liquid, the high density 

[DMIM]
+
 cation was detected at the interface. Furthermore, relative to the 

[BMIM][DCA]/1L graphene/ BaF2 (111) spectrum, the higher cation signals appearing in 

the [BMIM][DCA]/2L graphene/ BaF2 (111) spectrum suggest that the second layer 

graphene further shielded the BaF2 (111) surface, as less electrical repulsion, which leads 



to more [BMIM]
+
 ions adsorbed at the graphene surface (shown in Figure 4-3b). 

Consequently, this result implies that the 1L graphene coating reduced the charge 

interaction on the positively charged BaF2 (111) substrate; in addition, the 2L graphene 

coating enhanced this effectiveness. Due to this calculation to the potential shift 

(approximately -0.7V), the graphene coating might be slightly attracted to the [BMIM]
+
 

cations. 

4.4.4  Local Field at the BaF2 (111) Surface: 

Shi and co-workers reported that the effective charges of Ba
2+

 and F
-
 in the top 

BaF2 (111) surface layer are (+1.838 e) and (-0.918 e), and the relaxation of F atoms in 

the upper sub-layer of the top (111) surface layer is inward by d=0.12 Å.
51

 Consequently, 

an electric field exists at the (111) surface and influences the adsorption, orientation, and 

distribution of cations and anions.  The electric field due to the BaF2 (111) dipole field is 

calculated by the “charge cancellation model”, shown in Figure 4-10. The effective 

charge of Ba
2+

 and F
- 
ions

 
have been divided into two parts: the neutralized overlap part 

in the d region and the displacement part above and below the d region. The average 

displacement charge for one BaF2 unit cell is around +0.005 e at the surface layer, which 

induces the dipole moment, p. The dipole electric field has been estimated as  

Edip(z) =
1

4peoe

P

z3ò (3cos2 f -1)df  Equation 4-2 

Where ϕ is the angle between the surface normal and the effective ion; z is the 

distance from one ion to the substrate surface, and   is the relative dielectric constant.
52

  



 

 

Figure 4-10: The electric field due to the dipole at the BaF2 (111) surface. 

The relative dielectric constants of the graphene monolayer on different substrates 

have been studied by Hwang and co-workers,
53

 and the study suggested that the dielectric 

constants of graphene is influenced by the class of substrates (i.e., dielectric substrates). 

The standard approximation of the effective dielectric constant graphene - substrate is 

defined by e = (esub +evac ) / 2 , withe sub and evac the dielectric constant values for the bulk 

values substrate and vacuum, respectively.
53

 With the dielectric constant of BaF2 (111) at 

room temperature as 7.33 
25

 and evac  = 1, the approximation of the effective dielectric 

constant is around 4.17. On the basis of the surface electric dipole moment,
52

 one unit cell 

of the BaF2 (111) surface has an electric dipole field perpendicular to the plane of 

3.9×10
7
 V/m at z =1Å; 1.0×10

6
 V/m at z = 3.35 Å; 1.3×10

5
 V/m  at z = 6.7Å; and 

3.9×10
4
 V/m  at 05.10z Å, where the thickness of all three graphene films is 3.35, 6.70 

and 10.05 Å, respectively
54

(shown in Figure 4-11). With the electric field of 3.9×10
7
 

V/m , the [DCA]
-
 anions are attracted by the BaF2 (111) surface and generate a 

Helmholtz-like plane. Consistently, with external electric field 2.2×10
9
 V/m, the 



molecular dynamics simulation results from Lynden-Bell implied that the [Cl]
-
 anions of 

[DMIM][Cl] were segregated toward the positive wall.
55

 At the IL-metal electrode 

interface, the surface charge would be perfectly screened by counterions in the 

Helmholtz-like layer, and this formation of the thin electric double-layer in ILs at the 

charged interfaces can induce a large electrostatic potential field (10
9
 V/m).

56
  

 

Figure 4-11: Calculated electric field vs the distance between the ions and the surface. 

Moreover, the dielectric constant of graphene at the out-of-plane polarization e ^g  

is almost constant at 3.0,
57

 the approximation of the effective dielectric constant of 

graphene with BaF2 (111) is around 5.16. Based on Gauss’s law, the external electric 

field is proportional to the e -1. Therefore, due to the graphene coating, the electric field 

strength is decreasing to around 20%; and the electric fields are 3.1×10
7
 V/m at Å, 

8.4×10
5
 V/m  at Å, 1.1×10

5
 V/m at Å; and 3.1×10

4 
V/m  at 05.10z Å. 

This decrease in the electric field permits both ions to coexist in the interface layer, and 

z =1

z = 3.35 z = 6.7



[DCA]
-
 anions are less oriented at the surface.  Adding the [BMIM][DCA] to the 1L and 

2L graphene coating BaF2 surface, the electric field dropped to 4.6×10
4
 V/m  and 5.8×10

3
 

V/m based on the dielectric constant of [BMIM][DCA], 3.11IL ,
58

 further supporting 

the idea that reduced electric field favors adsorption of both ions. 

4.4.5  Contact angle: 

The contact angle measurement results in Figure 4-4 show that the graphene-

coated surfaces have a higher contact angle than the bare surface, which may indicate the 

decrease of the surface energy. As a consequence, the wetting transparency breaks down 

significantly through the 1L graphene, and this lack of wetting transparency is shown by 

combining experiment and theoretical analysis of the water/graphene/glass interface.
23,59

 

Shih and co-workers reported that from classical theory of van der Waals interactions, the 

monolayer graphene acts like a translucent barrier and becomes more transparent to 

wetting on hydrophilic substrates.
60

 They simulated the water droplets wetting on 

graphene sheet coated surfaces and concluded that due to the higher surface tension of 

bilayer graphene coating, the contact angle on monolayer graphene is larger than one on 

bilayer graphene. Rafiee found that due to the short-range chemical interactions (i.e., 

hydrogen bonds formed between water and glass) and the wetting transparency is lost.
23

  

Additionally, the contact angle of water showed three distinctive results 

dependent on the number of graphene coatings on the glass surface. If only one or two 

layers are applied, the contact angle barely changed; however, the contact angle 

dramatically increased when the layers are increased beyond four; and the contact angle 



value saturated once it was measured from more than six graphene coating layers. This 

observation is inconsistent with Figure 4-4; the wetting transparency break after 1L 

graphene coating, the contact angle on 2L graphene is similar to the one on 1L graphene, 

the contact angle of 3L graphene sample starts decreasing and the contact angle on 

HOPG surface is much smaller than the graphene coating BaF2 surface. This conflict can 

be explained by minimized Coulombic interaction between the [BMIM][DCA] and BaF2 

(111) surfaces, the slight attraction between graphene and [BMIM]
+
, the decreasing of 

electric field, and the substrate influences. These results further verify this assumption. 

Unlike to the anionic and neutral probes, the high density of the [BMIM]
+ 

at the interface 

adds an additional high energy barrier for the cationic probe to approach the wall. 

4.5 Conclusion  

The results show that only [DCA]
-
 is observed at the BaF2 (111) surface, and both 

[BMIM]
+
 and [DCA]

- 
are

 
detected at the graphene coated BaF2 (111) surface. [DCA]

-
 

anions are electro-attracted to the positively charged BaF2 (111) surface and occupy the 

first layer at the solid-liquid interface. The graphene layer coating shields the nature of 

the charged crystal surface and let both cations and anions occupy the interface. 

Furthermore, the contact angle results show that graphene-coated surface is more 

hydrophobic than the bare surface.  
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Chapter 5 :  Molecular response of ionic liquids at a graphene 

electrode interface 

5.1 Introduction 

In this chapter, the ion distribution of the interfacial layer information at the 

charged graphene triple layer-ionic liquid (1-butyl-3-methylimidazolium dicyanamide) 

interface by SFG spectroscopy, CV and EIS are studied.  

The response of the room-temperature ionic liquids (RTILs) near charged surfaces, 

particularly, graphene-based electrodes is a subject of intensive ongoing research due to a 

number of potential applications, such as supercapacitors,
1,2

 batteries,
3-5

 solar cells,
6
 

electrolyte gated electronics,
7
 electrochemical sensors,

8
 and electrodeposition.

9
 In 

particular, due to the high thermal stability and relatively high conductivity of the ionic 

liquids and high specific surface area (SSA) of the graphene (up to 2675m
2
/g),

2
 the 

investigation of the ionic liquid electrolyte/graphene interaction provides the basic 

science understanding for developing the high energy density supercapacitors operating 

within a large temperature range.
10

 Moreover, with the optical transparency, graphene is 

developed for transparent supercapacitors.
11

  

The development of large volume energy storage supercapacitors with high power 

density, low manufacturing cost and low maintenance cost is a key research aspect which 

needs to be addressed in energy storage systems. In the Electric Double-Layer (EDL) 



capacitors (supercapacitors) with the RTILs electrolytes, energy is stored and released by 

nanoscopic charge separation and electrolyte ions rearrangement at the electrochemical 

interface between an electrode and electrolyte.
12

 A few unique effects of RTILs at 

charged interfaces, such as overscreening, lattice saturation, and electrostriction are 

specific to the high-concentration electrolytes.
13-15

 Therefore, it is critical to understand 

the molecular level effects of the local liquid structure at the interface between a charged 

graphene electrode surface and an ionic liquid. 

The dicyanamide anion is known to yield low viscosity and high ionic conducting 

RTILs when combined with imidazolium based cations.
16

 In the previous work, the 

interfacial structure of ionic liquid 1-butyl-3-methylimidazolium dicyanamide 

[BMIM][DCA] on the graphene layers coated with BaF2 (111) surface was studied and 

shown that both [BMIM]
+
 cations and [DCA]

-
 anion were occupied at graphene coating 

layers, which shielded the nature of the charged BaF2 (111) crystal surface.
17

 

The quantum capacitance of the graphene has been recently studied by a three-

electrodes electrochemical cell with ionic liquid and the results supported that the 

interfacial capacitance for graphene-based electrodes does have a quantum origin.
18

 

The capacitance behavior of graphene with a limited density of mobile charge 

carriers could be represented by a series of three capacitors, one representing the quantum 

capacitance of the graphene,   , the electrolyte capacity consisting of the capacitance of 

the charges hold at the outer Helmholtz plane (OHP),   , and the area-normalized 



capacitance of the truly diffuse charge,   .
19

 The total capacitance for the interface (or 

the capacitance that is measured experimentally) is then given by Equation 5-1. 

 

            
 

 

  
 

 

  
 

 

  
 Equation 5-1 

In ionic liquid electrolytes,      , therefore,   
   in the Equation 5-1 can be 

neglected. Thus, the total interfacial capacitance             between the ionic liquid and 

graphene is shown as follows: 

 

            
 

 

  
 

 

  
 Equation 5-2 

Herein, the molecular response of [BMIM][DCA] at a graphene electrode 

interface has been studied by SFG spectroscopy, CV, and EIS. SFG spectra show that 

[BMIM][DCA] forms an ordered adsorbate at different potentials, where the signal 

strength of anions increase with external applied potential, however, the signal strength of 

cations display little influence by the applied potential. In addition, electric double-layer 

at the electrolyte-electrode interface is described by the cyclic voltammogram and 

impedance spectra. 

5.2 Materials and Methods  

Comparing with the single layer of graphene, the stacked multilayer graphene has 

higher conductivity and a more-stable structure.
7,20

 The three layers graphene electrode 

are fabricated by the method of “Direct Layer-by-Layer Interface Coupling”. 
21,22

 The 

details of this method are described in the Chapter 4. 



The ionic liquid [BMIM][DCA] has been used as an electrolyte because of its 

large electrochemical potential window. [BMIM][DCA] is synthesized from 1-butyl-3-

methylimidazolium chloride [BMIM][Cl] and sodium dicyanamide
23

 and purified by 

vacuum. More details are described in Chapter 3. 

Figure 5-1 illustrates the schematic drawing of the Pyrex SFG electrochemistry 

vacuum cell used for SFG and electrochemistry measurements. The body is cylindrical 

and ends in an O-ring fitting, to which the graphene coated BaF2 window is attached and 

sealed with a Kalrez O-ring, and fixed with pinch clamps. The other end is a compression 

fitting which holds a Kel-F shaft that seals the inner walls of the cell with Kalrez O-rings. 

A two-electrode configuration of the cell is used, which consist of a working electrode 

(WE) and a counter/reference electrode (C&RE). A silver connector is used to connect 

between outside potential source and the 3L graphene sheets as the working electrode. 

The sliver does not touch the electrolyte droplet during measurement. The 

counter/reference platinum electrode (C&RE) is attached to the shaft, which can be 

moved along the cylindrical axis using a cap with a reverse thread. The real surface area 

of platinum electrode is approximate 0.46 cm
2
, which is determined using the 

electrochemical surface area analysis by hydrogen adsorption (the reduction charge of 

monolayer Pt is 210       ).
24

  

Hydrogen adsorption on the platinum electrode surface is achieved by application 

of sufficiently negative potentials to the electrode when this is in contact with H2SO4 

aqueous solution. As more negative potentials are applied, the reduction of H
+ 

and the 

adsorption of H atom become stronger:
24

 



                      Equation 5-3 

The real surface area is proportional to the moles of adsorbed hydrogen atoms at 

platinum surface, n. As take into account that the real surface area (  ) is    
   

  
 with 

  
 

 
. The real surface area is rewritten as 

   
 

   
 Equation 5-4 

where, n is the moles of adsorbed hydrogen atoms,    is the surface platinum atom 

density, Q is the charged associated with the formation of a monolayer, F is faraday 

constant, and e is the electron charge.  

 

Figure 5-1: Schematic of the SFG electrochemistry vacuum cell and the top view of the 

graphene coated electrode with silver connector. Cell is able to hold vacuum 1.0×10
-6

 Torr. 
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A droplet of the neat [BMIM][DCA] electrolyte (~10 μL) is directly in contact 

with the graphene electrode and platinum electrode. The overlapping area of graphene 

electrode and electrolyte is approximate 0.32 cm
2
.
 
Two O-ring-fitting-terminated high-

vacuum valves are used to evacuate the cell. The cell is able to hold the vacuum down to 

a pressure of        Torr to keep the ionic liquids dry and not exposed to the 

laboratory environment. CV and EIS measurements are achieved under potentiostatic 

control (Pine potentiostat). EIS was done using a sinusoidal signal with mean voltage 

range of 0 to 1000 mV and amplitude of 10.0 mV over a frequency range of 10 kHz to 

0.1 Hz. The SFG theory backgrounds are described at the Chapter 2. 

5.3 Results and Discussion  

5.3.1  Electrochemical Characterization 

In order to evaluate the contribution of ions to the charged graphene electrode, the 

electrochemical performance of the [BMIM][DCA]/graphene is characterized by the CV 

and EIS. The calibration of the platinum reference electrode is performed using ferrocene 

(Sigma - Aldrich 98%) dissolved in [BMIM][DCA], whereas concentration of ferrocene 

is 1×10
-3

 mol/L.
25

 The cyclic voltammogram of the ferrocene-[BMIM][DCA] solution is 

presented in Figure 5-2, using a graphene working electrode with a scan rate of 100 

mV/s
-1

. The reduction peak of ferrocene is located at + 720 mV. In addition, the reduction 

potential of ferrocene relative to Ag/AgCl reference electrode is + 190 mV.
26

 



 

Figure 5-2: Cyclic voltammogram of ferrocene (1×10
-3

 mol/L) in [BMIM][DCA] at 1.0x10
-6 

Torr. Potentials are shown versus a platinum quasi-reference electrode (Pt QRE) reference 

electrode and versus an Ag
0
/ Ag

+ 
quasi – reference electrode. 

Figure 5-3 shows cyclic voltammogram of the pure [BMIM][DCA] with graphene 

electrode at scan rate of 100 mV/s under high-vacuum condition (        Torr). This 

curve shows neither reactions nor ion adsorption, which indicated the graphene electrode 

was clean. Therefore, all measurements are performed in the double-layer region of the 

potential scan, where only charge and discharge of the double-layer occurs. The CV also 

illustrates the voltage stability window, electrochemical window, from approximately 3 V, 

whereas the electrochemical window of RTILs are typically about 3-5 V.
27

 For activated 

graphene electrodes, the CV curve shape the specific capacitance can significantly 

degrade as the voltage scan rate is increased.
28
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Figure 5-3: Cyclic voltammogram of neat [BMIM][DCA] at 1.0x10
-6 

Torr. Scan rate is 100 

mV/s. The oxidation and reduction onsets start at approximately 1.5 and -1.5 V, respectively 

(versus a Pt QRE electrode), giving an electrochemical window of ca. 3.0V 
29

 

Figure 5-4 presents the Nyquist plots of the [BMIM][DCA]-graphene system at 

potentials ranging from -1000 to +1000 mV in 250 mV intervals, which is a plot of the 

imaginary component, ZIm, of the impedance against the real component, ZRe. The ZIm 

versus ZRe data are fitted using am R(Q(RW)) circuit as equivalent where a constant 

phase element “Q” was used instead of a double-layer capacitor, Cinterfacial, to obtain 

acceptable fitting results. Cinterfacial versus potential, V, curves for [BMIM][DCA] 

measured with triple layer graphene electrodes are presented in Figure 5-5. 

The Cinterfacial-V curve is concave shaped with the capacitance minimum located in 

the VEDL range of -500 to +500 mV. The magnitude of the slopes of the negative branch 

of the Cinterfacial-V curve is larger than the one of positive branch. This profile implies that 
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larger amount of cation located at [BMIM][DCA]/graphene interface at potential range 

from -1000 to -500 mV than amount of anion at potential range from 500 to 1000 mV.  

 

Figure 5-4: Nyquist plots of the impedance of [BMIM][DCA] at graphene electrode.  

The capacitance value at the minimum is 2.81       , which can be used to 

estimate the double-layer thickness approximately. The Helmholtz model is used to 

predict the thickness of total interfacial thickness of approximately     .
19

 The quantum 

capacitance CQ of 3L graphene is obtained by band theory calculation, where CQ is 

defined by coupled Poisson-Schrodinger equations and has an approximate value of 3 

       at the minimum. 
30

 Based on the Equation 5-2, the capacitance of the charges 

hold at the outer Helmholtz plane, CH is given as 44.3       . A few works have been 

done on the EDL structure at the RTILs/graphene interfaces. Xia et al. measured the 

interfacial capacitance of 1-butyl-3-methylimidazolium hexafluorophosphate 
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[BMIM][PF6]-graphene interface, and the minimum capacitance was found to be 

approximately 4.1       .
18

 Paek et al. reported MD simulations of the EDL and 

interfacial capacitance at the interface of [BMIM][PF6] with a graphene electrode.
31

 They 

report that the capacitance of the IL/graphene interface is smaller than the quantum 

capacitance of graphene.  

Figure 5-5: Differential capacitance of EDL in [BMIM][DCA]. The potential of zero charge 

corresponds to the minimum of the curve depicted by the experimental points. The 

equivalent circuit R(Q(RW)) used to exact the capacitance from the impedance data. 

Moreover, a plot of area-normalized surface charge density versus voltage, shown 

in Figure 5-6, displays a linear tend along potential range from -500 to +1500 mV and 

this trend is broken at -750 and -1000 mV. 
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Figure 5-6: Charge density versus potential plot at [BMIM][DCA]-graphene interface. 

5.3.2  Spectroscopy 

The spectra of cation and anion are taken in two frequency ranges, 2750 - 3300 

cm
-1 

(C-H stretch vibrational modes) and 2000 - 2300 cm
-1 

(the stretch region), 

respectively, for SFG spectroscopy. The peaks assignments are shown in Table 5-1. 

These peaks have been assigned in a previous SFG study,
32

 which was based on the peak 

assignments of alkyl chain using IR spectroscopy and of 1-methylimidazole employing 

Raman spectroscopy.
33

  

The spectra of the [BMIM][DCA]-graphene interface for the C-H stretch region 

in ssp, shown in Figure 5-7, are barely changed with a small range external potential 

between -1500 and 1500 mV. In these cation-region spectra the symmetric stretch and 
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Fermi resonance of CH3 ( ) and CH2 ( ) group on the butyl chain are present, 

but the imidazolium ring modes are not observed at ~3150 cm
-1 

and
 
~3170 cm

-1 
.
34

 The 

peak at 2945 cm
-1

 is attributed to an overlap of two unresolved peaks between a Fermi 

resonance of the methyl symmetric stretch ( ) and a Fermi resonance of the methylene 

symmetric stretch ( ).
35

 The SFG intensities of these cation-region vibrational modes 

are observed invariant with applied potential in the electrochemical window, -1500 to 

1500 mV. The low signal-to-noise ratios of these recorded cation spectra at different 

potential limit the cation orientation analysis. 
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Table 5-1: SFG vibrational spectroscopy results for [BMIM][DCA]
34-36

 

 C-H region C≡N region 

 
 

 

 

 

  

( ) N-C 

Wavenumber 

(cm
-1

) 

2878 2945 2852 2918 2131 2194 2222 

r 

FRr d + dFR
+ uas us

uas +us



Figure 5-7: The SFG spectra of [BMIM][DCA]-graphene layers, cation (CH) region. 

The spectra of the [BMIM][DCA]–graphene interface for the stretch region 

in ssp, shown in Figure 5-8, displays vibrations that correspond to the antisymmetric 

 stretching ( ) at 2131 cm
-1

, the symmetric  stretching ( ) 2194 cm
-1 

and a combination band of symmetric and antisymmetric N-C stretching modes, ( ) 

N-C at 2222 cm
-1

.
37

 The spectra share similar features with previous results for ionic 

liquids in experiments performed in this laboratory.
17,33,34

 Unlike the cation-spectra, the 

SFG intensities of those three vibration modes increase with the growth of external 

potential in the anion SFG spectra, whereas the nonresonant background show the same 

behavior.  
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Figure 5-8: The SFG spectra of [BMIM][DCA]-graphene layers, anion (CN) region. 

As show in Figure 5-9, the SFG peaks intensity of these three modes display as a 

function of external potential in the ssp polarization combination. The intensities of these 

three modes are not altered in the negative potential range from -1500 to 0 mV, however, 

the noticeable synchronous increases in SFG intensities of these three modes are 

observed at positive potential range from 0 to +1500 mV. 
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Figure 5-9: SFG intensity as a function of potential.  

5.4 Discussion  

The structure of the electrochemical double-layer and ion distribution is 

traditionally addressed by EIS and CV. In addition, information on the orientation and 

surface density of the ions at the liquid-graphene interface is obtained through the 

analysis of polarization-dependent or stretching peaks ratio SFG spectra as modification 

of the tilt angles from the surface normal, the orientation distribution of ions, and the 

amount of ions at the interface.  

The electrochemical measurement results: 

Four main suggestions, which are 1) the stable electric double-layer structure at 

measured potential range; 2) a multiple layer structure at charged graphene surface; 3) the 

quantum capacitance form graphene is dominant contribution; and 4) the cation 
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concentration increase more with potential change, then the change of anion 

concentration. 

The CV curve in Figure 5-3 indicates that the electrochemical window of this 

system is approximately 3.0 V. This is similar to the electrochemical window on the 

glassy carbon and activated carbon in the ionic liquids, approximately 2.5-3.0V and 3.0-

4.2V, respectively.
38,39

 All measurements are performed in the double-layer region 

(potential window), where no electrochemical reactions occur.  

According to theories of the EDL in ionic liquids,
38,40,41

 the capacitance curve 

(Figure 5-5) has a minimum at a potential known as the potential of zero charge. The 

capacitance value at the minimum is 2.81       , which can be used to estimate the 

double-layer thickness approximately. The Helmholtz model is used to predict the 

thickness of total interfacial layer thickness of approximately      with   
      

 
 

    .
19

 The thickness of the Helmholtz layer at [BMIM][DCA]-graphene interface,   , is 

then given by Equation 5-6. 

                          Equation 5-5 

Herein, the thickness of 3L graphene is reported as     .
42

 Then the    is 

obtained as     . The double-layer thickness of [BMIM]DCA]-platinum interface is 

estimated to be approximately 25   with similar electrochemical model.
25

 Due to the 

dimensions of the ions investigated are smaller than 10 Å,
43,44

 these results suggest that a 

multilayer of adsorbed ions exists at the graphene electrode surface, however, this 



multilayer processes an inner/outer Helmholtz-type structure, which assumes that excess 

co-ions at inner Helmholtz plane and counter-ions reside at the outer Helmholtz plane. 

The multilayer of ions differs from an insulating layer grown at the electrode surface 

because no current was detected in the cyclic voltammogram (Figure 5-3). 

The quantum capacitance Cq of 3L graphene is obtained by band theory 

calculation and has an approximate value of 3        at the minimum.
30

 Based on the 

Equation 5-2, the capacitance of the charges hold at the otter Helmholtz plane, CH is 

given as 44.3       . A few works have been done on the EDL structure at the 

RTILs/graphene interfaces. Xia et al. measured the EDL capacitance of 1-butyl-3-

methylimidazolium hexafluorophosphate [BMIM][PF6]-graphene interface, and the 

minimum interfacial capacitance was found to be approximately 4.1       .
18

 Paek et al. 

reported MD simulations of the EDL and interfacial capacitance at the interface of 

[BMIM][PF6] with a graphene electrode.
31

 These results also show the capacitance of the 

IL/graphene interface is smaller than the quantum capacitance of graphene. Therefore, 

      indicates that the total capacitance of IL/graphene interface is dominated by the 

quantum capacitance of the graphene. Gerischer et al. measured capacitance of the 

graphite electrode/electrolyte solution and it appears that the dominant contribution is due 

to the graphite side, unless one goes to very low electrolyte concentrations. 
45,46

 

This minimum value determines the positive and negative branches of the curve 

correspond to the electrostatic attractions of anions and cations, respectively. The 

capacitance curve shown in Figure 5-5 has cutoff camel shape, and presents that the 

Cinterfacial has sharply increased along the negative potential range. This curve implies that 



the external potential does affect the ion distribution at the charged graphene surface, and 

interfacial concentration of cation increases more with the reduction of applied potential 

at anionic surface than the increasing of anions concentration at positive surface.  

The SFG results: 

Three main suggestions: 1) both cations and anions presence at interface, 2) anion 

has higher concentration and narrow distribution at positive charged graphene surface, 

and 3) only anions changed with applied potential. 

The presence of both cations and anions SFG signal in the spectra (Figure 5-7 and 

Figure 5-8) suggests that both cations and anions located at the charged graphene surface. 

Particularly, the SFG spectra for the CN region show strong signal intensity, and an 

intensification of the intensities of the CN modes in anions spectra when the potential 

goes from PZC to positive values.  

It is known that the SFG intensity is proportional to the concentration (density) 

and the ordering (orientation) of ions at the interface,
47,48

 and the orientation of ions can 

be separated to the average orientation and orientation distribution. The average 

orientation indicate the approximate (unique) tilt angle based on delta-distribution, and 

the orientation distribution describe the molecules on a surface have an orientational 

distribution based on the Gaussian distribution. Therefore, this intensification in the 

intensities of the [DCA]
-
 anions suggests three possible contributions. The first one 

comes from an increase of concentration of the [DCA]
-
 anion at 3L graphene surface 

along the growth of positively external potential, from 0 to 1500mV. The second one 



arises from a narrow distribution of the anions as the graphene surface becomes positive 

with respect to the PZC. The last one is that the approximate tilt angle decrease with an 

increase of the potential.  

 

Figure 5-10: SFG intensity ratio of symmetric/antisymmetric CN stretching as function of 

applied potential. 

The ratios of SFG intensity observed from two different stretches are normally 

used in orientational average analysis. As shown in Figure 5-10, the external potential 

show little influence to the ratio between the symmetric  stretch to the 

antisymmetric  stretch. This may reject the last possible contribution and imply 

that the average orientation of [DCA]
-
 anions at the charged graphene surface is not 

modified in this positively potential range. Therefore, the SFG spectra for the anions 

states that the incremental increase in the intensity strength of the        anions is 
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mainly due to the first two contributions, which are the increasing of concentration and 

the narrow distribution of the anions at positive surface. 

On the contrary, the fact that the peak intensity of anions maintain stable with the 

negative external potential range, from -1500 to 0 mV, indicates that both concentration 

and orientation of the [DCA]
-
 anions are very little affected by the negative potential on 

the 3L graphene surface. This imply that as potential goes from negative charged to PZC, 

instead of expected reduction of the interfacial concentration and/or a wider distribution 

of the anions, the anions seem to maintain same structure, even when the graphene 

surface goes to negative. All above suggest that anions present at the either positive or 

negative charged graphene surface, and mainly locate at the inner Helmholtz plane, 

which more narrow distribution and higher concentration at positive charge surface. 

The cation SFG spectra have also provided that either the interfacial concentration 

or orientation of the cation at [BMIM][DCA]/graphene interface is not altered in the 

presence of the external potential, -1500 to 1500 mV. This cation profile at 

[BMIM][DCA]/graphene interface provided by the SFG result is opposite to the 

electrochemical measurement, which suggest the interfacial cation concentration increase 

with the reduction of applied potential at anionic surface. This inconsistency may indicate 

the cations exhibit wider distribution at negative surface and reflect from another aspect 

that cations are not closely attracted to the interface. The preferential orientation of the 

cation imidazolium rings in these layers appear to be parallel to the surface.
49

 

 



The Model: 

In consideration of a wider distribution (from SFG results) and ion concentrations 

increase (from EIS result), a cation distribution model is obtained which suggests that the 

cations present at the [BMIM][DCA]/3L graphene interface, however, instead of locating 

at inner Helmholtz plane, they may distribute in excess in the outer Helmholtz plane. The 

fact that anions may adsorb more closely than cations gives rise to the existence of an 

inner Helmholtz plane in electrochemical window range. Alternatively, the result can be 

interpreted such that the growth of external potential increases the interfacial anion 

density at the inner Helmholtz plane and has little effects on the interfacial cation density 

at the outer Helmholtz plane. This model divides the charge layer in solution into two 

regions: the compact layer, and the diffuse layer.  

The schematic representation of the molecular structure of the electrified double-

layer is given in Figure 5-11, where the inner and outer layers are specified for a charged 

graphene surface. This “ elmholtz-type” structure describes the ions adsorbed at the 

surface of 3L graphene electrode as        anions are strongly adsorbed to graphene 

surface at inner layer and         cations are closely distributed around the anions at 

outer layer. 

This model is consistent with earlier galvanostatic charge/discharge and EIS 

investigation on the electrochemical behavior of alkylimidazolium tetrafluoroborate ionic 

liquid/graphene interface performed by Liu and co-workers.
50

 They found that due to the 

butyl groups’ strong hydrophobicity, the butyl groups are preferentially adsorbed on the 



electrode surface no matter how the electrode surface is positively or negatively charged. 

They implied that the imidazole cations approach and arrange on the electrode surface 

with the alkyl chain toward the negatively charged electrode surface, and when the 

electrode surface is positively charged, the [BF4]
-
 to approach the electrode surface with a 

certain distance and the imidazole cations move away from electrode surface under the 

electrostatic repulsive force.  

 

Figure 5-11: Charge distribution with induced potential at graphene electrode. 

More advanced models, e.g. the ones proposed by Kornyshev
51

 and Oldham,
52

 

assumed that the EDLs in ILs are made of a Helmholtz-like inner layer and a “diffusive” 

outer layer.
53

 Although these elegant models capture the structure of EDLs better, and 

    

    

            

      



can predict qualitatively the experimentally observed capacitance–potential correlations, 

they are mostly mean-field theories and cannot depict some key aspects of EDL in ILs, 

e.g. alternating layering of counter-ions and co-ions and the overscreening of electrode 

charge in the EDL.
54,55

  

The molecular dynamic computer simulations of EDL sturcture and capacitance 

for ionic liquid [PMPyr][TFSA] near three graphene layers electrode (consisted as 

graphite electrode) is performed by Vatamanu et al.
56

 They found that at potentials near 

PZC both cation and anion distributed at the first and second layers and the majority of 

ion centers are located in the second layer. This distribution changes with external 

electrical potential within small or large electrode potentials ranges. At small electrode 

potentials (below 1 V), the co-ion distribution in the first layer decreases and the co-ion 

in the second layer initially increases, while the counter-ion population in the second 

layer decrease. At large electrode potentials, the density of co-ions in the second layer 

decreases, while it increases in the third layer.
56

 

What cause this ion distribution? 

This ion distribution is not only a result of the applied external electric potential, 

but also the electric field from the BaF2 (111) crystal and the cation-graphene 

interaction.
17,49

 The BaF2 (111) crystal surface, with well-studied structural and electronic 

properties,
57,58

 is considered to be positively charged.
59-62

 An electric field existing at the 

BaF2 (111) surface,         
, influences the adsorption, orientation, and distribution of 

cations and anions. As previous study, the 3L graphene have a noticeable screening 

javascript:popupOBO('CMO:0002344','C0CP02077J')


impact onto this crystal surface and the both cation and anion presenting at the 

[BMIM][DCA]/graphene interface. Both cations and anions are detected by the SFG 

spectroscopy at electrochemical potential range that indicating electric field from BaF2 

(111) surface strongly attract the anions forming the inner layer.  

 

Figure 5-12: Electric field strength as a function of applied potential. 

As shown in Equation 5-6, the total electric field, E, controlling the ion 

distribution at the liquid/graphene interface is consist of both         
 and the electric 

field of external potential,     

          
     Equation 5-6 

From the previous electric dipole moment study, one unit cell of the BaF2 (111) 

surface has an electric dipole field perpendicular to the plane of 3.9×10
4
 V/m at 

05.10z Å, whereas the thickness of 3L graphene films is 10.05 Å.
17

 However, the 
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electric field estimated on the electric double-layer at IL/graphene surface is 

approximately 10
8
 ~ 10

9 
V/m. Consistently, with external electric field 2.2×10

9
 V/m, the 

molecular dynamics simulation results from Lynden-Bell implied that the [Cl]
-
 anions of 

[DMIM][Cl] were segregated toward the positive wall.
63

 The induced electric field at IL-

metal electrode interface is around 10
9
 V/m.

27
  

As shown in Figure 5-12,             
 at -0.5 V, and therefore the electric 

field from applied potential is dominated, which attract the cations and repulse the anions 

to the negative charged surface.  owever, the SFG spectroscopy has probed the present 

of anions at negative graphene surface, and there is not clear suggestion for this conflict. 

Recently, Polat and Kocabas tested the multilayer graphene electrodes formed by 

layer-by-layer transfer-printing process and implied that the underneath graphene layers 

can be gated by the field of the ionic liquid electrolyte.
11

 Noted that due to the low 

density of states of graphene, the top graphene layer cannot completely screen the 

penetration of electric field of the electrolyte.25 

5.5 Conclusion  

The main conclusions of this study are as follows: 

 There is a significant enrichment of the [DCA]
-
 anions on the charged graphene 

surfaces. This anionic layer attracts [BMIM]
+ 

cations that leading to the formation 

of several distinct solvation layers on the surface.  



 The electrical field generated from BaF2 (111) substrate attracts the anions to the 

IL/graphene interface no matter how the electrode surface is positively charged or 

negatively charged. 

 The anions and cations form the double-layer structure with anions at inner 

compact layer and cations at outer diffuse layer in electrochemical window range.  

This finding for EDL capacitor may establish a nano-technological guideline to 

improve ultrathin capacitors for charge doping, energy storage, and electric power supply. 
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Chapter 6 :  Electrowetting Properties of Ionic Liquids 

Characterized by Contact Angle Measurement and 

Sum Frequency Generation Spectroscopy 

6.1 Introduction  

In this chapter, the electrowetting properties of ionic liquid and water on a 

polystyrene and/or paraffin surface are studied by contact angle measurement. The solid 

surface is characterized by the SFG spectroscopy.  

Electrowetting (EW) is a well-known phenomenon where the spreading of a 

sessile droplet is modified by adding an external voltage (U), the wettability of the 

surfaces is increased by introducing the external electric field
1
 between a droplet and a 

surface (Figure 6-1). The side effect, electrolysis between droplet and metal electrode, of 

the EW limit its application. Berge and co-worders improved its stability by adding a thin 

hydrophobic insulating film to separate the conductive droplet from the electrode plate.
2
 

This process, referring to electrowetting on a dielectric layer (EWOD), prevents chemical 

oxidation at the metal-electrolyte interface and makes the process stable and reversible.
2
 

Due to its unique electrical and mechanical properties, EWOD has attracted great 

attention from engineers as well as scientists recently and has been used on a number of 

applications, such as the micro flow,
3,4

 the electronic displays,
5
 the lab-on-chip,

6
 and 

liquid lens.
7
 These applications rely on long-term stability of the system during frequent 



switching of contact angle; therefore the reversibility and robustness are crucial factor for 

further application.  

 

 

Figure 6-1: EWOD phenomenon, the solid line shows a sessile droplet at static 

condition on a solid surface. The dash line shows the droplet is spreading with external 

voltage U added.  

Traditionally, water,
8-10

 or an aqueous salt solution,
1,11,12

 is used in most EWOD 

system, but their high vapor pressure and low thermal stability can limit EWOD. Room-

temperature ionic liquids (RTILs) can be used to remedy this problem because of their 

low vapor pressure. RTILs are organic salts formed by an organic cation and a weakly 

coordinating anion, which have a melting point around or below ambient temperature.
13

 

These liquids have several unique physicochemical properties, such as non-flammability, 

high thermal stability, high ionic conductivity, and  a wide electrochemistry widow.
14

 

There are several studies that used RTILs in EWOD. Millerfiorini and 

coworkers
15

 are the first to report EWOD of RTILs in ambient condition. The surface 

    

    
        

  



tensions of ionic liquids are sensitive to impurities from the surrounding, such as, water.
16

 

Halka and Freyland
17

 have improved the process by performing the analysis under 

vacuum condition. However, their results showed that there was formation of bubbles 

inside the RTIL droplets (defined as electrolysis cause by voltage breakdown of 

insulating layer as defect) and this clearly suggests that the RTIL were decomposed when 

subjected to a certain potential range.  

The goal of this study is to characterize the EWOD properties of ionic liquid 

under high vacuum system using contact angle measurement and understand the effect of 

EWOD on the ionic liquids in molecular level by SFG spectroscopy. To prove an 

accurate detection condition, a vacuum cell was designed for CA measurement under 

high vacuum condition and insulating films were calibrated by water under ambient 

condition. The molecular arrangements at the solid-vapor interface at 0 V were probed by 

SFG spectroscopy.  

6.2 Theory Background  

From Figure 6-1, the contact angle (CA,   ) is defined as an angle of a droplet at 

three-phase contact boundary (i.e. air-liquid-solid intersection and liquid–liquid-solid 

intersection), which is achieved by the thermodynamic equilibrium at three-phase contact 

line (TCL). According to  oung’s equation, without the external voltage, the initial 

contact angle is a function of the interface tensions        , and     between the solid (s), 

liquid (l) and vapor (v).  



      
       

   
 Equation 6-1 

The solid- liquid interface tension     is a function of the external electric 

potential. It is assumed that both      and     remains unaffected by the external electric 

potential.
1,18

 Based on the Lippmann equation, the affected        has a contribution 

from a chemical (potential-independent) component    
  and an electrical 

component    
   , which equals to  

    

  
  . 

          
  

    

  
   Equation 6-2 

Where    is the permittivity of vacuum,    denotes the effective dielectric 

constant of the dielectric layer and   is the effective thickness of the dielectric layer. 

Thus the relations between the changed contact angle   and the potential U is determined 

by the equation of Young-Lippmann
1
 

                   
    

     
   Equation 6-3 

Here    
    

 
 is the capacitance per unit area of one dielectric insulating layer, 

for a combined two dielectric layer system (i.e. PS-SiO2), there are two capacitances (C1 

and C2) and both of them contribute to the total capacitance    as 

   
 

 
  

 
 
  

 
      

         
      

Equation 6-4 



where    ,  ,   and     are the thicknesses and dielectric constants of these two 

dielectric layer . Substitute to Equation 6-4 

                  Equation 6-5 

Therefore the   
      

               
  value is expected to be proportional to 

 

   
 and 

shifts with the difference thicknesses (d2) of the insulating layers. 

SFG is a second-order (nonlinear) process, which involves two input optical fields 

(a fixed visible laser and a tunable IR laser) with two different frequencies(            ) 

that are overlapped on a sample at the same time to emit an output optical field with a 

frequency equal to the sum of those two incident frequencies(            ).
19

 More 

details are described in the Chapter 2. 

6.3 Experiment Set-up 

The EWOD device contains four major parts: a top electrode wire, a bottom 

electrode plate, an insulating layer on the bottom electrode plate, and an electrolyte 

droplet. The top electrode wire is made by a 100    Titanium (Ti) wire and the bottom 

electrode plate is a 1    gold coating on silica (Si-SiO2) wafer. Two kinds of insulating 

films are prepared for the EWOD measurement: the polystyrene film and the paraffin 

film. The polystyrene (atactic MW 35,000 polystyrene chips Sigma-Aldrich) films are 

formed by spin coasting at 2000 RPM in toluene solution onto gold electrode plate, then 

annealed under vacuum at 75   for 2 hours. The thickness of polystyrene films is 

determined by the concentrations of polystyrene-toluene solutions, shown in Table 6-1. 



The paraffin (Gulf wax from Royal Oak) films are formed by spin coating hexane 

solutions (1% w/v) onto gold electrode plate at 2000 RPM. The thickness of the paraffin 

film measured by ellipsometer was approximate 94 nm. A pre-dried [BMIM][PF6] 

droplet (~20   ) or a sessile Milli-Q water is placed on the insulating film as the 

electrolyte droplet. The external DC voltage is applied to the top electrode, which is in 

contact with droplet, and the bottom electrode. 

Table 6-1: Concentration vs Thickness. 

 Concentration (% w/v) Tickness (nm) 

N1 0.18 69 

N2 10.45 102 

N3 15.9 2450 

N4 20.3 3510 

 

A lab-built vacuum line with pressures of           Torr, was used to dry and 

purify the ionic liquid from water and other impurities from ambient conditions. An 

electrowetting vacuum cell was designed for EWOD at high vacuum conditions to 

maintain the integrity of the samples throughout the contact angle experiment process, 

shown in Figure 3-9. 

The synthesis of [BMIM][Cl] and [BMIM][PF6]
20

 followed the established 

literature procedures. More details have been described in Chapter 3. All chemicals were 

purchased from Sigma-Aldrich, and were used without further purification. 
1
H NMR and 



chloride ion selective electrode were used for characterization. The purity was checked 

by measuring the residual chloride anion using the WEISS chloride ion-selective 

electrode, and calibrated using [BMIM][Cl].  

6.4 Experimental Results and Discussion  

6.4.1  Contact angle measurements  

To understand the fundamental EWOD phenomenon, EWOD curves of water 

droplets at DC voltage were obtained and compared with literature data. After that the 

properties of insulating layer was studied. Gold, being an excellent conductor, was first 

chosen as the electrode plate. However the water droplet shows obvious voltage 

breakdown defect around 25V on the PS-Au substrate (the bubbles generated at the 

liquid-solid interface shown in Figure 6-2) and around 15V on paraffin-Au substrate. 

 

Figure 6-2: Defect on DI water droplet on PS-Au system. 

 



After removing the droplet from paraffin film, a clearly visible TCL circle can be 

observed which suggests the decomposition of the paraffin at TCL (an irreversible 

process). These observations showed the limitation of the dielectric strength of the PS 

and paraffin coating.  

 

Figure 6-3: Contact Angle of DI water-polystyrene (2450nm) film at 0V (87±2°), 80 V (58±2°) 

and reverse (82±2°) from left to right. 

To prevent this defect, the Si-SiO2 wafer was chosen for its high electrical 

resistance because its oxide film can acts as additional insulating dielectric layer. Having 

multiple insulating layers offers a defect-free EWOD process (see Figure 6-3). To lower 

the effects from evaporation, all water droplet experiments were performed at 15 minute 

intervals. The EWOD curves for these four PS films of different thickness are shown 

below in Figure 6-4. DC voltage was applied in increments of 5 V from 0 V to 90 V and 

back to original 0V setting. The positive and negative branches of each EWOD curve 

were recorded on the same PS-SiO2 sample films. The positive branch means that the 

electrode plate underneath is connected to the positive terminal and the Ti wire is 

connected to the negative terminal of the DC source. 



 

Figure 6-4:  EWOD plots (CA vs. Voltage U) for DI water droplets on polystyrene films 

with different thicknesses (All CA images were analyzed by Image J based on active 

contours model) solid dots are CAs and solid red line is parabolic fitting line. Red dots show 

negative voltage and back dots show positive voltage. The black bi-arrows show the 

measurement direction. The red arrows and black arrows point out the negative branchs 

and positive branchs saturation CAs. 

Although, the experimental condition of the PS film (69nm) positive branch was 

similar to a previous results in literature
8
, the results obtained were different. The 

obtained initial CA of water-PS at 0V is around 90±2°, which is 4° less than previously 
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reported. This initial CA calculated from  oung’s equation is 91.27 °. (where     

  dyn/cm
8
,              dyn/cm and assume        dyn/cm  at 293 K ). When 

voltage went to 40V, the CA reaches saturation point at 74±2°. When the voltage is 

removed, the CA went back to 80±2°, which is not to the initial CA of 90±2°. This 

observation may be due to residual charge at solid-liquid interface. 
21,22

 

In all four plots, the EWOD curves show parabolic shape and fit with Equation 

6-5 in the low potential range. However all four EWOD curves show regions of 

broadening in the middle of the analysis, as the delay activity effect before the CA 

starting to decrease. This effect is interpreted as the electrical energy stored in the 

dielectric capacitor.
9
 When the insulating layer is thicker, a higher potential is needed to 

produce the same decrease of CA.
23

 The EWOD curves become broader with the thicker 

PS films, which confirms this assumption. The result of fitting data is shown in Figure 

6-5. The slopes (k) of the linear fitting are decreasing with the increasing thicknesses of 

PS film. The difference of the obtained initial CA can be caused by the roughness of PS 

film, the volume of the droplet and temperature.  

After a certain voltage at high potential range, the CA was independent of the 

external voltage and stayed at same value. This phenomenon is referred to as saturation 

and this unchanged CA is defined as the saturation CA. All four saturation CAs of the 

negative branches (red arrows) are slightly larger than the positive ones (black arrows). 

Janocha
9
 explained this phenomenon as positive and negative polarity. There are various 

interactions for contact angle saturation. Verheijen and Prins
22

 suggested charge trap 

theory, which means that the insulator surfaces were trapped by charges at high voltage 



and limited the charge density that could be induced in to liquid droplet. Vallet
24

 

introduced thermodynamic limits, which were described as the surface tension no longer 

being in balance with electric force. Halka
17

 found dielectric breakdown at saturation 

point. But none of those assumptions have really been confirmed. The parabolic shapes 

of the all four EWOD curves, the magnitude of the voltage U and thickness   , support 

the interpretation that EWOD is the Lippmann electrocapillary effect. 

 

Figure 6-5: The k value versus d2 plot.  

Because PS and ionic liquid can be combined as an IL-based composite 

polymer
25

 , the common inert material paraffin wax was used to replace PS film. The 

water droplets were studied as the control group for [BMIM][PF6]  with the same 

paraffin-SiO2 insulating film under ambient conditions. The EWOD curves of water and 

[BMIM][PF6] on paraffin under ambient condition are shown in Figure 6-6. 



 

A 

 

B 

Figure 6-6: EWOD plots (CA vs DC voltage U) for DI water droplet (A) and [BMIM][PF6] 

(B) on paraffin film. The red squares show the CA at voltage back to 0V 
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From Figure 6-6, the parabolic shapes of EWOD were fitted by Equation 6-5. 

Compared with EWOD of water, a relatively lower CA switchability of [BMIM][PF6] is 

obtained, which is similar to previous literatures.
15,17,26

 Similar to the EWOD curves of 

the PS-SiO2 systems, saturation CAs of negative branches are larger than the positive 

ones.  

The theoretical initial CA of water and [BMIM][PF6] droplets on paraffin film 

under ambient condition were calculated by eq.1 with              dyn/cm 
27

 and 

               dyn/cm 
28

 at 293K. Both theoretical values are larger than the obtained 

origin CA. This may be caused by inaccurate surface tension measurement of paraffin, 

which is a mixture of long alkyl chains. By using CA of water to recalculate the surface 

tension of paraffin wax, the corrected value of               dyn/cm was obtained. 

The new surface tension of paraffin led to the theoretical initial CA of [BMIM][PF6] of 

77±2°, which matched the observed CA. The ratio of the mean k values between water 

and [BMIM][PF6] is 0.86, which is slightly larger than the expected value of (the ratio of 

        
      

⁄ = 0.61). This difference may be caused by impurities from the ambient 

surrounding. 

The EWOD curves of [BMIM][PF6] on paraffin under high vacuum condition are 

shown in Figure 6-7. Two [BMIM][PF6] droplets were placed on the paraffin film and 

were individually measured for the positive branch and the negative branch under the 

same conditions. Compared to ambient conditions, the EWOD curve at vacuum condition 

shows a more symmetric parabolic shape which can be fit with Equation 6-5. The initial 



contact angle (around 72±2°) is lower than the one measured under ambient conditions; 

however, the saturation points are similar to each other. The initial contact angle 

difference between the vacuum system and ambient condition may be dependent on the 

several factors, such as the effect of water on the water-immiscible RTILs
16

, and on the 

adsorption of solid surface
29

. 

 

Figure 6-7: EWOD plots (CA vs DC voltage U) and EWOD curves (cos CA vs Voltage) for 

[BMIM][PF6] on paraffin film under high vacuum condition. 

6.4.2  SFG spectrum for solid-air interface  

In order to characterize the voltage effects on the molecular arrangement at the 

solid- air interface, the SFG spectra have been obtained for paraffin-gold and polystyrene 

(69nm film)-gold thin film at 0V, shown in Figure 6-8.  
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Figure 6-8: SFG spectra of paraffin-gold and polystyrene-gold thin film with ppp and ssp 

polarization 

In the paraffin-gold ppp-spectrum as shown below, there are two strong dips at 

2878 and 2937 cm
-1 

and a weak derivative lineshape peak at 2964 cm
-1 

that were assigned 

as the symmetric (  ) , Fermi resonance (    ) and the asymmetric (  ) C-H stretching 

modes, of the terminal methyl group respectively based on literature.
30

 The symmetric 

stretching modes of the methylene group in the alkyl chain are split into two, the small tip 

around 2850 cm
-1

and the broad band between 2910 and 2930 cm
-1

, which are assigned as 

the symmetric CH2 stretch (  ) and Fermi resonance (    ), respectively. 
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In the ssp-spectrum, two strong derivative lineshape peaks around 2878 and 

2946cm
-1

 correspond to the symmetric stretching (r
+
) and Fermi resonance (r

+FR
) 

modes.
30

 The small peak observed at 2964 cm
-1

 is attributed to the asymmetric mode (r
-
). 

The spectrum also shows the (d
+
)
 
2850 cm

-1
 and (d

+FR
) 2910~2930cm

-1
 modes from the 

methylene group. The vibration mode assignments of paraffin are shown in Table 6-2. 

Table 6-2: The vibration mode assignments of paraffin 

Compound 

Wavenumber (cm
-

1
) 

Mode Description 

Paraffin 

2877 r 
+
 Symmetric CH3 stretch 

2942 r 
+FR

 

Symmetric CH3 stretch  

(Fermi Resonance) 

2966 r 
-
 Anti-symmetric CH3 stretch 

2854(weak) d 
+
 Symmetric CH2 stretch 

2910-2930 (broad 

band) 

d 
+FR

 

Symmetric CH2 stretch  

(Fermi Resonance) 

 

Unlike well-ordered SAMs on gold
31

, the paraffin wax was expected to randomly 

distribute on the gold or any other metal surface and it would introduce a bulk phase. 

However, from the ssp and ppp spectra, the clear resonant signals of methyl group and 

methylene groups were obtained, which means that there are a number of methyl group 



pointing away from the surface at the air-paraffin interface, and the core is surrounded by 

methylene groups from the exposed alkyl chains. 

The normalized ppp and ssp spectra of the polystyrene (PS 69nm) thin film on 

gold at 0V are shown above in Fig. 8. In the ppp spectrum, the single dip at 3066 cm
-1

 

was assigned to the aromatic    mode. In the ssp spectrum, three fundamental modes 

have been assigned as aromatic    (3066 cm
-1

),     (3035 cm
-1

) and      (3054 cm
-1

) C-

H stretching. 
32
The normal modes of benzene are based on Wilson’s assignment.

33
 The 

vibration mode assignments of polystyrene are shown in Table 6-3. 

Table 6-3: The vibration mode assignments of polystyrene 

Compound 

Wavenumber 

(cm
-1

) 

Mode 

Polystyrene 

3066 aromatic   C-H stretch 

3035 aromatic     C-H stretch 

3024 aromatic      C-H stretch 

3054 aromatic     C-H stretch 

 

These two spectra show aromatic C-H modes, which demonstrate that there is 

polar ordering of the phenyl groups at the surface. Richter’s group
34

 separately analyzed 

the PS-air interface and PS-Au interface by appropriate selection of incidence angle and 



film thickness. The assignment of the PS-air interface spectra is similar to ssp spectrum. 

They found that the phenyl group points to the air with a tilt angle ~60° from the surface 

normal and the alkyl chain backbone groups lie along the surface
32

. 

6.5 Summary  

Under ambient conditions, EWOD curves of water droplets on the PS films 

showed broader parabolic shapes when thicknesses of the films increased. EWOD of 

[BMIM][PF6] had small CAs switchability compared with water. The EWOD curve of 

[BMIM][PF6] under vacuum shows a more symmetric parabolic shape compared to under 

ambient conditions. The SFG spectra of the paraffin and PS films at 0V show methyl 

groups of paraffin and the phenyl groups of PS pointing away from surface at 0V. The 

EWOD experiments are sensitive to experimental conditions so the immediate goal for 

this study is to have more uniform and standard experiment conditions by evaporation 

coating the insulating layer and to choose more common insulating material (Teflon 

Af1600). EWOD of other RTILs will be also studied under vacuum conditions. The three 

interfaces involved in the EWOD system will be studied individually and systematically 

by SFG spectroscopy at different electrical potentials, so as to understand the electric 

field effects on the three interfaces. 
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