[2R2 sz

LAV

2 HF—F U Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

Citation(English)

Type(English)

gobbobbbouggouoboboobb ouggogobooood
goboboodoodad

Realization of Electrochemical Heterodyne-Detected Vibrational Sum
Frequency Generation Spectroscopy and In-situ Observation of
Interface Structure of Electrolyte/Electrode Interfaces

0o:00@O),

oooooo:0o0o0ooo,

0000:00113750,

00 000:20200 30 26001,

ooooo:0ooo,
000:00C00,0000,0000,0000,0000,0000

Degree:Doctor (Science),

Conferring organization: Tokyo Institute of Technology,
Report number:J 0 113750,

Conferred date:2020/3/26,

Degree Type:Course doctor,

Examiner:,,,,,

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

F

e
=

VR
FALER L
Realization of Electrochemical Heterodyne-Detected
Vibrational Sum Frequency Generation Spectroscopy and
In-situ Observation of Interface Structure of

Electrolyte/Electrode Interfaces

BRILFE~T v & A B IRETE KR A
SMIEDRBRR L OVERERR/EBAEREED L DEBIE

2010 R HEHRC
REHE - KB BH
HER K¥E

R ITERT #HER LR LFEa—X
K& - LA FEE
el &






Index
1. Introduction

1.1. Study of interfaces----------=-=--=-m-mmmmmmm oo - mmmmmmmmmmsmsmsmsesesoeeeooo- 5
1.2. Vibrational sum frequency generation SPeCtroSCOPY---=-==============mmmmmmmmmmmmm oo oo 6
1.3. Aims Of this Study==========s=smememm e e eeeee 8
1.4. Outline of this thesis=========s=m=mommm e e e eeee 9

2. Background of sum frequency generation

2.1. Polarization------------------- = oo 10
2.2. Interaction between matter and Hght---=--===-mmmmmm e 11
2.3. Linear and nonlinear optical ProCesses-=-=-============mmmmmmm oo 15
2.4. Symmetry of matter and nonlinear optical Process-----=-===========mmmmmmmmmmm oo 16
2.5. Interaction and susCeptibility----=-=n-mmmmmmmm e 17
2.6. Time evolution operator and perturbation eXpansion---=-====-=========mmmmmmmmmm oo 18
2.7. Interaction representation---=--=======m=mm e 21
2.8. DENSItY MaLliX=mmmmmmmm e m e e 25
2.9. Time evolution of density MatriX-=-=-========m=mmm e 29
2.10. Time evolution of system and optical transition----=--=-=======mmmmmme oo 30
2.11. Interaction between two-state system and light--------=--=mmmmmmmmm e 32
2.12. Light @bSorption-====-m=mmmmmm e 36
2.13. Sum frequency generation---------=-====-=-=--=------- S mmmmmemmmmmeoesesoooeooooooo- 40
2.14. Sum frequency generation and second-order nonlinear susceptibility-------------=-=-=-=--------- 44

3. Electrochemical HD-VSFG spectroscopy
3.1. HD-VSFG spectroscopy

3.1.1. Background of HD-VSFG spectroscopy = oo 48

3.1.2. Experimental Setup-=-=-=====m=m=mmmmm e e e e e eeee 51
3.2. Development of the spectro-electrochemical cell

3.2.1. Spectro-electrochemical cell---- e 53

3.2.2. Estimation of the thickness of the solution layer------------=-=-===-m-mememmm oo 56

3.2.3. Estimation of the actual surface area of electrode----------=-=--=====-me-mememememmm - 58
3.3. In-situ reference method

3.3.1. Introduction of in-situ reference method-----=-=========mmmmmmmm oo 61

3.3.2. Phase difference due to the sample height difference------------------=-=-=eeememeoeeee oo 61

3.3.3. The calculation of Fresnel factors-------=-====-mmmmmm e 64

3.3.4. Validation of the in-situ reference method--------------=-===-=emmmemomm oo 67
3.4. Conclusion of chapter 3--------r=-=-==-m=—mm e 71



4. HD-VSFG measurement of acetonitrile/platinum interfaces

4.1. Introduction of studying electrolyte/electrode interfaces------------=-==--mmmmmmmmmmmomooo oo 12
4.2. Cyclic voltammetry mmmmmmeemee B 73
4.3. Estimation of the thickness of electric double layer-------------------ooooooo oo 74
4.4. HD-VSFG spectra in the CH stretch region T o nooeonoooonoooonooee 76
4.5. HD-VSFG spectra in the CN stretch region e 81
4.6. HD-VSFG spectra Without electrolyte-------=--==zmmmmmom oo 83
4.7. VSFG spectra of CF3SO3™ aniOn=--============mmmm oo oo oo 85
4.8. Structure of the acetonitrile/platinum interfacg---------------------oo-oeooomoo oo 89
4.9. Conclusion of chapter 4--------------mzvnnmumoo- e 93

5. HD-VSFG measurement of super-concentrated electrolyte/electrode interfaces
5.1. Introduction of super-concentrated electrolyte----------=-=----m-mmmmmmm oo 94
5.2. Spectra in diluted condition
5.2.1. Interface structure of 0.1 M LIiTFSA electrolyte system before applying negative

POt A === 95
5.2.2. Interface structure of 0.1 M LiTFSA electrolyte system with applying negative
POtENIAlS === 98

5.3. Spectra in super-concentrated condition
5.3.1. Interface structure of 4.2 M LIiTFSA electrolyte system before applying negative

POLENEIAlS === e 102
5.3.2. Interface structure of 4.2 M LiTFSA electrolyte system with applying negative
POt RIS === == e 104
5.4. Conclusion of Chapter 5--==-mnmmnmmmmmm e 108
6. Summary
6.1. Summary of this Study---=======nmmmmm e 109
6.2. FULUIe PerSPECHIVES-=mmmmmmmmm e oo 110
Ref@reNCE-===nmmmmmm o m e e e e 112
P



Index of figures

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.1. Energy diagram for considering sum frequency generation-----------=------=-=----m-m-mmemumnm- 40
2.2. Eular transformation between the laboratory frame and molecular frame---------------------- 47
3.1. Spectra and interferograms obtained in HD-VSFG measurements------------------------------ 50
3.2. Schematic of the optical Setup--------=-=-==m-mmm oo 52
3.3. Schematics of our home-made spectro-electrochemical cell-----------------------mco e e 54
3.4. Cyclic voltammograms of 0.1 M tetrabutylammonium perchlorate in acetonitrile----------- 55
3.5. Un-normaized raw homodyne-detected VSFG spectrum of the
acetonitrile/quartz interface---------=----m=mmmmm oo 57
3.6. Cyclic voltammograms of 0.1 M sulfuric acid aqueous solution--------------=------=--------—- 60
3.7. Schematic of phase difference due to a sample height difference--------------------=-----—---- 63
3.8. 72 and | ¥ spectra of ODT SAM on the platinum electrode-----------z=z=zzzz=zzssmmmmuue- 70
4.1. Cyclic voltammogram of 0.1 M LiCF3SOj3 acetonitrile solution--------------=------=--------—- 73
4.2. Potential profile for the 0.1 M acetonitrile solution-------------=-====-m-mmmmemm oo 75
4.3. 1m#?, Rey*? and |4?)] spectra of the acetonitrile/platinum interface with 0.1 M LiCF3SOs
electrolyte in the CH stretch region------------- e mmmmemmeemeeeeea- 78
4.4. 49 and | #? spectra of the air/acetonitrile interface in the CH stretch and CN stretch
PRI 0N S === = m oo - 79
4.5. Electrode potential dependence of @yg------------------ e 80
4.6. 1m#®, Rey*? and |4®| spectra of the acetonitrile/platinum interface with 0.1 M LiCF3SO3
electrolyte in the CN stretch region--------=-=-====-mmmmm oo 82
4.7. The ;((2) spectrum of pure acetonitrile/platinum interface----------------==-====mmmemmmmm oo 84
4.8. Un-normalized raw homodyne-detected VSFG spectra of the air/quartz and
electrolyte/quartz interfaces------------=-=-mmmmm oo 86
4.9. VSFG spectra of acetonitrile/platinum with 0.1 M LiCF3SOs3 in the anion band frequency
=010 T 87
4.10. Bulk IR and Raman spectra of 0.1 M LiCF3SOs in acetonitrile-----------------=------m-moee- 88
4.11. Electrode potential dependence of the amplitudes-----------=-==-==-mmmmmmmmcm oo 91
4.12. Schematics of the structure of the acetonitrile/platinum interface wit LiCF3;SO;
eleCtrolyte-----mmm oo 92
5.1. Im;((z) spectra and IR spectra of acetonitrile/platinum with 0.1 M LiTFSA electrolyte before

applying negative potentials------=-=-==m-mmmmmmm oo 97
5.2. Im;g(z) spectra and VSFG spectra of acetonitrile/platinum with 0.1 M LIiTFSA electrolyte at
each potential--------m=mmm e oo oo 100

5.3. Interface structure of acetonitrile/platinum interfaces with 0.1 M LiTFSA electrolyte----101

3



Fig. 5.4. Interface structure of acetonitrile/platinum interfaces with 4.2 M LiTFSA electrolyte before
applying negative potentialS------=-==mmmmm oo 103
Fig. 5.5. Im#® spectra and VVSFG spectra of acetonitrile/platinum with 4.2 M LiTFSA electrolyte at
each potential = e e e e e e e 106
Fig. 5.6. VSFG spectra of acetonitrile/platinum, air/platinum after the electrochemical measurement
and air/platinum before the electrochemical measurement----- m=ememmemmemeee- 107
Fig. 5.7. Interface structure of acetonitrile/platinum interfaces with 4.2 M LiTFSA electrolyte-----107

Index of tables

Table 3.1. Parameters for calculation of equation (3.13)-----------=-=m-mmmmmm s 63
Table 3.2. Pre-factors of acetonitrile/platinum interfaces------------=-====-=mm s s 65
Table 3.3. Complex conjugate of reflectivity of LO and factors of acetonitrile/platinum interface---65
Table 3.4. Parameters for pre-faCtors----------=-mm-mmm s 66
Table 3.5. Reflectivity and factors for quartz interfaces------- e 67
Table 3.6. Refractive indices of quartz for calculation--------==-==-==mmm oo 67
Table 3.7. Calculated Fresnel factors for air/platinum and water/platinum------------=-----=--=--—----—- 68



1. Introduction

1.1. Study of interfaces

“Interface” is defined as a boundary of different media and it plays very important roles in both
basic and applied science. For instance, the cell membranes separate inside and outside of cells and
play crucial roles in biological functions such as a transportation of chemical species from inside to
outside and vice versa [1]. Because cell membranes are regarded as the interface between inside and
outside of cells, a lot of cell biological issues are related to interface science. Heterogeneous catalysis
is one of the central issues in chemistry. Heterogeneous catalytic reactions occur only at the surface
of catalysts, and the catalysts selectively act with the reactants and activate the chemical reaction [2].
Electrolyte/electrode interfaces are the core of the electrochemistry and battery and hence are of
particular importance in industry [3]. All these interfaces are very important for our lives. Thus,
elucidation of structure and reactions at various interfaces at the molecular level is crucial for
understanding not only fundamental sciences but also applied sciences. In this thesis, | will focus on
the electrolyte/electrode interfaces.

Elucidating the structures and mechanism of electrochemical reactions at electrochemical
interfaces is important for understanding and improving battery operation. For example, solid
electrolyte interphase (SEI) enables the stable operation of the lithium ion battery. Although the
lithium ion battery has been commercially used in all over the world, the structure and formation
mechanism of SEI in the lithium ion battery has not been fully understood. Of course, current
understanding of operation mechanisms of next-generation batteries [4] is even much more limited.

As already mentioned, the interfacial function is very important for both fundamental and
applied sciences. Many scientists have been attracted to the interface science and made a lot of
efforts to understand the interfaces. However, clear molecular-level pictures of interfaces have not
been obtained for many cases, because it is difficult to detect the only response from molecules at the
interface. In general, the number of interfacial molecules is much less than the number of bulk
molecules. The signal from interface is thus often buried in the bulk signal, and it is difficult to
extract the contribution from interfacial molecules. Therefore, it is necessary to use an
interface-selective method.

For studying solid interfaces, several techniques can be used such as photoelectron spectroscopy
[5, 6], scanning tunneling microscopy (STM) [7, 8], atomic force microscopy (AFM) [9, 10] and
electron diffraction [11, 12]. Electron spectroscopic techniques are powerful tools in the vacuum

environment, because they are element-selective and free from a selection rule which becomes
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sometimes a serious problem in spectroscopy using photon. STM and AFM have extremely high
space-resolution for solid surfaces. X-ray scattering [13-15] is also a powerful tool to study the
structure of metal solid surfaces.

Spectroscopy using photon such as UV-vis, IR and Raman spectroscopy, is also a powerful
method to study molecular structure. These methods have been applied to various media such as gas
phase [16, 17] and liquid phase [18, 19] for a long time and revealed a number of phenomena.
However, these optical methods in the UV-IR wavelength region are generally not interface-selective.
Therefore, some tricks are combined with these conventional spectroscopies for probing interfacial
molecules. For electrolyte/electrode interfaces, subtractive normalized interfacial Fourier transform
infrared (SNIFTIR) spectroscopy [20, 21], surface enhanced infrared absorption spectroscopy
(SEIRAS) [22-25] and surface enhanced Raman spectroscopy (SERS) [26-29] have been often used
to study the structure and reaction at the interface. However, SNIFTIR provides only a difference
spectrum between spectra measured at a certain potential and reference potential, so that
interface-selectivity of SNIFTIR is not perfect. SEIRAS and SERS provide good interface selectivity
when applied to electrodes of plasmonic metals such as Cu, Ag and Au. However, the choice of
electrode material is very limited. From these reasons, a more universal interface-selective

spectroscopic technique is desired.

1.2. Vibrational sum frequency generation spectroscopy

One of the best techniques to solve the problems of conventional spectroscopy is even-order
nonlinear spectroscopy, in particular, vibrational sum frequency generation (VSFG) spectroscopy.
VSFG is one of the second-order nonlinear optical processes and an intrinsically interface-selective
technique [30-32]. In this process, two pulses having visible (ais) and infrared () frequencies are
irradiated onto a sample. Then sum frequency (SF) light axe = ais + @ir is generated. The SF signal
is generated only in a region where inversion symmetry is broken, such as interfaces. While most
bulk phases have inversion symmetry, interfaces do not. Hence, VSFG can selectively detect the only
molecules at the interface. When g matches with the vibrational resonance of the interfacial
molecules, the SF signal is resonantly enhanced. Thus, VSFG can provide the vibrational spectra of
molecules only at the interface. The usefulness of VSFG was shown by Shen and co-workers for the
first time [30] and after their report, VSFG has been widely utilized for studying various interfaces
[33-37].

VSFG spectroscopy is a unique tool to investigate the molecular structure at the interface.

Nevertheless, it has serious problems. Because conventional VSFG detects the intensity of SF signal

6



(i.e., homodyne detection), only the absolute square of the second-order nonlinear susceptibility
((Ly ®P) is obtained. In such |y @[ spectra, the interference between resonant and non-resonant
signals and/or that between different vibrational resonances distort spectral features and the phase
information (sign of y @) is lost. In conventional VSFG spectroscopy, the peak fitting or theoretical
calculation is needed for deducing the true spectra, i.e., the second-order nonlinear susceptibility
itself (y ).

To obtain the y @ itself, some advanced VSFG techniques have been developed. Shen and
co-workers have developed phase-sensitive sum frequency generation (PS-VSFG) spectroscopy [38,
39]. In their scheme, the phase of sample SF signal against to the reference signal is obtained by
changing the angle of a phase modulator. This method does not need a complex analysis scheme to
obtain the phase information, but a lot of data points are needed to be scanned in a point-by-point
fashion because the narrow band IR pulse is employed. Recently, Tahara and co-workers have
developed heterodyne-detected VSFG (HD-VSFG) spectroscopy which uses a broadband IR pulse
[40]. HD-VSFG spectroscopy separately provides an imaginary part (Im) and a real part (Re) of y @
by analyzing the interference pattern between the SF signal and an additional third pulse, i.e., local
oscillator (LO). The interference pattern is Fourier transformed from a frequency domain to a time
domain, and the interference term is extracted by a filter function. Then filtered interference term is
inverse Fourier transformed to the frequency domain again and it gives the information about y @
itself.

Both methods mentioned above provide ;((2) itself. Therefore, the experimentally obtained
spectra are free from spectral distortion and hence can be interpreted straightforwardly in the same
way as interpretation of IR absorption and/or Raman spectra. Furthermore, the up/down orientation
of interfacial molecules can be experimentally determined from the sign of Imy @ The latter is a
unique advantage of PS-VSFG and HD-VSFG spectroscopy over any other interfacial spectroscopy.
In particular, HD-VSFG spectroscopy has been intensively applied to the air/water [40],
air/monolayer/water [41] interfaces, and provided important knowledge about the interface structure
including the up/down orientation of interfacial molecules. For these simple interfaces, more
advanced HD-VSFG techniques such as 2D-HD-VSFG and time-resolved HD-VSFG
(TR-HD-VSFG) have been realized. 2D-HD-VSFG [42-44] and TR-HD-VSFG [45] have
successfully revealed the heterogeneity of hydrogen-bond network and the femtosecond vibrational
dynamics of interfacial water molecules. Furthermore, HD-VSFG spectroscopy has been applied to
more complicated interfaces such as a silica/water interface [46, 47] and provided rich information

about interface structure of the silica/water interface. As a next step, it was highly desirable to apply
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HD-VSFG spectroscopy to more realistic interfaces such as electrolyte/electrode interfaces, which is
the core of both fundamental and applied electrochemistry, as mentioned in section 1.1. In fact, this
is the research subject of my Ph. D thesis study.

Electrolyte/electrode interfaces have been one of the most important subjects of VSFG
spectroscopy for many years [48-58]. However, most of previous VSFG works of
electrolyte/electrode interfaces were carried out by the conventional VSFG with homodyne detection
because it is difficult to measure a reference spectrum, which is necessary for determining the phase
and amplitude of SF signal, under an electrochemical condition. Actually, Zanni and co-workers
applied HD-VSG spectroscopy to a CO-adsorbed electrolyte/electrode interface [59] but the sign of
7% was not discussed because of this difficulty. In order to achieve the application of HD-VSFG to
electrolyte/electrode interfaces, the phase reference is needed under the electrochemical environment.
In other words, it is necessary to measure the reliable reference spectrum under the same condition as
a sample spectrum is measured.

To overcome the serious problem, in the present thesis study, | develop a method which enables
us to measure the phase reference under an electrochemical condition. Then, | apply HD-VSFG
spectroscopy to the electrolyte/electrode interfaces using the phase reference and reveal the interface
structure of the electrolyte/electrode interfaces including the up/down orientation of interfacial

molecules.

1.3. Aims of this study

The aims of this study are as follows. The first aim is to develop the phase calibration method
under the electrochemical environment. As mentioned in the previous section, the phase reference
under electrochemical condition is essential to achieve the HD-VSFG measurements of
electrolyte/electrode interfaces. Moreover, a spectro-electrochemical cell, which enables us to
perform both electrochemical and spectroscopic measurements, is also required. Therefore,
developing the phase reference and spectro-electrochemical cell is one of the central aims of this
study.

The second is to obtain the molecular picture of electrolyte/electrode interfaces. The
molecular-level picture of structure of electrolyte/electrode interfaces has not been elucidated well.
HD-VSFG spectroscopy provides distortion-free vibrational spectra and the up/down orientation of
interfacial molecules. These advantages are very useful to obtain the molecular-level picture of
electrochemical interfaces. To demonstrate the usefulness and uniqueness of HD-VSFG

measurements of electrolyte/electrode interfaces, |1 apply HD-VSFG spectroscopy to prototypical
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electrolyte/electrode interfaces and discuss the structure and reactivity at these electrode interfaces.

By achieving these goals, | demonstrate the powerfulness of the HD-VSFG spectroscopy at
electrolyte/electrode interfaces, which will open new ways to the spectro-electrochemistry field and
bring a lot of new insights into the molecular details of electrolyte/electrode interfaces.

1.4. Outline of this thesis

The outline of this thesis is as follows. In chapter 2, the theoretical background of sum
frequency generation is described. In chapter 3, the experimental setup of electrochemical HD-VSFG
spectroscopy and the in-situ reference method are summarized, which are followed by the validation
of the in-situ reference method. In chapter 4, the HD-VSFG study on the potential-dependent
structure of the acetonitrile/platinum interface is described, which is a prototypical non-aqueous
electrochemical interface. In chapter 5, the structure of super-concentrated electrolyte/electrode
interface and the origin of reduction stability of solvents in such super-concentrated electrolyte are

discussed. In chapter 6, the summary of the present study and the future perspectives are given.



2. Background of sum frequency generation [60]

In this chapter, first, the interaction between matter and light is described based on Maxwell
equation (section 2.1 — 2.5). Next, the interaction between microscopic matter and light is discussed
based on quantum mechanics (section 2.6 — 2.7). Then, to describe the interaction between
macroscopic matter and light, the density matrix is introduced and linear and second-order nonlinear
optical responses are expressed by using the results of section 2.6 and 2.7 (section 2.8 — 2.13).
Finally, the conversion of the representation of second-order nonlinear susceptibility from the

molecular frame to the laboratory frame is described (section 2.14).

2.1. Polarization

All matter consists of atoms. And atoms are constituted by nuclei and electrons. When the light,
an electromagnetic wave, is incident into matter, the atoms interact with the incident light. The nuclei
have positive charge, therefore it moves to the direction of electric field. On the other hand, electrons
have negative charge, hence it moves to the opposite direction to the electric field. As a result, spatial
electrical bias is generated in the atoms. This is known as polarization and expressed by equation
(2.2).

P=Nu. (2.1)

Where, P is a polarization vector, N is number density of atoms and u is the electric dipole moment.
When +e and —e charges are put with certain distance d, u is described in equation (2.2).

u=ced. (2.2)

Where, e is the magnitude of charge and d is the distance between the +e and —e charges (the

direction is from —e to +e). The optical response of matter is coming from polarization.
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2.2. Interaction between matter and light
The behavior of electromagnetic wave is described by Maxwell equation. Maxwell equation in a

dielectric medium is expressed by equation (2.3) — (2.6).

OH

oD
VXH—E. (2.4)
V-D=0. (2.5)
V-H=0. (2.6)

Where, E, H, D, w, and t are the electric field, magnetic field, electric flux density, vacuum

permeability, and time, respectively. And D is expressed as
D=¢c,E+P. (2.7)

Here, & is the vacuum dielectric constant. Operate H- from the left of equation (2.3).

H-(VxE)=—H-<yoaa—I:)

_ (H aH)
- I"lO at

Ho O
=———(H"-H) .
26t( )

(2.8)

Next, operating E- from the left of equation (2.4) and using equation (2.7), the following relation is

obtained.
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E-(VxH):E-(aa—lt))

)
=E o (5E +P)

= gyE g E+E g P
ALY ot
_&J (E-E)+E 9 p
20t at
(2.9)
Subtracting equation (2.9) from equation (2.8), we obtain,
H-(VXE)—E-(VXH)
Mo 0 g O 0
2 at(H H) 2 at(E E)-E ach
(2.10)
and using the following vector formula;
H-(VXE)—E-(VXH)=V-(EXH), (2.11)
the following equation is obtained.
V-(ExXH) = 16{ (E-E)+u,(H-H)}—E aP
BT Ho ot
16(|E|2+ |H|?) EaP aU V-S+E aP
- __ CF P —— [ =V- —P .
20t 0 Ho ot ot ot
(2.12)
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Here,

U == (&lEI* + polHI?) . (2.13)

N |-

S=ExXH . (2.14)

S is the Poynting vector, which express energy flow density. The left side of equation (2.12) shows
the energy decrease per unit time in a dielectric medium. The first term of right side of equation
(2.12) is the energy flow from the dielectric medium. In the case of vacuum condition, the left side
and the first term of right side of equation (2.12) are equal because of the energy conservation.
However, in the dielectric medium, the energy is further decreased by the polarization, which is
shown by the second term of right side of equation (2.12). Therefore, it is considered that the second

term,

ot
(2.15)

expresses an energy exchange, i.e., the work which the electric field does on the matter through the
interaction between the electromagnetic wave and matter. In the case of W > 0, the energy is
transferred from light to matter. This means light absorption. On the other hand, in the case of W < 0,
the energy is transferred from matter to light. This means light amplification.

In equation (2.15), E and P oscillate as a function of a frequency of light, @. In general, the
period of light oscillation is much faster than the response time of detector. Therefore, only the cycle

averaged observable can be obtained by experiments.

W= 1fTE(t) -iP(t)dt
1), ot '

(2.16)

And in the case that E(t) and P(t) can be written by a Fourier display with a single frequency
13



component, E(t) and P(t) are given by the following equations:

E(t) = %(E(a))e‘i‘“t + E(w)*etiot).

(2.17)

1 . .
P(t) = E(P(a))e““’t + P(w)*etiet)

(2.18)

Here, * means a complex conjugate. Substituting equation (2.17) and (2.18) in equation (2.16), we
obtain,

W =

S =

T . 1 .
| (GE@e + 5 B@yert)
. \2 2
X 9 (lP(a))e‘i‘*’t + 1P(cc))"e““"‘*’t) dt
dt \2 2
1 (° .
= E_[ —iwE(w) - P(w)e 2%t + iwE(w) - P(w)*
0
—iwE(w)*  P(w) + iwE(w)" - P(w)* ettt . (2.19)

The first term and fourth term are canceled out by the cycle average because of the oscillating
component. Therefore, equation (2.19) is described as follows:

W= % (iwE(w) - P(w)*t — iwE(w)* - P(w)T)
lw
= —— (E()"- P(0) — E(@) - P(w)")
lw 0]
= —I-Zi -Im[E(w)* - P(w)] = EIm[E(w)* ‘P(w)] .

(2.20)
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Where, Im[] is an imaginary part of a complex number. Equation (2.20) expresses the energy

exchange between polarization and the electric field.

2.3. Linear and nonlinear optical processes
In the case that the electric-field amplitude of incident light is weak, induced polarization is

proportional to the electric-field amplitude. This relation is written by equation (2.21).
P(w) = gy ME(w) . (2.21)
Where, y ™ is a linear susceptibility. The susceptibility expresses an optical response of matter. The
linear optical processes such as absorption, reflection, scattering are caused by the linear polarization
given by equation (2.21).
However, in the case that the electric-field amplitude of incident light is strong, polarization is
not proportional to the electric-field amplitude, because the induced dipole moment of molecules is

not proportional to the electric-field amplitude. This phenomenon is expressed by the power series

expansion as follows:

P(w) = £g(YVE(w) + YPE(w)E(w) + YPE(w)E(W)E(w) + ) . (2.22)
Where, ;((”) (n=1, 2, 3,...) is the n-th order susceptibility. Especially, n = 2 processes are called
nonlinear optical processes.

As an example, | focus on the second-order nonlinear process. Second-order polarization P
@) is defined by equation (2.23).
PP (w) = gy PE(w)E(w) . (2.23)
Assuming the incident electric field as follows:

E(w) = E; cosw t + E, cos w,t . (2.24)

Substituting equation (2.24) to equation (2.23), the following equation is obtained.
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P@(w) = g,x@ x (E; cos wyt + E, cos w,t)(E; cos w;t + E, cos w,t)

= gox P (EZ cos? wit + 2E; - E, cos w,t cos w,t + EZ cos? w,t) . (2.25)

By using the formulas of trigonometric function, the first term, second term and third term of the

right side of equation (2.25) are rewritten as equation (2.26) to (2.28), respectively.

EZ
Ef cos? wqt =71(1 + cos 2 wt).

(2.26)

2E, - E, cosw tcosw,t = E| - E;{cos(w; + w,) t + cos(w; — w,) t} . (2.27)

EZ
EZ cos? wyt =72(1 + cos 2 w,t).

(2.28)

These equations have the new frequency components such as 2an, ant+ay,, and wp-@,  which are
generated through second-order nonlinear optical processes. Equation (2.26) and (2.28) express
second harmonic generation (SHG) and the first term and second term of equation (2.27) express

sum frequency generation (SFG) and difference frequency generation (DFG), respectively.

2.4. Symmetry of matter and nonlinear optical process
Nonlinear optical processes are classified by the order. In fact, not all orders of nonlinear optical
processes occur all the time. The nonlinear optical process is sensitive to symmetry of matter.

The n-th order nonlinear polarization P ™ is expressed as follows:
P™(w) = gy ™WE™ () . (2.29)

Let us consider the case that matter has inversion symmetry. The ;((”) expresses a property of matter
and does not change after the inversion operation. On the other hand, P ™(«w) and E() are vector

and then the sign of them is flipped after the inversion operation. Hence after the inversion operation,
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equation (2.29) is written as the following equation.
—PM(w) = gox ™ (—E™(w)) = (=D "eoxWE™(w) . (2.30)

In the even order nonlinear optical process, (2.29) and (2.30) are equal.
P™(w) = gy ™WE™(w) = —P™(w) . (2.31)

In order to satisfy equation (2.31), the ™ must be zero. Therefore, the even order nonlinear optical
process is allowed only in media where inversion symmetry is broken, such as interfaces, chiral
molecules, and nonlinear optical crystals. This is why sum frequency generation is intrinsically

interface-selective.

2.5. Interaction and susceptibility

The interaction between the matter and electric field is given by equation (2.20). And the
first-order polarization is expressed by equation (2.21). Substituting equation (2.21) to (2.20) gives
the relation between the light-matter interaction and susceptibility.

. w EoW
W = EIm[E(a))* . eo)((l)E(w)] = OT|E(w)|ZIm)((1) -

(2.32)

Equation (2.32) shows the energy transfer from light to matter (i. e., absorption). The absorption
intensity is proportional to the imaginary part of the susceptibility. Hence, the Im#" gives the linear
optical response of matter. In this process, the incident light acts as a probe light. The signals are
obtained as an increase or decrease of the probe light intensity.

Second-order nonlinear polarization contains even numbers of electric-field terms. Therefore,
the Im[] of equation (2.20) contains odd numbers of electric-field terms and the electric-field term
cannot be factor out from Im[]. Because of this reason, the signals are not obtained as an increase of
decrease or the probe light intensity in the second-order nonlinear process. In this case, an intensity
of new light (SFG, DFG) generated by induced second-order nonlinear polarization can be detected.
The intensity of detected light reflects an absolute square of the second-order nonlinear

susceptibility.
17



2.6. Time evolution operator and perturbation expansion

The time-dependent Schrodinger equation is shown by equation (2.33).

0 21l
5P () = ———HDO¥(®)).

(2.33)

Where, Ht), H(t), h are the quantum state vector at time t, Hamiltonian of system, and plank

constant, respectively. In general, it is difficult to solve equation (2.33) analytically. Therefore, an

approximation such as perturbation expansion is used to solve equation (2.33). In order to describe

the time evolution of ¥(t), a time evolution operator u(t,to) is defined as follows:

u(t, to)|¥(to)) = [¥(1)) .

The time evolution operator satisfies following relations:

U(to,to) = 1.

u(ty, tu(ty, to) = u(ty to) -
Substituting equation (2.34) to (2.33), the following equation is obtained.

alL(t, 0)

(I = —{—H(t)u(t to) ¥ (to)) -

For equation (2.37) to hold with arbitrary to, equation (2.38) must be satisfied.

du(t t, 2mi
(%) _ —TmH(t)u(t, to) .
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Equation (2.38) describes the time evolution of u(t,to).
In the case that Hamiltonian is time-independent, a solution of equation (2.38) is shown by
equation (2.39).

2mi

u(t,ty) = Ce r 1t (2.39)
Where, C is a coefficient and from equation (2.35) and (2.39),
2mi
C=enrto (2.40)

In general, Hamiltonian depends on time, therefore a sequential solution is used in order to solve

equation (2.38). Integrate equation (2.38) from t, to t:

tou(ry, tg) 2mi ('t
- dTl = —— H(Tl)u(fl, to) dTl .
t 0T h J,
0 0
(2.41)
The left side of equation (2.41) is calculated as follows:
[u(rs, t)lf, = ult to) —ulto, to) = ult,to) — 1 . (2.42)
From equation (2.41) and (2.42), u(t,tp) is described as equation (2.43).
2mi ('t
U(t, to) = 1- T H(Tl)u(fl, to) dTl .
to
(2.43)

The right side of equation (2.43) contains u(t,tp) itself. Therefore, let us try to substitute u(t,to) into
the right side of equation (2.43) and solve the equation sequentially. Finally, u(t,ty) is expressed by
equation (2.44).
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(00]

2mi
‘Ll(t, tO) =1+ (— T)n

n=1

t Tn T2
xj j J H(t,)H(t,_,) - H(ty)dt,dTy_q -+ d1q .
to Yto to

(2.44)

Here, integral variables were rewritten, and z,>7,.1>* * - >7. If the Hamiltonian is time-independent,

equation (2.44) is written as the following equation.

o 2mi ot (T
u(t,ty) = 1 +Z(——)n H“f j j dr,dt,_; - d7y .
h to “to to

n=1
(2.45)

The integral part of equation (2.45) is corresponding to a partial volume of n-dimension space and

equal to (t-tg)"/n!. Therefore, u(t,to) can be described as equation (2.46).

-1 2mi n omiy
u(t, ty) = ZE{_TH“ - to)} = e T(Et0)
n=0
(2.46)
The Hermite conjugate of equation (2.46) is expressed by the following equation.
27
u* (t, to) — eTH'(t—to) ) (2.47)

Equation (2.47) shows a reverse time evolution operator, because the following equation is satisfied.

21l

21l
w(t, to)ult, ty) = e n Et) Ty H(tt) — 1 (2.48)
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2.7. Interaction representation

The interaction between a molecule and light is probabilistically occurred within limited time.
For this reason, it is better to split Hamiltonian into time-independent part (Ho) and time-dependent
part (H(t)). This is called interaction representation. The state vector should be identified in

interaction representation. That state vector, #(t) is defined as follows:

2mi

@) = en TRy (2.49)

The equation of time dependence of %(t) is obtained by the following description. First,

multiply uo(t,to) to equation (2.49) from left side.

2mi

o (6, t)[1(0)) = e~ & P e Ho =t |y (p)y = (D)) . (250)

Here, up(t,tp) is the time evolution operator of time-independent Hamiltonian, Ho. Substituting

equation (2.50) to equation (2.33), the following equation is obtained.

0
3% {uo (t, to) |¥1())}
21l ,

(2.51)

The left side of equation (2.51) is equal to

. 2mi 2mi
= {uo (£, ) [P1(0)} = — 2= Hoe ™ " (1)) + &7 0O 2y n)).

(2.52)

And the right side of equation (2.51) is equal to

21



21 ,
_T{HO + H (£)}uo (¢, o) |¥1 (1))

21 2T

= —THouo(t, to)lWI(t)) - TH(t)uO(tl tO)ll‘UI(t)> .

From equation (2.51) to (2.53), the following equation is obtained.

2Tl 27Ti

e H T 2 1y (6)) = — ERH (D (2, £0) | #1(1))

Multiply uo (t,to) to equation (2.54) from left side.

21l

Gl . .
2t |P1(0) = _Tuo(t; to)H (H)uo (L, to) |¥1(1)) .
The interaction Hamiltonian H,"(t) is identified as

Hi(t) = ug(t, to)H (Ouo(t, ty) -

The time evolution operator in interaction representation is also defined as following.

|¥1(0)) = wi(t, to)|Pi(to)) -

ul(tr tO)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)

> 2mi t (™ T2 , ,
=1+ Z(_ T)n X J J j H(ty)Hy(ty—1) - Hi(71) drpdryy_q - d1y
n=1 to Yo to

Next, multiply ug (t,to) to equation (2.57) from left side.

uo (L, t) [P1 (1)) = uo(t, to)uy(t, £o) |¥1(to)) -

22
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From equation (2.50) and (2.59),

P (1)) = uo(t, to)wi (L, to)|¥1(to)) - (2.60)
Moreover, using a relation | #(to)> = | H(to)>, the following equation is obtained.
[P (1)) = uo (¢, to)wi (L, o) P (L)) - (2.61)
From the comparison between equation (2.34) and (2.61), we can obtain the following relation.
u(t, tg) = uo(t, to)u(t, ty) . (2.62)
Equation (2.62) means that the time evolution operator u(t,to) is divided into time evolution operator

under non-perturbation Hamiltonian ug(t,ty) and time evolution operator in interaction representation
u(t,to). From equation (2.58) and (2.61),

[P (£)) = uo(t, to)

- 2mi\" t (T T2 | , ,
X431+ Z (— T) X j f f H () H{(ty—1) -+ Hi(71) dTpd7yy g - dTy
to to to

X |¥(to)) , (263)

is acquired.
The order is the number of interaction Hamiltonian H, (t) and each order term is expressed as

follows:

-0-th order

PO (1)) = uo(t, to) ¥ (to)) - (2.64)
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- First order

2miy [t .
|11U(1)(t)> = uy(t, to) {(_ %)J HI(Tl)dTl} ¥ (to))

2miy (¢ ,
= uy(t, ty) {(— T) jt Uy (71, to) H (T)uo (74, to)dfl} ¥ (£0))

2miy (¢ ,
— (- T)J uo(t, to)uS(Tl, tO)H (Tl)uo(TLto)dTl |qj(to)> .

(2.65)
Here,

2mi 2mi 2mi
uo(t, to)ug (Tll to) ES e_THO (t_to)eTHo (Tl_to) - e_THO (t_Tl) - uo(t, Tl) (266)

Therefore,

PD@©) = (=27 [ uo(t, T)H (1)uo(ry, to)dry X [¥(t)) . (26)

-Second order

2miN? (t e
|W(2)(t)>:uo(t;to){<_%> Jf HI(Tz)HI(T1)dT2dT1}|’1U(t0)>-

(2.68)

uo (t, to) H () Hy (1)

= uo(t, to)ug (T, to) H (t2)uo (T2, to) X ug(ty, to)H (1)U (T4, to)
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= uo(t, to)ug (T, to) H (t2)uo (T2, to) X ug(ty, to) H (1)U (14, to)

= uo(t, 1) H (T)uo (12, 1) H (t)ue (71, to) - (2.69)

From equation (2.68) and (2.69), the second-order state vector is

|wﬂko>=(—EgﬁzﬁfﬁhuuargH(ah%@@ra

X H (7)o (14, to)drodry [¥ (20)) - (2.70)
-n-th order
1P ™ (1))
2mi\" (¢t (o T2 ,
~(-) | || ot ustr e
h to Jto to
X H (Ty—1) = H (t)uo (11, to)drpdry_q -+ drq [P (£o)) . (2.71)

We can understand the meaning of equation (2.71) as follows. The state vector evolves under
non-perturbation Hamiltonian up to n. At 7, the system interacts with light. After that, the state

vector evolves again up to . And the state vector repeats this process many times.

2.8. Density matrix

In general, it is difficult to accurately describe the state vector of molecules in realistic systems
because the molecules collide with each other and the state vector is modulated by the collision. This
out of phase state is called “mixed state”. In order to appropriately describe the mixed state, we have
to use a density matrix, which takes account for the quantum mechanical time evolution and
statistics.

The density matrix p is identified as the following equation:
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p= ) PPN
(2.72)

Where, s represents a state which has a certain phase relation and ¥° is the state vector in the s state,

p(s) is the probability that system is in the s state. Next, expand the state vector by the eigenfunction,
|k>.

%)= > cilk)

k
(2.73)
The bra vector of equation (2.73) is
@S| = I,
1
(2.74)
From equation (2.72) to (2.74), the density matrix is expressed by equation (2.75).
p= PO N )
s k 1
= > > p)ee I
kl s
(2.75)

The matrix element of the density matrix pnm is given by the following equation:

Pnm = <n|p|m>
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_ z z p(s)cscs™ (n|k)(1m)
kl s
— 2 2 p(s)crcy 6nkOim
kl s
_ Z p(s)cScsr .

(2.76)

And a diagonal component of the matrix element is

Pnn = zp(s)lcrsllz .
(2.77)

The diagonal component of density matrix element pn, expresses the probability that system
occupies the state |n>. In other words, pn, corresponds to the population of state |n>. On the other
hand, the non-diagonal component pnm is not zero in the case that both ¢°, and c*, are not zero. This
is related to coherence between different energy levels.

The expectation value of observable A is written as the following relation:

@) =) p(s)A)s.
(2.78)

The quantum expectation value of A in the s state is

(A)s = (P°|A|P®)

= () ex(mDAC) cln)
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= Q) xmDAQ ciln)

=) che(nlAim)

mn

— S LS*
- 2 Cmcn Amn -

mn

(2.79)

Substituting equation (2.79) to equation (2.78), then we can obtain equation (2.80).

@ = z p(s) mz S Arnn

= nZ(Z P(S)CHET) Amnn
= nZ -

= Z(Z Pom Amn)

= Z(pA)nn = Tr(pA) .

(2.80)

Equation (2.80) shows that the expectation value of observable A is given by trace of pA. If the

density matrix of system is acquired, the expectation value can be calculated by equation (2.80).
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2.9. Time evolution of density matrix
As describe above, the density matrix provides the expectation value of observables. Then, in
order to understand the time evolution of system, the time evolution of the density matrix is crucial.
First, assuming the case that probability distribution p(s) is time-independent:

dp(s)
Fra 0.
(2.81)
Next, differentiate equation (2.72) with time.
N 1O e
ot ot Lu’
S
= b {1 + w9 D)
ot ot '
S
(2.82)
Here, from equation (2.33),
0 sy — _2m
=Sy = — 22 H(8)|9F)
S (ws| = 2 (WS |H (D) (283)
ot h ' '

are hold. Substituting equation (2.83) to equation (2.82), the following relation is obtained.

? 2mi 2
%0 =3 b (- S HOWE W + o) e )]
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_Zni
h

H(O) ) pEIPXP] = ) p() X IHE®

21l

T H©,p].

2mi
= —T{H(t)p —pH()} =

(2.84)

Where, [] is a commutator. Equation (2.84) is called Liouville equation, which describes the time

evolution of density matrix.
2.10. Time evolution of system and optical transition

The time evolution of density matrix is given by equation (2.84). Here, let us define a Liouville

operator L(t) as the follows:
L(t)A =[H(t),A] = H(t)A— AH(t) . (2.85)
Then Liouville equation can be rewritten as

% e
ot h P

(2.86)

Superficially, equation (2.86) has same structure as equation (2.33). Therefore, the time evolution

operator for density matrix U(t,tp) can be identified as

p(t) = U(t, to)p(to) - (2.87)

From the same procedure for u(t,tp), the following equation is obtained.
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- 2mi
U(t, tO) =14+ Z(—T)n
n=1

t rTn Ty
X f f f L(ty)L(Ty—1) =+ L(7y) dTpdTyy_g --- d1q
to Yto to

(2.88)

In the interaction representation, the right side of equation (2.86) can be written as

L@®p () = [H@®), p(t)]
= [Ho + H (1), p(8)]
= (Hy + H'(©)p(t) — p(t)(Hy + H' (1))
= Hop(t) — p(t)Ho + H (£)p(t) — p()H (t)

= [Ho, p(8)] + [H (t), p(D)] = Lop(t) + L(D)p(t) . (2.89)

Where, Lo and L~ are the non-perturbation Liouville operator, perturbation Liouville operator,
respectively.
As the state vector, the perturbation expansion of density matrix is expressed as follows:

-0-th

PO (1) = Ug(t, to)p(to) - (2.90)

-First order

2miy ,
pW(6) = (‘ %)[ Uo(t, 7))L (t)uo (74, to) p(£o)dry .

(2.91)
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-Second order

2miN% [t ("2 ,
P(Z)(t)=(__) Jf Uo(t, T2)L (1) Uy (T2, 71)
X L' (11)Uo (11, to)p(to)dTodT; . (2.92)

2.11. Interaction between two-state system and light
From the description above, time evolution of the density matrix of two-state system can be
calculated. State |i> and |f> are ground state and excited state of the system, respectively. And their

eigen energy is ha/2m, hax/27, respectively. Consider the case that all molecules occupy the state |i>
at t=ty. Therefore, the density matrix is

_ (Pii(t)  pic(to) _ (pii(ty) O
2@ = (orceey o) = (5" 0); %9

During ty — t, the system evolves under non-perturbation. Then

pO (1) = Uy(t4, t0)p(to)

= Uy(7y, to) (pii(()to) 8)

(Pii(to) e Yilti=to) . e—(iwif+Vif)(T1—fo))

0 - e~ (wsityi)(T1—to) 0 - e Yf(T1—to)
_ (pii(te) O
_ ( ; 0) , (2.93)

where, %, %, % 7 are the population decay rate of state |i>, f> and phase relaxation rate between |i>
and |f>, respectively. And wi, @i are a frequency (energy) difference between |i> and |[f>. From third
equation to fourth equation, »was regarded as 0 because |i> is the ground state. Then, from equation
(2.91) and (2.93),
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2miy (* :
IR CE s} AR STICHPRICATIY

0

(2.94)
is obtained. p () is given by the following calculation.

P(l)(T1) = L’(T1)P(O)(T1) = [H,(T1),P(O)(T1)] = H,(T1)P(O)(T1) - P(O) (t)H (11) .

(2.95)

In order to calculate equation (2.95), let us consider the electric dipole interaction. The Hamiltonian

is given by equation (2.96).
H(t)=—p-E(t) . (2.96)

Using equation (2.95) and (2.96), p (=) is calculated as follows:

pP (1,) = (ilp® () i)
= (i|H (t)p@ ) |i) = (i|p@ (x)H (zr1)]i)

= ~(i|up@ (@) [DE(z1) + (i|p@ (z)u[DE(ry) . (2.97)
Insert the identity operator | shown by equation (2.98) between 1 and p ©(z) in equation (2.97).

I = |i)(i| + [£)(f] . (2.98)

pSP (1) = =(i[udlixi] + (Do @ (t) [VE (r,)
+ (i[p@ () ()| + IO | [)YE (1)

= —{(iluliXi|p@ ()i} = (iluIH{flp@ (e )IINE ()
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+{(i|p©@ (z) [iXiluli) + (i]p@ () |F|uliNIE (t,)

=0 . (2.99)

Here, to simplify the calculation, « and E(t) are regarded as scalar quantity. And equation (2.93) was
used for the calculation. In the same way, other components are calculated.

pi(fl) (t1)
= —{(iluliXi|p@ (z)|f) + (ilulD{E] o () IHYE (z1)
+H{(i|p@ (T |i)(lulf) + (i1p® (z) (|l IE (T1)

= p{” (to) it E(zy) . (2.100)

pP (ty)
= —{(flli)(i| 0@ (z)]i) + (Elul el 0@ (2 IINE (z1)
H{(E[ 0@ (z)|i)illi) + (Flp©@ (z) X FluliNIE (21)

= —pO (t)ugE (1) - (2.101)

pf(fl) (t1)
= —{(fluli)i|p® (z)|f) + (FlulD(flp® (T1)INYE (71)
+{(f|p© (r) |l plf) + (F1p ) I IDIE (1)

=0. (2.102)

Where, pi¢= <i|gf>, 1= <f|gi>. From equation (2.99) to (2.102),
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) _
,0(1) (T1) — o 0 Pii (tO):ulf E(Tl) ’ (2.103)
—pii (to)uaE (T1) 0

is obtained. And by operating Uo(t, 1) to equation (2.103) from left side, equation (2.104) is acquired.

Uy (t, 7)) p P (1)
- 0 pi(iO) (to) s E (7,)e Ciwit=vin(t=71)
_pi(iO) (to)ugE (1) e Cien-va) (=71 0
(2.104)
Finally, integrating equation (2.104) with z;, equation (2.105) is obtained.
(1)
0 St
pD(t) = ( o pis ( )) | o106
pr (1) 0
Where,
(1) 2mi\ [t (0) (miwi—yie) (E=T1)
Pif (t) = (—T) Pii (to),ujf E(Tl)e if~Yif D dr, .
to
(2.106)
(1) 21\ (° (o (iog—ym)(E—ts)
pfi (t) = — (— T) Pii (to),ufi E(T1)e fi~Vfi 1 dTl .
to
(2.107)

In general, the n-th order density matrix is expressed by equation (2.108).
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2miy (¢ . _
pgg) (t) = (_ T) f e(~i@cb=¥cb)(t=Tn) {[_.ucaE(Tn)]p;E 2 (Tn)} dTn'
t

0

2miN (¢, . _
pa(lrcl) (t) = (— _> f e (Zi®ac=Vac) (t=1n) {pgg 1) (Tn) [_.ubcE(Tn)]} dt,,.
t

0

(2.108)

2.12. Light absorption
Light absorption is a fundamental optical process and a good example for calculation of the
density matrix.

The initial density matrix is

p(ty) = (piigt‘)) 8) . (2.109)

And the electric field of incident light is

E(t) = z E(wy) et
p

(2.110)
Then, calculate the first order density matrix by using equation (2.107).
(1) 2mi. (* (o) (—iwf—Y5)(t=T1)
Psi (t) = —(— T) Pii (t)ug E(ty)e fimr Vdry
to
2mi_ ('t : oy
= —(==0) | pultodin O E(wp) e™@rm) x eCionrmm) g,
2mi . t _
= _pii(to)ﬂﬁe(—lwﬁ—yﬁ)tZ E(w,) X f eli(@i=wp)+valts gr
to
p
(2.111)
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Here,

eli(wfi—wp)+yfilTs

t
j eli(@fi—wp)+YiilTy dry = [ ]go
t

. i(wg — wp) + Vi

eli(wfi—wp)+yyilt

Ci(wg—wp) g

(2.112)
In equation (2.112), t, was regarded as to — —oo. From equation (2.111) and (2.112),
21 UsE (wy) .
(1) 1 p —lwpt
P () = pilto) ) — et
fi p IO = (wf — wp) — iyg
(2.113)
is obtained. g™ is the complex conjugate of equation (2.113).
21 UitE (wy) .
(1) _ Z if p —lwpt
() = — p (¢ e t¢rt,
(2.114)
Where, following relations were used and —a, was replaced to .
pi (1) = pii”* (o) -
Hif = .Ufi* .
E(—wp) = E(wp)” .
(2.115)
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Only the pi™ and oY are produced by the interaction between matter and light.

The macroscopic first order polarization is given by the following equation.

PD (&) = N{w)

= N - Tr[p®(O)u]

= Nz prclg(t).umn
nm

= NP ©us + pS” (Owp)

21 B (w s E(w .
_ N_,Dii(to) z{ Hfilif ( p). n HifHsi ( p). }e—prt .
h - (wf +wp) +iys (W — wp) — iy

(2.116)

And the polarization is also expressed by the following equation:

PO() = z PW(w,)e pt
p
(2.117)

From a comparison between equation (2.116) and (2.117), P®(a,) is shown by equation (2.118).

21 Hei i HigHfi
PD () = N o (it + E(w,).
(p) p Pulto) {(wfi +wp) +ive (W — wp) — ivs ()

(2.118)

From equation (2.21) and (2.118),

Ugi Uit UitHsi }
(wg + wp) +ivs (W —wp) — i)’

38

21
€y = N —
X\ w N p--(t){
( p) goh it



(2.119)

is obtained and equation (2.119) expresses the linear susceptibility. When a, is close to ax, the
second term of equation (2.119) is much larger than the first term. For this reason, second term is

called a resonant term. When «j, is close to the resonant frequency, by rationalize the resonant term,

we can obtain equation (2.120).

E (wg — wp) + iy

2T

€Y ~ N —
X \w,) =N Pii (to) | g .
( p) goh iilto fi ( . p)z ﬁz

(2.120)

Real part and imaginary part of equation (2.120) have frequency dependence of dispersive type and

Lorentz type, respectively. The imaginary part is related to the absorption of light and therefore the

spectral shape of absorption is expressed by Lorentz function.
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2.13. Sum frequency generation
In this section, the second-order nonlinear susceptibility about sum frequency generation is

discussed. Consider an energy diagram shown in Fig. 2.1.

7y 122
), Wy =, + ),
A |e>

a,
Y |1>

Fig. 2.1. Energy diagram for considering sum frequency generation.

From the calculation in section 2.12, the first order density matrix is given by equation (2.121).

eiE(wp) e—ia)pt
- a)p) - iyei

21
Wy =22 E
pei (t) - h pll(tO) ((l)ei
p
(2.121)

And the second-order density matrix is calculated from equation (2.108).

2mi_ (Y.
P (D) = (=) | eClen ) {p (1) [ g E(r)]} d,
to
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- wp) — Vei
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MfeE(wq)“eiE(wp)

(wei - wp) - iyei
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= i(C)2pu(tg)eien

e[i(wfi_wp_wq)+yfi)]t
X

i(wfi — Wp — wq) + Vs

_ (Z—N)Zp--(t ) 2 ﬂfeE(wq)“eiE(wp)
h o a (wei — Wp — iyei)(wfi — Wp — Wq — iyfi)

x e~ i(@ptwg)t (2.122)

i? is the complex conjugate of equation (2.122).

PP (1)

MefE(wq):uieE(wp)

= (Z_n)zp..(t )z X e—i(wp+wq)t
h o (wei + wp + iyei)(wfi + a)p + a)q + iyei) .
pq

(2.123)

The second-order nonlinear polarization is

P@(&) = N - Trip@ (©)u] = N(og? ©Omir + o (Dks)

41



HitselteiE(wp)E (wq)
(wei — Wp — iyei)(wfi — Wp — Wq — iyfi)

2
= NCpilto) )
bq

.uie.uef.ufiE(wp)E(wq)

: : e—i(wp+wq)t .
(wei + (‘)p + lyei)((‘)fi + (‘)p + (‘)q + l]/fi)

(2.124)

P@(t) also can be written as

P@(t) = Z P(Z)(a)p + wq)e_i(wp+“’q)t :
pq

(2.125)

From equation (2.124) and (2.125),

PO (), + w,)

UitUfeUej
(wei — Wp — iyei)(wfi — Wp — Wq — iyfi)

21
= N(T)Zpii(to){

+ HieUefHfi
(wei + wp + iyei)(wfi + wp + wq + iyfi)

}E(“)p)E(‘“q)

= EOX(Z)(‘% + wg; wp'wq)E(wp)E(wq) -

(2.126)

Therefore, the second-order nonlinear susceptibility is

X(Z)(“)p T wg; wp, ‘“q)
Uitlte Uei
(wei — Wp — iyei)((‘)fi — Wp — Wq — iyfi)
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Hie LefHfi
+ , —}.
((‘)ei + (‘)p + lyei)((‘)fi + (‘)p + (‘)q + l]/fi)

(2.127)
Taking account for an intrinsic permutation symmetry, equation (2.127) can be rewritten as
2 .
X P (wp + wg; wp,wq)
_ N 2r 2 HiflteHei
= >— () "pii(to){ - -
2e0 " h (wei — Wp — iyei)(wg — Wp — Wq — ive)
HitlteUej
+ ; -
(wei — Wq — lyei)(wfi — Wp — Wq — lyfi)
Hie UefHfi
+ ; .
(wei + wp + iyei)(wg + wp + wq + ivs)
HUieUefHfi
+ , —}.
(wei + wq + lyei)(wfi + wp + wq + lyfi)
(2.128)

When the |i> is a ground state, resonant term is dominant in equation (2.128), then equation (2.128)
can be approximated to equation (2.129).

X(Z)(wp T wg; wp, “)q)

N (27‘[)2 () 1
=5\ Pii ;
2‘80 h e (wei - wp - lyei)
1 Uitlte Uei

_|_

(Wei = Wq = ei)” (g — wp — wq — iy)

(2.129)

In the vibrational resonant case, superficially ;((2) is proportional to the second term of equation

(2.129) (when ay, represents infrared light).
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(wei — Wq — iyei)

X(Z)(wp + wg; wp, wq) X

_ ((‘)ei — Wq + iyei)
(wei — Wq — iyei)(wei — Qg + iyei)

Wej — wq iyei
((‘)ei - (‘)q)z + yei2 ((‘)ei - wq)z + yei2

(2.130)

Equation (2.130) has the same expression as equation (2.120). Therefore, even in the
second-nonlinear optical processes, the real part of ' (Re#**) has a dispersive spectral shape and
the imaginary part of » (Im#?) has an absorptive (Lorentz) spectral shape. And as the same

manner as the linear optical process, Im ;5(2) provides information about light absorption of matter.

2.14. Sum frequency generation and second-order nonlinear susceptibility
The intensity of SF light is detected in conventional SFG spectroscopy. This means that only the

absolute square of the second-order nonlinear susceptibility is obtained through the experiment [43].

2
DS @2 ,
lor = E £ .
SF 4C2n(wSF)2CO529r’SF |Xeff | | (wl) (wz)l

(2.131)

Where, ¢, n(wsk), 6 sk, are the speed of light in vacuum, refractive index of upper bulk media for SF

light, reflection angle of SF light, respectively. And ;((Z)eff is expressed by equation (2.132).

288 o Fi(ws) F(w)F(@)xie - 2132)

Where, F(w) is a Fresnel factor at frequency o, ;((2)UK is the second-order nonlinear susceptibility in a
laboratory frame. For rotationally isotropic interface, only the seven component, #?xxz = #“wz,

%% = 7P P2 = #P2vv, #2722 are non-zero [61, 62]. The Fresnel factor for each component
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is given by the following formulas [61, 63, 64].

oy = Ema@cosy
x A0 = n, (w;)cosy; + n,(w;)cosd;
Fy () = 2n, (w;)cosb;
i@ = n, (w;)cos; + n, (w;)cosy;
o) 2my(@r)costy (@)
w;) = | = :
2NV g (wy)cosy; 4 ny (wi)cosd; \ n'(w;)

(2.133)

Where, ni(@), na(ax) represent the refractive index of upper bulk media and lower bulk media at
frequency w. 6, x are incident or reflection at frequency i, refractive angle at frequency a,
respectively. n’(a) is the effective refractive index parameter of interface. Z(Z)eff depends on the
experimental condition, e. g., polarization and geometry in input and signal light. In common, the
polarization combination of SF light, @, and @, is used in SFG literature. Namely, SSP, SPS, PSS,
and PPP, and 4. at each polarization combination is shown in the following formulas [65].

)(gf),ssp = FY(wSF)FY(wl)FZ((‘)Z)Sinez)()(f?z .

)(gf),sps = FY(wSF)FZ(wl)FY(wz)Singl)()(fzz)y .

X bss = Fz(wsp)Fy(w1)Fy (w,)sinfspx sy -

)(gf),ppp = —Fxy(wsp)Fx(w1)F; (wz)COSQSFC0591Sin92X§(Z;()Z
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—FX(wSF)FZ(wl)FX(wZ)COSHSFsinelcosez)()((ZZ)X

+FZ(wSF)FX(wl)FX(wz)sinHSFcoselcosez)(é?X

+F;(wgp)Fz(w1)F, (wz)sinBSFsinelsinHZ)(éZZ)Z : (2.134)

Moreover, the second-order nonlinear susceptibility 7\, is related to a hyperpolarizability Biik
of the molecule in a molecular frame. The relation is expressed by the following equation [61].

2
)(1(]12 = N; E (R1i Ry Rki) B -
ik

(2.135)

Here, < > denotes the ensemble average. Ns is number density of interfacial molecules. R is an
element of the rotational matrix and given by following formula [65].

RXx RXy RXz
RYx RYy RYZ

cosypsing + cosfcos¢psiny —sinypsing +cosfcospcosy —sinbcoso
sin @ sinyY sin 8 cos Y cos 0

<cos¢cosq§—cos€sinq§sinzp —siny cos ¢ — cos 6 sin ¢ cos P sin95inqb>

(2.136)

Where, v, ¢, @are angle shown in figure 2.2.
When one focuses on a particular vibration mode of molecules, a hyperpolarizability is given by
the following formula [38, 63].

1 aai]— auk
2e9wq 0Q 0Q

ﬁijk =

(2.137)
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Where, ay, aij, 1« are the vibrational resonant frequency, Raman polarizability, and transition dipole
moment of g-th vibration mode, respectively. And Q denotes the normal coordinate of the vibration

mode. Equation (2.137) clearly shows that the SFG process is allowed only in both Raman and IR
active vibration modes.

Fig. 2.2. Eular transformation between the laboratory frame and molecular frame [65].
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3. Electrochemical heterodyne-detected vibrational sum frequency generation
spectroscopy

3.1. HD-VSFG spectroscopy

In this study, a broadband VSFG scheme with multiplex detection is used for HD-VSFG
spectroscopy. The spectral resolution in VSFG spectroscopy is governed by the narrower
bandwidth of input two pulses. Thus a narrowband visible pulse and a broadband IR pulse are
usually used for broadband VSFG spectroscopy. The narrow visible pulse determines the spectral

resolution and the broad IR pulse covers the observation spectral region.

3.1.1. Background of HD-VSFG spectroscopy

In this study, | applied heterodyne-detected vibrational sum frequency generation (HD-VSFG)
spectroscopy to electrolyte/electrode interfaces. HD-VSFG spectroscopy is a unique spectroscopic
technique, which enable us to directly determine the phase and amplitude of electric field of SF light
and provides ;((2) as a complex number [40, 41, 43, 46, 47, 66-68]. In the HD-VSFG measurements, a
narrowband visible beam a;s, a tunable broadband IR beam g, and an additional third light, local
oscillator (LO), are input into a sample. LO is generated by inputting a visible beam and a IR beam
into an inversion-symmetry broken media such as a y-cut quartz prior to the sample and has the same
frequency as a SF beam from the sample (w0 =wsrs). The @y o is delayed by T compared to ais and
wr by passing through a silica plate. The SF beam and delayed LO are introduced into a detector
together. Then the total electric-field amplitude of SF light in a time domain is given by the

following formula.

Etotal(t) = Espg(t) + Eo(t +T) . (3.1)

Where, E is an electric field of light, T is time delay between the SF beam and LO. Experimentally,
only the intensity of SF light in a frequency domain is obtained. The interference pattern between the

SF beam and LO in a frequency domain is expressed as follows.
Eiotal(@) = Espe(w) + Ero(w)e*™T. (32)

Where, Eiow(w) is a Fourier-transformed electric field. The obtained intensity is given by the
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absolute square of equation (3.2).

|Etota1 ((‘)) |2 =

- 2 - 2 o~ ~. iy ~. - .
|ESFG(CU)| + |EL0(O))| + Espg(0)Efo(0)e T + Egpg(w)Epp(w)e T

(3.3)

The third term of equation (3.3) includes the electric field of SF light from the sample, Esgc and this
term can be extracted by a filtering function. This procedure is shown in figure 3.1c and figure 3.1d.
The cross term in a frequency domain is obtained with inverse Fourier transformation of the third
term of equation (3.3) after filtering. This procedure is shown in figure 3.1e and figure 3.1f.

In order to correct the phase and amplitude of the SF light, the sample spectrum needs to be
normalized by a reference spectrum which is obtained with the same manner as the sample
measurement. In particular, the optical propagation length of the reference measurement must be
exactly the same as that of sample measurement, otherwise optical propagation length difference
between Esrg, sample aNd Esrg, rer Causes a phase error. The second-order nonlinear susceptibility 7P bs:

which is experimentally obtained, is expresses by the following formula [43].

* ,—iwgpT )
X(Z) _ ESFG,sampleELOe SF _ Xsample
obs " p F* e—iwsgT @)
e SF
SFGref“L.O Xref

(3.4)

Obtained ' spectra contains vibrationally non-resonant and resonant contributions. When we
focus on the vibrational resonance, equation (2.129) in chapter 2 can be rewritten as follows [43]:

A
@ = ,@ 4 Z q
X XNR - (‘)q —WR — qu '

(3.5)

Where ;g(Z)NR is a vibrationally non-resonant background, Aq, ay, I'y are the amplitude, frequency and

damping constant of g-th vibration mode, respectively. Then, Im;fz) is expressed by the following
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formula [43].

Imy® = Im)((z) + Z
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Fig. 3.1. Spectra and interferograms obtained in HD-VSFG measurements. (a, b) Raw spectra

detected by CCD. (c, d) Time-domain interferogram obtained by Fourier transformation of (a) and

(b). The green lines show the filtering function. (e, f) Filtered complex-fringe spectra. Only the real

part is shown for clarity. (a), (b) and (c) are the spectra of the air/quartz whereas (b), (d) and (f) are

the spectra of the air/1-octadecanethiol self-assembled monolayer on platinum. Figures are cited

from Sl of Ref [69].
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3.1.2. Experimental setup

The schematic of optical setup of HD-VSFG measurements is shown in figure 3.2. The
near-infrared light (center wavelength: 796 nm) is generated by Ti: sapphire regenerative amplifier
(Solstice, Spectra Physics, pulse energy: ~3 mJ, repetition rate: 1 kHz, pulse width: <100 fs). The 2/3
of the output 796 nm-pulse was introduced into an optical parametric amplifier equipped with a
difference frequency generation unit (TOPAS-prime, Spectra Physics) for generation of tunable
broad band IR pulses (1000 - 4000 cm™, FWHM: ~250 cm™, shown in figure 3.1a and 3.1b), used as
wwr. The other 1/3 of the output was narrowed (FWHM: ~5 cm™) by a 4f grating filter consisting of a
holographic grating (1800 g/mm), mechanical slit and cylindrical lens (f = 300 mm), used as .
The ais and mr pulses were focused onto a thin plate of y-cut quartz (10 um thick) and this
generates a local oscillator, ey o. The @ o passes through a 3 mm thick silica plate which delays the
ao by T (=5 ps) compared t0 s, mr. The s, wr and oo were focused onto a
electrolyte/electrode interface with incident angle 29.9°, 26.6°, 29.3°, respectively. The generated
SFG from electrode and reflected @ o were introduced to a polychromator (Andor Tech., SR303i-A)
and detected by a CCD (Andor Tech., Newton DU970P). All measurements were performed with
PPP combination (P-polarized wsrg, P-polarized s, P-polarized wir). The electrochemistry part is

described in the later section.
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Fig. 3.2. Schematic of the optical setup. BS : Beam Splitter, SPF : Short Pass Filter.
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3.2. Development of the spectro-electrochemical cell

3.2.1 Spectro-electrochemical cell

In order to perform a HD-VSFG measurement and an electrochemical measurement
simultaneously, | developed a home-made spectro-electrochemical cell. The schematic of the
spectro-electrochemical cell is shown in Fig. 3.3. The cell body is made of polypropylene. The
visible, IR and LO pulses are incident from a CaF, optical-window side. The HD-VSFG
measurements were performed with thin-layer electrolyte configuration in which the sample
substrate was pushed against the optical window. The thickness of thin-layer electrolyte between
the optical window and sample substrate was estimated from the absorbance of solvent and to be
around 8 um. The detail of calculation is described in the next section. The sample substrate was
a z-cut quartz and about half of top surface of the z-cut quartz was covered by the polycrystalline
platinum electrode deposited by an electron beam evaporator or an Ar sputter machine. This
substrate was used as the working electrode. A platinum wire and a silver wire were used as the
counter electrode and reference electrode, respectively. The potential of silver wire was calibrated
by the redox potential of ferrocene/ferrocene™ (Fe(CsHs)./Fe(CsHs),"). According to a previous
report, the redox potential of ferrocene/ferrocene™ is +0.380 V vs saturated calomel electrode
(SCE) [70]. The redox potential of ferrocene/ferrocene” is around +0.07 V against a non-aqueous
Ag'/AgNO; electrode (a silver wire immersed in 0.1 M tetrabutylammonium perchlorate/0.01 M
AgNOs in acetonitrile). Therefore, the potential of Ag*/AgNO; reference electrode is +0.37 V vs
SCE. The estimated potential difference between the silver wire and Ag'/AgNO; reference from
O, redox potential is ca. 0.11 V (the silver wire is 0.11 V lower than Ag'/AgNO; reference
electrode). From the calculation above, the potential of the silver wire is around +0.26 V vs SCE.

The cyclic voltammograms are shown in Fig. 3.4.
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Fig. 3.3. Schematics of our home-made spectro-electrochemical cell.
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Fig. 3.4. (a) Cyclic voltammogram of 0.1 M tetrabutylammonium perchlorate/8 mM ferrocene in
acetonitrile with O, bubbling. (b) Cyclic voltammogram in ferrocene redox potential region. (c)
Cyclic voltammogram in O, redox potential region. The working electrode, counter electrode,
reference electrode are carbon, platinum wire, Ag*/AgNOs and the silver wire, respectively.
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3.2.2. Estimation of the thickness of the solution layer.

The thickness of the solution layer is estimated from the IR absorption of the CN stretch
vibration of acetonitrile, which is observed in the un-normalized raw homodyne-detected
(conventional) VSFG spectrum of the acetonitrile/quartz interface, with the Lambert-Beer equation,

A= eCl, (3.7)

where, A, ¢ C, | are the absorbance, molar extinction coefficient, concentration and optical path
length, respectively. The actual procedure of our estimation is as follows.

The absorption of acetonitrile was evaluated from the spectrum of the acetonitrile/quartz
interface which was used as the reference spectrum. Figure 3.5 shows the un-normalized raw
homodyne-detected VSFG spectrum of the acetonitrile/quartz interface (red). The VSFG spectrum
was fit to a Gaussian function (black), assuming a Gaussian spectral distribution of the input IR light.
As clearly seen in this figure, a dip is recognized at 2250 cm™, which is due to the absorption of the
CN stretch of acetonitrile in the solution layer. The transmittance was calculated to be 0.877 by
dividing the observed signal intensity (red) with the fitted value (black) at 2250 cm™, and this

evaluated transmittance was converted to absorbance,

A= —log,,0.877 = 0.0569 . (3.8)

The molar extinction coefficient (&) is calculated from the reported absorption cross section
(o~15x10"%! cm?, [71]) of acetonitrile at 2250 cm™ as,

£ = (logyo €)oN, = 0.434 X 15 X 10721 x 6.022 x 1023

2
=3.922x 10° [22] = 3922 x 10 [2—;] (3.9)

mol o

where N4 is Avogadro constant. The molar concentration of acetonitrile is calculated as,

d [gm™3] g . [mL 1 [mol
¢= M [g mol~1] 0.786 [E] x 10 m3] *41.05 [ g ]

mol

= 19150 [=] . (3.10)

m3
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Here, d and M are the density and molecular weight, respectively, and the values were taken from the
safety data sheet (SDS) provided by Sigma-Aldrich.

Then, the optical path length was calculated using the obtained A, eand C as,

A 0.0569

= ¢ =3922x 10T x 19150

=7.58%x107%[m] = 7.6 [um] .

(3.11)

Consequently, the thickness of the solution layer was estimated to be ~8 um.

Intensity (cps)

0 J J J | J
2000 2050 2100 2150 2200 2250 2300

IR wavenumber (cm )

Fig. 3.5. Un-normalized raw homodyne-detected VSFG spectrum of the acetonitrile/quartz interface.
The red curve shows the experimental data whereas the black curve is the fitting curve using a
Gaussian function. A dip due to the absorption of acetonitrile in the solution layer is clearly

recognized at 2250 cm™ (marked by the red arrow).
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3.2.3 Estimation of the actual surface area of electrode

A surface area of electrode is required for the evaluation of electric current density in cyclic
voltammograms. Because an actual surface area is usually larger than a geometric surface area due to
the roughness of electrode surface, it is important to estimate the actual area of working electrodes in
cyclic voltammetry. For platinum electrodes, it is possible to calculate the actual surface area from
the hydrogen desorption peak in a cyclic voltammogram with sulfuric acid aqueous solution. In this
section, calculation of surface area is described for the platinum electrode used in the present study.

The cyclic voltammogram of 0.1 M sulfuric acid aqueous solution with a platinum working
electrode is shown in Fig. 3.6a. The hydrogen desorption feature is marked by red arrows. For the
estimation of the surface area, the amount of flowed charge (Q) through the hydrogen desorption is

needed. The flowed charge is given by the following equation.

t, 1 E,
Q= Idt=—j IdE .

(3.12)

Where, I, t, v and E are flowed electric current, time, sweep rate of cyclic voltammetry and electrode
potential, respectively. To calculate the amount of the flowed charge, first, the area of hydrogen
desorption peak in the cyclic voltammogram is calculated by integrating the region shown by
diagonal lines in Fig.3.6b. The area was calculated to be 0.01151 [mA V]. In the present study, the
sweep rate was 10 mV/s, thus the flowed charge is calculated as follows.

1fE21dE ! [S] 0.01151 [mA V]
=— =— |—[xo.
¢ v Jg, 10 lmV m

_ % [%] x 11.51 [mA mV]

=1.151 [mAs] = 1.151 X 103 [uC]

(3.13)
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And the charge of hydrogen desorption is already known to be 210 [uC/cm?] [72]. Then, the actual

surface area is obtained as follows.

1 [cm?

x 1.151 x 103 = 5479 =5 2
210 | C 5 0° [puC] [cm?]

Therefore, the actual surface area of the platinum electrode is around 5 cm? in the present study. This

value is used for normalizing measured current to obtain current density.
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Fig. 3.6. (a) Cyclic voltammograms of 0.1 M sulfuric acid aqueous solution. (b) Cyclic
voltammogram in the hydrogen desorption region.
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3.3 In-situ reference method

3.3.1 Introduction of in-situ reference method

HD-VSFG spectroscopy is a unique tool for determining the orientation of interfacial molecules.
For the calibration of phase and amplitude of SF light, the sample SF signal needs to be normalized
by a reference SF signal. In equation (3.2), the completely canceling out of the electric-field term
means that the optical propagation length is exactly same both in a sample measurement and a
reference measurement. An air/quartz interface has been mainly used as a reference because it has
positive real constant 2 in vibrationally non-resonant region. However, in the measurement of
electrolyte/electrode interface, the air/quartz interface cannot be used as a reference. In
electrochemical condition such as shown in Fig.3.3, the incident and output lights need to pass
through the optical window and electrolyte solution layer. Therefore, the optical propagation length
in the electrolyte/electrode system is different from the air/quartz reference. Owing to a lack of phase
standard which is measurable with exactly same condition in electrochemical system, the sign of
was not discussed in the previous HD-VSFG work [59].

To overcome this serious problem, | have developed an in-situ reference method for applying
HD-VSFG spectroscopy to electrolyte/electrode interfaces. In this referencing method, the electrode
hybridized with reference material, a 100 nm thickness platinum thin film electrode deposited on a
half of z-cut quartz substrate (10x10x3 mm), is used [69]. In this case, sample electrode and
reference quartz are located under the common optical window and electrolyte solution layer. The
sample and reference spectra can be measured simply by moving the cell horizontally using a
motored stage. Therefore, the optical propagation lengths of incident lights are almost same for the

sample and reference measurements.

3.3.2 Phase difference due to sample height difference

Strictly speaking, the optical propagation length differs only by the thickness of electrode.
Hence, the phase of SF signal from sample and reference are different. In the present experimental
configuration, the SF pulse and LO pulse have same frequency and are the co-linear propagation
geometry. Therefore, there is no phase shift of the SF signal relative to LO after SF and LO pulses
reach at sample interface. In this section, the phase difference as a function of sample height
difference is discussed. The schematic is shown in Fig. 3.7.

Let us assume that the phase of wyis, or, and @ o are dis, dir and ¢ o, respectively. The phase
of SF light is given by the following relation [73].
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s = Pyis + P1r - (3.14)

Then, the phase difference A¢ between the SF light and LO is given by the following equation [73].
Ap = ¢psp — Pro = Pvis + P1r — P10 - (3.15)

When the sample height differs by h, the phase difference of @ caused by height difference is
expressed as the follows [73].

Api = ¢; — 21 hc;isei . (3.16)

Where, 4; is a wavelength of each light. Hence, the phase difference, A¢’ between SF and LO when

sample height changes is obtained as the following [73].

) hcosBy;s hcosOig hcosfy o
49" = (buis = 20— ) + (g — 27 ———1%) = (¢ — 2m 2
vis IR LO
cosbyijs cosOg  cosOio
= A — 27t( vis 4 _ )
/1vis AIR /1L0

(3.17)

The second term of equation (3.17) shows the phase difference due to height difference. In the
present case, height difference is 100 nm. The phase difference is calculated using equation (3.17)
and the following parameters shown in Table 3.1.

<c0529.9 N €0s26.6 c0329.3> « 100 = 5.843 x 103 [rad]
"\T796 773333 647 e -

5.843 x 1073 [rad] x 180 [ i ] 0.3348 [°]
= 5. ra —|—]=0.
T |rad

(3.18)
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The phase difference due to 100 nm height difference is ca. 0.3°. Therefore, the height difference
does not cause a significant phase shift.

Table 3.1. Parameters for calculation of equation (3.13).
SF Vvis IR
A[nm] 647 796 3333
61°] 29.3 29.9 26.6

.......

hcos b

hcos 8,

Fig. 3.7. Schematic of phase difference due to sample height difference.
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3.3.3 The calculation of Fresnel factors

As shown in equation (2.134), there are four SFG active components in the PPP combination. In
the present study, an acetonitrile/platinum interface is the target and a quartz substrate is used as a
reference. Hence equation (3.4) can be expressed as the following formula [69].

* i *Pt Pt (2)
@ _ i xee EvisEirEf o€ sF _™pLO [Z Fykx I]K]
er,LOXQ EViSEIRELOeLwSFT rp,]_,o (FXX)(X XXX )

(3.19)

Where, Pt and Q denote platinum electrode and quartz reference, respectively. r'piois a complex
conjugated reflectivity of the LO beam in P-polarization, Fyk (I, J, K=X, Y, Z) is a pre-factor
including the Fresnel factors. I, J, K represent laboratory frame axis coordinates. i is an imaginary
number unit and this factor appears because the reference quartz signal comes from bulk. The Fk is
given by the following relation.

Fyx = Fi(wsp) Fj(wyis) Fg (wr)L(OsE, Byis, O1R) - (3.20)

Where, L(6sk Qis, ORr) is a factor containing sinéd or cosé. From equation (2.133), the pre-factor is

calculated as follows.

Fy(wsp) = 2n, (wsr)cosOs _ nl(wSF))
ZTSE T ) (wsp) cosysp + 1y (wsp) cosOgg n (wsr)
= 1.505 - 0.363i .

F ((1) ' ) — an(wvis)cosevis . nl(wvis))
z Vis ny (wvis)cosyvis + n, (wvis)cosgvis n,(wvis)
= 1.552 —0.324i .

Fy(wg) = 2n,(wir)cosOig _ n; (wiRr)
ZXTIRET 0 (wir)cosyir + 1y (wir)cosOig n'(wiRr)
= 1.752—-0.218i .

F35; = Fz(wsp)Fz(wyis)Fz (wir)Sinfspsing,ssinfg
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= 0.399 + 0.254i .

(3.21)
As the same manner, other pre-factors are calculated and results are summarized in Table 3.2.
Table 3.2. Pre-factors at acetonitrile/platinum interfaces.

Pt Pt Pt Pt
F 22z F xxz F xzx Fzxx

Acetonitrile/platinum  0.399+0.254i -0.003+0.114i 0.014+0.065i -0.011-0.054i

Since F™'yzx and F™'zxx are negligible small compared to F™zz7 and FT'wxz , F'xzx and F'oxx are

ignored in the present analysis. Therefore, equation (3.19) is rewritten as the following equation [69].

. 2 2
@ T P LO (Fz%tz)( ;(>t,)zzz + Fyxzx ;(>t,)xxz)

Xobs ~ Q Q@
T p LofxxxX Qxxx

2 2
x (Ap XP(’t,)ZZZ + Xf(’t,)XXZ : (3.22)

Where, A|: = Fptzzz/FPtxxz.
The r'pLo is calculated by the following equation [69].

- U (wsF) €os Osg — 1y (wsp) COS Vs .
PLO ™ M, (wsg) cos Ok + 1y (wsr) €OS Ysr

(3.23)

The calculated r ™5, 0 and r'pLoF ‘are summarized in Table 3.3.

Table 3.3. Complex conjugate of reflectivity of LO and factors of acetonitrile/platinum interfaces.

Pt *pt Pt *pt Pt
I ‘pLo I pLoF zzz I “pLoF xxz

0.633-0.394i 0.353+0.003i 0.043+0.073i

As shown in Table 3.3, the real part of r'"'p oF ‘727 is larger compared to the other part and the

imaginary parts are very small. Hence, one can assume the imaginary part of spectra reflects the
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Im;((z). The parameters used for calculation are listed in Table 3.4.

Table 3.4. Parameters for calculation of pre-factors

SF Vis IR
Ny 1.344 [74] 1.344 [74] 1.345 [75]
n, 2.346+4.216i [76] 2.817+4.907i[76] 3.118+10.748i [76]
n’ 1.40 [77] 1.40 [77] 1.40 [77]
o1°] 29.3 29.9 26.6

The angle y in equation (3.21) and (3.23) is calculated from Snell’s law, expressed by equation
(3.24).

n,(w;) sin 6; = n,(w;) siny; . (3.24)

Also, the pre-factor FOxx and reflectivity r %o for the acetonitrile/quartz interface is
calculated in the same manner as for acetonitrile/platinum interfaces. In z-cut quartz, the SFG active
component is only ¥®xxx. The factor B is multiplied to FOxx for quartz interfaces [73]. Then, the
relation is expressed by following equations.

FX%(X = BFy(wsp) Fx(wyis) Fx (wir)sinfOggsingysinfig . (3.25)
B c sin Hp
wspN, (wsp) (sinysg + sinfy,)
(3.26)
9p = Sin_l{nﬁlws_Fl (WyisNz (Wyis) SiNYyis + wrN, (WiR) Sinyr)} -
(3.27)

n, = wsp {(WyisNa (Wyis) SN Vyis + wrN2 (WiR) sinyir)?
+ (WyisNy (Wyis) COS Vyis + wrN, (wiR) cos yr) 212
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(3.28)

The calculated pre-factor and reflectivity are shown in Table 3.5.

Table 3.5. Reflectivity and factors for quartz interfaces.
Q
r

"pLO Fxx s LoF xxx
0.050 3.156x10° 1.576x10™%°

The refractive indices used for calculation are shown in Table 3.6.

Table 3.6. The refractive indices of quartz for calculation.
SF Vvis IR
n, 1.54[78] 1.54[78] 1.50[78]

3.3.4 Validation of the in-situ reference method

Before applying the in-situ reference method to a real electrochemical system, first, it was
validated that the in-situ reference method works properly even under the liquid phase condition. In
the present work, a self-assembled monolayer (SAM) of 1-octadecanethiol (ODT) on a platinum
electrode is measured in both air and water and 4® spectra of them are compared. The structure of
ODT SAM on noble metal (Au, Ag, Pt) surfaces has been well studied by spectroscopic techniques
such as IR spectroscopy [79, 80] and conventional VSFG spectroscopy [81, 82]. The terminal methyl
group of the ODT SAM on the metal is expected to point away from the metal surface (i.e., CHs-up
orientation) because sulfur makes a strong chemical bond with noble metal. Using the fact that
methyl group of the ODT SAM points away from the metal, | demonstrate that the up/down
orientation of interfacial molecules can be determined from the sign of Im;((z) even at liquid/solid
interfaces as well as air/liquid interfaces.

The ODT SAM was prepared by immersing a platinum-deposited quartz substrate in 10 mM
ODT ethanol solution for overnight. After that, the sample was rinsed with ethanol.

Fig. 3.7a shows the #? spectra of ODT SAM measured in air. The corresponding | 7
spectrum are obtained from the corresponding complex spectrum and the | ;((2)|2 spectrum is very
similar to the previous report done by conventional VSFG spectroscopy [81]. Im 4 and Re 2
show a positive and negative offset, respectively. This is attributed to the non-resonant background

79\r due to an intra-band transition of free electrons of a platinum electrode. The detail of
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non-resonant background is discussed in chapter 4. In general, ;((Z)NR of a metal is not purely real. But
that of a platinum is close to real [83, 84]. The Im #? spectrum of the ODT SAM in air shows
negative peaks in the CH stretch region. These peaks are assignable as follows [85-87]. The peaks at
2874 cm™ and 2935 cm™ are assigned to the CH3 symmetric stretch (CHsss) of terminal methyl
group of ODT which is split by Fermi resonance with a bending stretch overtone. Another peak at
2962 cm™ is due to the CH5 antisymmetric stretch (CHs ) of terminal methyl group of ODT. A
shoulder peak at 2850 cm™ and broad feature at 2920 cm™ are coming from the CH, symmetric
(CH2ss) and CH; antisymmetric (CH, ) stretch modes, respectively. According to previous reports,
the peaks of CH,s and CH, 45 in monolayer systems show weak intensity because the alkyl chain
takes all-trans configuration [85-87]. Therefore, the contribution from CH, moieties is canceled out
due to local inversion symmetry [85-87]. The observed CHg stretch bands and small CH, features
indicate that the ODT SAM on platinum has all-trans alkyl chain structure with partial gauche
defects [81, 82].

Fig. 3.7b shows the #? and | *|? spectra of ODT SAM measured in water. The vertical scale
is different from that in air. This is because the Fresnel factors in water are larger than in air. The
calculated Fresnel factors are summarized in Table 3.7 [69]. In the #*® and | #®J spectra, peak
features of CH, and CHj; groups are observed although the relative amplitudes between the
vibrational bands are slightly different from those observed in air. This result shows that ODT forms
a monolayer and hence methyl-up structure is maintained even in water. The most important fact is
that the Im ;((2) spectrum shows a Lorentzian-like negative peak as is observed in air. This
demonstrates that phase calibration using the in-situ reference method works properly even at buried
interfaces such as liquid/metal interfaces. In addition, the phase of ?\gin air and in water appear
different to each other. This difference is due to the different surface condition of the sample in the

different environments. However, a possible experimental phase error is not excluded.

Table 3.7. Calculated Fresnel factors for air/platinum and water/platinum [69].

Fzzz Fxxz 7 o 7 wroF zzz 7 proF xxz
Air/Pt 0.179 -0.047 0.751 0.222 0.061
+0.141i -0.042i -0.623i -0.005i -0.003i
Water/Pt 0.438 -0.152 0.687 0.593 0.222
+0.424i -0.170i -0.690i -0.010i +0.012i
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The significant problem of the ODT SAM measurements is whether the obtained sign of peak in
the Im #*® spectrum corresponds to the methyl-up orientation. In order to answer this problem, the
relation between the up/down orientation and the sign of peak in the Im ' spectrum is described
below. Expressions for ¥?7; and #®xxz of the CHssand CHs s at the resonant frequencies have
been reported as a function of orientation angle & of the methyl group [87]. The formulas are
expressed as follows.

Xézz)Z,CH&SS = NByzz,cHs o IR({cOS 8) — (c0s® 0)) +(cos® 0)} . (3.29)
)éZZ)Z,CHaaS = ZNsszx,CH&as ((COS 9) - (COSS 0)) . (3.30)

1
X)((ZQZ,CH&SS = ENS:BZZZ,CH3,SS{R ({cos 8) + (cos* 6))
+({cos 8) — (cos® 8))} . (3.31)

X)((Zx)z,CH&as = —NgBrzx,cHs ,, ({cOS 8) — {c0s® 6)) . (3.32)

where, x and z represent the molecular frame axis and z axis corresponds to the direction of the
transition dipole moment of the CHsgs vibration mode. In this definition, hyperpolarizability
components, Sz, By and S, are non-zero for CHsss and only Sy is non-zero for CHs 55 [87]. These
hyperpolarizability components of the CH stretch modes are all negative [40, 88]. R is the ratio
between Bua(Byz) and fuz; R = Sual Fezand it is positive. It has been reported that R = 3.4 for methyl
group of 1-alchol with long alkyl chain [87]. It can be considered that the R value of methyl group of
ODT is very similar to 3.4 because ODT has the almost same structure as long-alkyl-chain 1-alchol
except for the thiol moiety. Therefore, R = 3.4 is used in the calculation.
From equation (3.22) and (3.29) - (3.32), the following relations are obtained.

1
)((()f))s,CHg,SS ~ ﬂZZZ,CHS,SS{(AFR + E) ((COS 9) - (COS3 9))

R R
+E(cos 0) + (Ar + E)(cos3 0)} .
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(3.33)

Xooh Gty ay = Brzx,city o5 (245 — 1) ({cos 0) — (cos® O))} . (3.34)

Equation (3.33) and (3.34) imply that when <cosé> is positive, 7@opschass and 7 Popschzas are
negative because the inside of {} in equation (3.33) and (3.34) are both positive while By, and £,
are negative. As the same logic, when <cosé@> is negative, y@opscrassand ¥Popscrsas are positive.
Therefore, the negative sign of the CH3; bands shown in Fig.3.7 indicates that <cos@> is positive,
corresponding to the methyl-up orientation of ODT SAM. Moreover, equation (3.33) and (3.34)
imply that the CH3 s vibration band and CHg 4 vibration band have the same sign of Im ;((2). These
consistencies between experimental observation and theory justify that the up/down orientation of
interfacial molecules can be determined by the in-situ reference method.

= ~. o >
c N c N
=1 — 3 —
£ T £ e
8 s & !
~N c ~ c
T 2 X =
g
2
2800 2900 3000 2800 2900 3000 Rey”
R R (2)
IR wavenumber (cm 1) IR wavenumber (cm l) ----- X

Fig. 3.8. 42 and || spectra of ODT SAM on the platinum electrode measured in (a) air and (b)

water. Red and black solid curves represent Im #® and Re #, respectively. Blue broken curves are
corresponding [#*®? spectra calculated from ' spectra.
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3.4 Conclusion of chapter 3

The in-situ reference method has been developed and it enables us to realize electrochemical
HD-VSFG measurements with correct phase. Using ODT SAM on platinum as a model sample, it
was demonstrated that the up/down orientation of the terminal methyl group of ODT SAM can be
determined experimentally with employing the in-situ reference method. The largest advantage of the
in-situ reference method is that the absorption by liquid phase is corrected by the normalization.
Therefore, in-situ reference method can be used for studying the orientations of solvent molecules at
electrolyte/electrode interfaces.
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4. HD-VSFG measurement of acetonitrile/platinum interfaces

4.1 Introduction of studying electrolyte/electrode interfaces

Molecular-level information of structure and electrochemical reactions at electrolyte/electrode
interfaces is essentially important not only for understanding of the fundamental electrochemical
process but also for industrial applications such as development of next-generation rechargeable
batteries [89-91]. For achieving this purpose, huge efforts have been made using various methods
such IR [22-25], Raman [26-29] spectroscopy and X-ray scattering [13-15]. In spite of its importance
and efforts, however, the structure and electrochemical reactions at the electrolyte/electrode
interfaces have not been understood well at the molecular level owing to the complexity of the
electrochemical interfaces. Hence, further development of advanced in-situ characterization
techniques is desired for obtaining molecular-level knowledge about the electrolyte/electrode
interfaces.

As mentioned in chapter 1, electrochemical interfaces are the core of electrochemistry, and they
have been one of the most important targets of VSFG spectroscopy for many years [48-58]. But most
of previous electrochemical VSFG works were carried out by conventional homodyne-detected
VSFG spectroscopy because it is difficult to determine the phase and amplitude of the SF signal at
the electrolyte/electrode interface. In other words, it is difficult to measure a reference spectrum for
calibration of the phase of SF signal under the same condition as the sample measurement due to the
presence of the electrolyte solution and the optical window. Previously, Zanni and co-workers
applied HD-VSFG spectroscopy to a CO-adsorbed electrode interface [59], however, they did not
discuss the sign of 4 at the electrolyte/electrode interface because of the lack of the phase reference.
To overcome this serious problem, | developed the in-situ reference method described in the chapter
3. The in-situ reference method has enabled us to determine the phase and amplitude of the Z(Z)
spectrum at electrolyte/electrode interfaces [69].

In this study, by using this in-situ reference method, HD-VSFG spectroscopy is applied to a
prototypical non-aqueous electrochemical interface, i.e., the interface between a platinum electrode
and 0.1 M LiCF3;SO3 acetonitrile (CH3CN) solution. Surprisingly, the HD-VSFG experiments clearly
indicate that the CH3 group of acetonitrile points toward the platinum electrode at positive electrode
potentials, which is counter-intuitive and is opposite to the orientation that has been proposed by a
previous VSFG study [49]. Supported by additional data obtained with conventional VSFG
experiments, it is concluded that this orientation of acetonitrile is induced by the anion adsorbed on
the electrode surface at the positive potentials. This is the first experimental observation of the

potential-dependent up/down orientation of molecules at the electrolyte/electrode interface, which is
12



essential for obtaining the molecular-level picture at the electrochemical interfaces.

4.2 Cyclic voltammetry

Two cycles of cyclic voltammetry were carried out between -0.8 V and 2.0 V at a scan rate of 10
mV/s before the spectroscopic measurements. Fig. 4.1 shows the cyclic voltammogram of 0.1 M
LiCF3;SOs acetonitrile solution. The current density (i.e., the vertical axis) in Fig. 4.1 was determined
using the surface area of the platinum electrode shown in section 3.2.3. The very low current density
indicates that no electrochemical reaction occurs in this potential region, and only an electric double
layer is charged. The slight tilt of the voltammogram suggests that the resistance of the thin-solution
layer is high in the present electrochemical cell. To minimize the effect, | waited 6 minutes after

changing the electrode potential prior to the spectroscopic measurement to allow the system to reach

the equilibrium.
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Fig. 4.1. Cyclic voltammogram of 0.1 M LiCF3;SOj3 acetonitrile solution. The scan rate was 10 mV/s.
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4.3 Estimation of the thickness of electric double layer

At the charged interfaces, molecules not only at the topmost layer but also in the diffuse electric
double layer (EDL) can be oriented by the electric field and may contribute to the »® spectra. This
contribution of the oriented molecules in the EDL is often called the #® effect. In order to show

that the 4 effect is negligible in the spectra shown in this study, the thickness of diffuse EDL was
estimated as follows.

The potential profile is obtained as a function of distance from the interface (x) by solving Poisson
equation and the result is given by the following equation [92]:

2kgT 1+ gexp(—kx)
= In
ze 1 — gexp(—kx)
Zed)o .
exp (57o7) ~ 1

O

2e%N,cz?

e-&okgT

1/2

)

K =
(4.1)

where, &, &, ks, T, €, C, Z, and ¢ are the relative dielectric constant, vacuum dielectric constant (=
8.854x10™? C? J* m™), Boltzmann constant (=1.381x102° J K'), temperature (300 K), elementary
charge (=1.602 x10™ C), concentration of electrolyte (in mol m™), valence of ion and potential
applied to the electrode (potential at x=0), respectively. Using the relative dielectric constant of
acetonitrile (38.8 [93]), «is calculated as follows:

2 X (1.602 x 10719)% x 6.022 x 10%3 x 0.1 X 1000 X 12 1/2
38.8 X 8.854 x 10712 x 1.381 x 1023 x 300

= 1.474 x 10° [m™].

K=

(4.2)

The potential profile for ¢p=0.2 V, 0.6 V and 2.0 V are calculated and shown in Fig. 4.2. As seen in
Fig. 4.2, the potentials drop precipitously at the very vicinity of the electrode (x<< 1 nm), in
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particular when a large potential is applied. This means that the strong electric field exists only at the
very vicinity of the electrode and that the electric field in the diffuse EDL (Gouy-Chapman layer) is
small in the present electrochemical condition. Thus, it is considered that the contribution of the
molecules in the diffuse EDL in the 4® spectra (the 4 effect) is negligible, and the observed
vibrational bands are attributable to the molecules at the very vicinity of the electrode interface.

Moreover, in principle, it is possible that the CaF, window/electrolyte solution interface in the
spectro-electrochemical cell contributes to the SFG signal. However, because the electrode potential
is applied only at the electrolyte/electrode interface, any signals that are dependent on the applied
potential are safely attributable to the electrode interface. In the present study, as shown in the later
sections, all the observed vibrational bands vary depending on the potential and completely disappear
at certain potentials. This potential dependence assures that these bands originate from the
electrolyte/electrode interface, not from the CaF,/electrolyte interface.

1.0
0.8 — 20V
0.6V
o 06- 0.2V
S
S 04-
0.2-¥
0.0 I T I I%
0 2 4 6 8 10

Length (A)

Fig. 4.2. Potential profile for the 0.1 M acetonitrile solution with various applied potentials.
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4.4 HD-VSFG spectra in the CH stretch region

Fig. 4.3 shows the #*® spectra of the acetonitrile/platinum interface in the CH stretch region
with 0.1 M LICF3;SO; electrolyte, which were measured with scanning the electrode potential
between -0.8 V and 2.0 V with a 0.4 V potential increment. At 0.4 V which is close to the open
circuit potential, the Im#® spectrum shows a small positive (upward) peak at 2940 cm™. The
amplitude of this peak increases as the electrode potential becomes more positive. On the other hand,
it decreases as the electrode potential becomes more negative and finally disappears almost
completely at -0.8 V. The frequency of this peak is close to the absorption maxima of the pure
acetonitrile in the bulk (2944 cm™) [94]. Because it is known that the CH stretch band exhibits a
red-shift when it strongly interacts with the electrode [95], the positive peak at 2940 cm™ is
assignable to CH3 symmetric stretch mode of the acetonitrile molecules that are not directly attached
to the electrode.

For free acetonitrile, the hyper polarizability of the CH; symmetric stretch is known to be
negative [96]. Thus, the positive CH; symmetric band in the Im#*® spectra indicates CHs-down
orientation, i.e., the CH3 group of acetonitrile is pointing toward the platinum electrode. This result
differs from the argument of a previous homodyne VSFG study by Baldelli and co-workers [49]. In
their work, the orientation of acetonitrile was assumed to be CHs-up, considering the electrostatic
interaction between the lone-pair electron on nitrogen and the positively charged electrode [49].
However, HD-VSFG spectroscopy realized in the present study experimentally determined the sign
of the Im#® signal and revealed that this is not the case. In order to confirm this conclusion, the
Im#*®) spectrum of acetonitrile is measured at the air/pure acetonitrile interface. Fig. 4.4 shows the
7P and [P spectra of the air/acetonitrile interface in the CH stretch and CN stretch region. At the
air/pure acetonitrile interface, acetonitrile is expected to have CHs-up orientation because the CH3
group is more hydrophobic compared to the CN group [96]. The sign of the CH3 band in the Im;((z)
spectrum is indeed negative, which confirms that the negative CH3 band corresponds to the CHs-up
orientation at the air/pure acetonitrile interface. Therefore, the positive CH3 band observed at the
acetonitrile/platinum interface surely shows that acetonitrile at the interface is in CHsz-down
orientation. The reason why acetonitrile prefers the counter-intuitive CH3 down orientation at the
electrode interface is discussed in the later section. If the up/down orientation of acetonitrile changes
with the electrode potential, the sign change of the CH3; symmetric stretch peak is expected. However,
no clear negative bands observed in the potential region examined in this study.

Fig. 4.3 also shows the |®[* spectra (blue broken curves) which were calculated from the 4

spectra obtained with HD-VSFG measurements. These |47 spectra show a peak at around 2950
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cm™, and the peak intensity increases as the potential becomes more positive. On the other hand, at
the potentials ranging from 0.8 V to -0.4 V, a small dip appears at around 2930 cm™. These spectral
features of the |#?]° spectra are qualitatively consistent with the spectra reported in a previous
homodyne VSFG work [49]. In the previous work, the strong peak observed at 2940 cm™ in the
positive potential region was assigned to the CH3z symmetric stretch of acetonitrile which is pointing
away from the electrode (CHs-up) whereas the red-shifted dip feature was assigned to the CHj
symmetric stretch of acetonitrile that directly interacts with the electrode with CH3-down orientation
[49]. However, the Imy® spectra obtained in this study show no negative peak at 2930 cm™, and
hence it is now clear that the dip feature in the |#*®}? spectra is indeed an artifact that appears when
the Re#®® approaches closely to zero. This demonstrates that HD-VSFG spectroscopy is critically
important also for the study of electrochemical interfaces.

It is noteworthy that the vibrationally non-resonant background, y®\r appears both in the Im 4%
and Re? spectra, and y@yg in the Im#*® spectra substantially changes with the change of the
electrode potential. In Fig. 4.5a the amplitude of y®\r is plotted as a function of the electrode
potential. It is clear that #**\gin the Im#® spectrum does not show any noticeable change in the
negative potential region but it goes to positive in the positive potential region. On the other hand,
79\rin the Rey® spectrum does not significantly vary with the electrode potential. Although the
value of y®P\r differs depending on the sample, this trend of the potential dependence of @yg was
well reproducible.

The origin of #®\rin the Im4® spectra at the electrode interface is not clear at the moment.
However, in general, #*\gin the Im4® spectrum is attribute to either electronic resonance [32] or
bulk contribution [97, 98]. Although the latter has been considered the origin of #\rin the Imy®
spectrum at dielectric interfaces [97, 98], it is not likely for the metal electrode because the charge of
the metal electrode is localized only at the metal surface and thus it is difficult to imagine that the
property of bulk metal changes with the potential. As for the former possibility, it is known that
platinum has no inter-band transition in the visible frequency region [84]. Therefore, it is considered
that the 7®nr in Im#? spectra is likely attributable to the intra-band transition induced by the IR
photon. The density of states of the neutral platinum is known to be large below Fermi level while it
is small above Fermi level [99]. Hence it is possible that when the positive potential is applied, i.e.,
the Fermi level is lowered, abundant unoccupied states become available to absorb IR photons,
which increases y@\rin Im#?. On the other hand, if the negative potential is applied, i.e., the Fermi
level becomes higher, the density of unoccupied states does not increase the intra-band transition.

This expected behavior is consistent with the observed asymmetric potential dependence.
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An important fact is that the phase of ;((Z)NR of the platinum electrode varies with the potential.
Indeed, the phase of ;((Z)NR changes by as large as 60°, as clearly seen in Fig. 4.5b. As far as | know,
this is the first explicit observation of the phase shift of »®\gat the electrode interface during the
potential scan. Such a potential-dependent phase shift of y®\s makes the fitting analysis of
conventional homodyne VSFG spectra even more difficult, and therefore the direct measurement of
complex »® with HD-VSFG is important also in this respect.
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Fig. 4.3. The Imy®, Rey*® and [/®)| spectra of the acetonitrile/platinum interface with 0.1 M
LiCF3SOs electrolyte in the CH stretch region. Red curve, black curve and blue broken curve are

Im#?, Rey® and [4®)], respectively. The electrode potential with respect to Ag/Ag” is shown on top
of each spectrum. The |4?| spectra were calculated from the and spectra.
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4.5 HD-VSFG spectra in the CN stretch region

Fig.4.6 shows »? and | 9| spectra in the CN stretch region of the acetonitrile/platinum
interface with 0.1 M LiCF3SOs; electrolyte. Because strong IR absorption of atmospheric CO,
disturbs the spectra in the frequency region of 2300 — 2400 cm™, the spectra in the 2000 — 2300 cm™
region are shown. At the positive potentials, the Im % spectra exhibit two positive bands at 2245 and
2290 cm™, which are assignable to the CN stretch vibration of free acetonitrile and its Fermi
resonance with a combination band, respectively [49, 94]. The amplitudes of these positive bands
decrease as the electrode potential becomes more negative. The corresponding change can also be
seen in the | #?F spectra. In fact, this change of the | #®| spectra has been reported in the previous
homodyne VSFG work [49]. At the air/acetonitrile interface, the CN stretch band of acetonitrile
appears with the negative sign (Fig. 4.4b). Because the acetonitrile molecule is expected to have the
CN-down orientation at the air/acetonitrile interface, the opposite positive sign of the CN stretch
band of acetonitrile at the acetonitrile/platinum interface indicates the CN-up orientation of
acetonitrile molecules. This conclusion is consistent with the Im#® spectra in the CHs stretch region
which indicates the CHs-down orientation. In addition to the sharp vibrational resonance features due
to the CN stretch (split by the Fermi resonance), a positive offset-like signal is observed in the Im ;((2)
spectra at the positive potentials, which is again consistent with the observation in the CHj stretch
region. Consequently, the Im #? spectra in the CN region at the positive potentials accord well with
those in the CHg stretch region (Fig. 4.3) which were discussed in the previous section.

In the potential region more negative than 0.8 V, a very broad negative band appears at around
2150 cm™. Such a broad band in the low frequency region has been observed in several different
spectroscopic measurements, including subtractively normalized interfacial IR spectroscopy [20] and
surface enhanced Raman spectroscopy [29]. Initially, this band was assigned to the CN stretch of
acetonitrile that is directly adsorbed on the platinum surface [20, 101], however, later many groups
re-assigned this band to the stretch vibration of the adsorbed CN™ on the platinum surface, which is
produced by the catalytic decomposition at the platinum surface [29, 102, 103]. In homodyne VSFG
studies, the broad 2150 cm™ band has also been observed when the system contains CN™ ions in
solution [102] or a hot platinum electrode was immersed in an acetonitrile solution [103]. Therefore,
we assign this band to the adsorbed CN™. We note that no CH band is observed in the negative
potential region where this 2150 cm™ band is observed (e.g., -0.8 V). This implies that the relevant
chemical species has a CN moiety but not a CH group, being consistent with this assignment.

It is noteworthy that the 2150 cm™ band was not observed in the previous VSFG study of

acetonitrile/platinum interface by Baldelli et al. [49]. Gu et al. proposed that CN™ is produced at a
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roughed platinum electrode at negative potentials but not at a smooth Pt(111) surface [29, 104].
Because Baldelli et al. used a single crystal whereas the evaporated thin platinum film was used in
this study, the lack of the 2150 cm™ band in the spectra reported by Baldelli et al. is highly likely
attributable to the difference in the roughness of the platinum electrode used in the experiment.
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Fig. 4.6. The Imy®, Rey*® and [?)| spectra of the acetonitrile/platinum interface with 0.1 M
LiCF3SOg; electrolyte in the CN stretch region. Red curve, black curve and blue broken curve are
Im4?, Rey® and [4?)|, respectively. The electrode potential with respect to Ag/Ag” is shown on top
of each spectrum. The || spectra were calculated from the and spectra.
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4.6 HD-VSFG spectra without electrolyte

Intuitively, it is considered that acetonitrile prefers the CHz-up & CN-down orientation at the
acetonitrile/platinum electrode at positive potentials due to attractive electrostatic interaction
between the lone-pair electron on nitrogen and the positively charged electrode [49]. However, the
present HD-VSFG experiments clearly indicate that acetonitrile has the opposite orientation at the
interface at the positive potentials, i.e., the CHs-down and CN-up. In order to explain this
counter-intuitive orientation of acetonitrile at the positive potentials, the possibility is considered that
the anion is adsorbed on the platinum electrode and that this anion interacts with acetonitrile at the
vicinity of the interface. In other words, | hypothesize that CHs-down and CN-up orientation of
acetonitrile is induced by the repulsive interaction between the lone-pair electron on nitrogen and
negative charge of anions.

To verify the hypothesis mentioned above, Im;fz) spectra of a pure acetonitrile/platinum
interface was measured without the electrolyte to investigate the influence of anion to the orientation
of acetonitrile. Fig. 4.7a shows the Im#® spectrum in the CN stretch region at the pure
acetonitrile/platinum interface in the open circuit condition. While a broad negative band (because of
the adsorbed CN") is observed at 2200 cm™, any positive band assignable to the acetonitrile is hardly
observed at 2245 cm™. This observation is consistent with the Im#® spectrum in the CH stretch
region shown in Fig. 4.7b, which does not show any clear peak at 2940 cm™ owing to the CHj stretch
of acetonitrile. These results indicate that free acetonitrile at the pure acetonitrile/platinum interface
without ions is not preferentially oriented either CHs-up or CHs-down, suggesting an essential role of

the anion to induce CH3-down orientation of acetonitrile observed with electrolyte.
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84



4.7 VSFG spectra of CF3SO3™ anion

In order to directly prove the presence of the anion on the electrode and clarify its
potential-dependent adsorption, VVSFG spectra in 950 — 1200 cm™ region was measured where the
CF3 and SOj3™ vibration of CF3SO3 anion appears. The experiments were done by conventional
homodyne VSFG, not by HD-VSFG, because quartz cannot be used as the reference in this low
frequency region due to the vibrational resonances of quartz itself. Nevertheless, the VSFG spectra
obtained with homodyne detection are normalized by an air/gold spectrum to correct the effect of the
intensity distribution of the wr spectra. Although this normalization does not take account of the
absorption of the CF3SO3™ anion, the effect is not large in the present experiment, as shown in Fig.
4.8. These spectra show two strong vibrational resonances at 1070 cm™ and 1170 cm™ coming from
the vibrational resonance of quartz itself, which prevents us to use quartz as the reference for the
phase and amplitude calibration in this frequency region. The intensity ratio of these spectra is shown
in Fig. 4.8b. Although a peak-like feature is recognized at around 1150 cm™, this feature is an artifact
due to an incomplete normalization between the very small signals in the raw spectra in this region.
Except for this, the intensity ratio is almost featureless and, in particular, no spectral feature is
recognized at 1040 cm™ where the absorption owing to SO stretch might appear. This indicates that
the absorption by the CF3SO3™ anion in the solution layer does not affect the VSFG spectra in this
frequency region significantly.

Fig. 4.9 shows the obtained |;3(2)|2 spectra at the acetonitrile/platinum interface with 0.1 M
LiCF3SOs electrolyte. Black broken curves are the fitted curves obtained with the square of Lorentz
function. The detail of the fitting analysis is described in the later section. At the potentials more
positive than 0.4 V, a clear band is observed at 1040 cm™, and its intensity increases as the electrode
potential becomes more positive. Based on the frequency, this band is assignable to the SOz
symmetric stretch mode of CF3SO3™ anion [105-107]. The appearance of this 1040 cm™ band directly
proves the adsorption of the CF3;SO3;™ anion on the electrode at positive potentials. The spectra also
indicate that the anion desorbs from the electrode at the negative potentials. Qualitatively, the
potential dependence of the intensity of the SO3~ symmetric band appears similar to that of the CH3
symmetric and CN stretch bands of acetonitrile (Fig. 4.3 and Fig. 4.6). It is noted that CF3SO3™ anion
is expected to also show the CF anti-symmetric stretch band at around 1160 cm™ [105-107] but it is
not recognized in the [#'?]® spectra. It is probably due to the weak Raman activity of this vibration.
Fig. 4.10 shows the IR and Raman spectra of 0.1 M LiCF3SO3 acetonitrile solution in SO3~
symmetric stretch region. Hence, the 1040 cm™ band is focused in the following discussion about the

structure of acetonitrile/platinum interface with 0.1 M LiCF3;SOs electrolyte.
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4.8 Structure of the acetonitrile/platinum interface

By gathering information obtained in the present study, the structure of the acetonitrile/platinum
interface with 0.1 M LiCF3;SOg electrolyte can be discussed. First, | performed the fitting analysis as
follows.

An Im#? spectrum contains vibrationally non-resonant and vibrationally resonant contributions
and is given by equation (3.4). Equation (3.4) is used for the fitting of Im#® spectra in the CH
stretch region.

In case that inhomogeneous broadening of a resonant band is significant, a Gaussian distribution
of the resonant mode needs to be considered. In the CN stretch region, a very broad negative band
owing to CN™ is observed, which is obviously broadened because of the inhomogeneity. For
performing fitting of this band, a Lorentz function is replaced with a Gaussian function, and equation
(3.4) is represented in the following general form.

A,
Imy® = Imy X + L =+ z Bye~(@p=@R)*/2rp
q ((l)q - (l)IR)Z + Fq

(4.3)

Here, By and x represent the amplitude and width of Gaussian function, respectively, for an
inhomogeneously broadened p-th vibrational mode. Equation (4.3) was used for the fitting of Im ;®
spectra in the CN stretch region, using two Lorentz functions (for two CN stretch bands of
acetonitrile) and one negative Gaussian function (for the CN™ band).

The homodyne-detected VVSFG spectra, which correspond to [} spectra, are represented by
equation (4.4).

2
@)z 4 Aq

2
7 (wq — wr)? + Fq
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(4.4)

Here, note again that #®g is a complex number y®y\r = Re #Pxr + Im #®\r. Equation (4.4) is used
for the fitting of the SO3™ stretch band measured with homodyne-detected VSG spectra.

Fig. 4.11 compares the amplitudes of the CH3 symmetric stretch, CN stretch (at 2245 cm™),
CN stretch and SO3~ symmetric stretch bands observed at different electrode potentials, which were
obtained by the fitting analysis. As clearly seen, the amplitude of the CH3, SO3~, and CN bands
increase as the electrode potential becomes more positive, in a manner similar to each other. This
indicates that the amplitude of the vibrational bands of acetonitrile and the anion are strongly
correlated. In contrast, the potential dependence of the broad negative CN™ band is clearly different
from those of other bands, confirming that this band arises from a species different from free
acetonitrile. Moreover, the signal due to CN™ decreases in accordance with the increase of the signals
coming from the CF3SO3™ anion and acetonitrile, implying that the interface structure changes with
the change of the potential applied to the platinum electrode.

Based on the above potential dependence of different interfacial species, the structure at the
acetonitrile/platinum interface with LiICF3SO; electrolyte is proposed as illustrated in Fig. 4.12. At
the negative potential, the interface does not have any distinct structure except that a small amount of
acetonitrile is decomposed to the CN™ anion on defect sites of the electrode and is adsorbed on the
electrode [29]. The acetonitrile molecules in the vicinity of the electrode exhibit no preferential
orientation. On the other hand, at the positive potentials, the platinum electrode surface is covered by
the CF3SOj3™ anions, repelling the CN™ anion. The adsorbed CF3SO3™ anions interact with acetonitrile
molecules and make them oriented with their CH3 group pointing toward the anions on the electrode.
Consequently, acetonitrile has net CHs-down and CN-up orientation in the vicinity of the platinum
electrode. It is not clear that why the acetonitrile does not show any net orientation at the interface at
the negative potentials at the moment. One possibility is that because the charge of the electrode
surface is well-delocalized and uniformly distributed, the charge density may not be high enough to
induce a particular orientation of acetonitrile with a detectable magnitude. It might also be possible
that the solvated cation in the vicinity of the electrode disturbs solvent orientation at the negative
potentials.

Lastly, 1 mention the importance of complementary theoretical study to obtain a complete
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molecular-level picture of the electrolyte/electrode interface. For the air/water interfaces, in fact, it
has been shown that combination of HD-VSFG spectroscopy and MD-simulation is indispensable for
elucidating the interface structure at the molecular level [109, 110]. For the acetonitrile/platinum
interface investigated in this study, for example, the orientation of CN™ cannot be determined only
from the experimental Imz'® because the hyperpolarizability of cyanide is not known. DFT
calculation of the system including the transition metal electrode is required for obtaining reliable

hyperpolarizability of CN™ for discussing the orientation of the adsorbed CN™.

—&— CH; band
—A— CN band x 0.5 —- SO; band

—-CN x12.7

(3un "qle) OSy

ACH3’ ACN and BCN_ (al‘b. Unlt)

T T T T J T
-0.5 0.0 0.5 1.0 1.5 2.0

Potential (V vs Ag/Ag+)

Fig. 4.11. Electrode potential dependence of the amplitudes of the CH3 stretch (red circle), the CN

stretch (green triangle) bands of free acetonitrile, the CN™ (purple diamond) and SO3;~ (blue square)
bands in the spectra of acetonitrile/platinum interface with 0.1 M LiCF3SO3 electrolyte. The data
points are averages of two negative-going scans from 2.0 V to -0.8 V. The error bars indicate the
variations between the two experiments at each potential.
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4.9 Conclusion of chapter 4

HD-VSFG measurements at an electrolyte/electrode interface are realized by employing the
in-situ reference method, and succeeded in the observation of the potential-dependent orientation of
the interfacial molecule at the electrode for the first time. Electrochemical HD-VSFG measurements
at the acetonitrile/platinum interface with 0.1 M LiCF3SOj; electrolyte revealed that the acetonitrile is
pointing their CH3 group toward the positively charged electrode. Because the signal intensity due to
this oriented acetonitrile is well correlated with that of the CF3;SO3™ anion adsorbed at the interface, it
is proposed that this CH3s-down orientation of the interfacial acetonitrile is induced by the anion
adsorption on the electrode surface. The present study suggests that the essential role of the anion
adsorption for determining the property of solvent molecules at the electrode interface. This work
demonstrates that HD-VSFG spectroscopy is a very powerful method also for elucidating the
structure at electrolyte/electrode interfaces at the molecular level.
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5. HD-VSFG measurement of super-concentrated electrolyte/platinum interfaces

5.1. Introduction of super-concentrated electrolyte

Rechargeable batteries have played more and more important roles in modern lives. Various
rechargeable batteries such as lead acid battery, nickel-hydrogen battery, lithium-ion battery (LIB)
have been developed and used for versatile purposes, such as vehicles, laptop computers,
smart-phones and so on. Especially, LIB has drastically contributed to the society owing to its high
voltage. The voltage of LIB is in fact high enough to decompose its own solvent. Nevertheless,
stable operation of LIB is realized because of the formation of so-called solid electrolyte interphase
(SEI): Ethylene carbonate (EC), which is a solvent of LIB, reductively decomposes at the first
charging process and the decomposition product covers the surface of the carbon electrode [3, 111].
Because lithium ions can pass through the SEI while the solvent EC molecules cannot, the
continuous decomposition of solvent molecules are inhibited by the presence of the SEI, which
enables reversible intercalation of lithium ions at the carbon electrode. Thus, controlling unwanted
side reactions other than a battery reaction is essential for the stable operation of high voltage
rechargeable batteries.

Because of the increasing demand for high performance batteries, next-generation batteries have
been under development in order to achieve higher voltage and energy density than LIB. As in the
case of LIB, it is essential to control unwanted solvent decomposition for developing high voltage
batteries. A lot of worldwide efforts have been made for developing an electrolyte solution that can
be used for novel electrode active materials. Recently, super-concentrated electrolyte solution has
attracted much attention as one of the general strategies to design new electrolyte solution for a high
voltage battery as described in detail below.

In general, acetonitrile is reductively decomposed easily when in contact with metal lithium.
However, it has been reported that acetonitrile becomes stable even in contact with metal lithium
when it dissolves saturate amount of LiN(CF3SO,), (LITFSA) electrolyte [112]. The mechanism of
the high stability of acetonitrile has been discussed based on spectroscopic measurements in bulk
phase and DFT-MD calculations as follows: Increasing the salt concentration enhances interactions
between cations and anions and/or solvents, leading to the depletion of free solvents, which do not
solvate cations. This results in the increase of the number of contact ion pairs (CIPs) and aggregates
(AGGS) between the lithium cation and TFSA anion in super-concentrated electrolyte, which induces
the down-shift of the lowest unoccupied molecular orbital (LUMO) level of anion, making it lower
than the LUMO level of solvents. As a result, the reductive decomposition of the anions takes place

prior to the solvent decomposition [112, 113]. Because the decomposition product of anions at the
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electrode surface is insoluble in acetonitrile solution and forms a SEl-like layer at the electrode
surface, it protects the electrolyte and solvent from the further decomposition.

Several works have followed the above-mentioned pioneering work and found that the
stabilization of solvent in super-concentrated electrolytes is not specific to the combination of
acetonitrile and LiTFSA but is rather general [114, 115]. Hence the use of super-concentrated
electrolytes becomes the new standard strategy to design new electrolyte solutions for
next-generation batteries. However, to my best knowledge, there has been no report about in-situ
observation of the structure of super-concentrated electrolyte/electrode interfaces and the formation
of the anion-decomposition layer.

In this study, HD-VSFG spectroscopy was applied to a 0.1 M and a 4.2 M LiTFSA acetonitrile
solution/platinum interface in order to clarify the origin of solvent stability in super-concentrated
electrolytes. In previous reports, it has been reported that acetonitrile decomposes by a reductive
reaction and CN™ is produced [116, 117]. In addition, our previous study showed that CN™ is formed
on a platinum electrode by a catalytic decomposition of acetonitrile. Thus, reactivity of acetonitrile
can be clearly probed by monitoring the CN™ band at the electrode. In the present study, the
vibrational band assigned to the CN™ as well as free acetonitrile is observed at a platinum electrode in
the diluted electrolyte system. On the other hand, in the concentrated electrolyte system, those bands
disappear while the band associated with the decomposition product of TFSA™ anions as well as
solvating acetonitrile (i.e., acetonitrile solvating a lithium cation) is observed. These in-situ
observations clearly indicate that acetonitrile decomposes in the diluted electrolyte solution while
TFSA™ anion decomposes in the concentrated electrolyte solution. An additional ex-situ
measurement reveals that the TFSA-decomposition product on the electrode is insoluble in
acetonitrile, supporting the formation of SEI-like protection layer on the electrode. Our observations
support the mechanism previously proposed based on ex-situ analysis and DFT-MD calculation.

5.2. Spectra in diluted condition

5.2.1 Interface structure of 0.1 M LiTFSA electrolyte system before applying negative potentials

Fig. 5.1 shows the Imy ) spectra and VSFG spectrum of the acetonitrile/platinum interface
with 0.1 M LiTFSA electrolyte before applying negative potentials and the corresponding IR spectra.
Fig. 5.1a and Fig. 5.1b are in the CH stretch region and CN stretch region, respectively. And Fig.
5.1c shows the VSFG spectrum in SO, and CFj3 stretch region. In the CH stretch region, the Imy @

spectrum shows a positive band at 2940 cm™, which is assigned to the CH3 symmetric stretch of free
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acetonitrile. In the CN stretch region, the positive band is clearly observed at 2250 cm™, which is
assigned to the CN stretch of free acetonitrile. The positive signs of the CN and CH bands
consistently indicate that the acetonitrile is in the CHs-down and CN-up orientation as mentioned in
chapter 4. Following the discussion in chapter 4, it can be considered that CHs-down, CN-up
orientation is induced by TFSA™ anion adsorption. However, the corresponding VSFG spectra in the
SO, and CFj stretch region (Fig 5.1c) shows no clear feature. Therefore, it may be considered that
TFSA™ anion is adsorbed at the electrode interface but has no preferential up/down orientation. The
CN™ band which might appear around 2100 cm™ as observed in chapter 4 with 0.1 M LiCF3SOs is
not observed in the present experimental condition. The absence of the CN™ band can be explained
by the preferential adsorption of TFSA™ anion on the electrode which prevents the CN™ adsorption.
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Fig. 5.1. Im;fz) spectra and IR spectra of acetonitrile/platinum with 0.1 M LiTFSA electrolyte before
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5.2.2 Interface structure of 0.1 M LiTFSA electrolyte system with applying negative potentials

After measuring the initial state of the electrode at 0.4 V shown in the previous section, the
electrode potential was scanned between 0.4 V and -2.8 V. The Imy © spectra change drastically
during the first cycle of the potential scan, but the potential at which the changes take place is not
reproducible. Because such irreproducible behavior is not seen in the second cycle of the scan, in the
following results and discussion, | focus on the second scan data. Fig. 5.2 shows the Imy ® spectra
and VSFG spectrum of the acetonitrile/platinum interface with 0.1 M LiTFSA electrolyte at the
potential region between -2.8 V and 0.4 V with a 0.4 V potential increment. The data shown in Fig
5.2 are the spectra measured in the positive going potential scan in the second cycle.

Fig. 5.2a shows the Imy @ spectra of the acetonitrile/platinum interface in the CH stretch region
in the second positive-going scan. The negative band is observed around 2940 cm™ and the band
keeps the negative sign during the scan. As discussed previously, the negative band indicates the
CHs-up orientation which is different from that observed initially at 0.4 \V before the potential scan.
This suggests that some change associated with acetonitrile takes place during the first potential
scan.

Fig. 5.2b shows the Imy @ spectra of the acetonitrile/platinum interface in the CN stretch region.
The band which is assigned to the CN stretch of free acetonitrile is still observed. The sign of this
band is positive and the amplitude is similar to that observed before the potential scan and almost
constant in the whole potential region. This result suggests that the CN-up acetonitrile exists
continuously even at the very negative potential (-2.8 V).

A new band is observed in the frequency region between 2000 — 2100 cm™ which is not
observed in the corresponding bulk IR spectrum (Fig. 5.1b), and the peak frequency varies
depending on the electrode potential. The peak frequency and peak shift are similar to that observed
in a prior SERS study [29]. Following the SERS study, this band is assignable to the CN™ adsorbed
on the electrode [29] and the frequency shift is attributable to an electrochemical Stark effect
[118-120] combined with a charge transfer [29]. The observation of the CN™ band is the
manifestation of the acetonitrile decomposition in the 0.1 M LiTFSA solution.

Combining the result in the CH region (negative CH band: CH3-up orientation) with that in the
CN region (positive CN band: CN-up orientation), there must be a species that gives rise to a
negative CH band (CHs-up) but not to a negative CN band. To satisfy this condition, 77 species is
considered, whose CN axis is parallel to the electrode surface while CH3 group is pointing up [104,
121-123]. Such species does not contribute to the CN band but only to the negative CH band because

the CN stretch parallel to the surface is SFG inactive. It has been proposed that 7? species is the
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reaction intermediate of acetonitrile decomposition [122, 123]. The observation of the negative CH
band suggests that the product of the number density, orientation distribution function and
hyperpolarizability of 7 species is larger than that of the free acetonitrile. Among these factors,
number density of 7 species cannot exceed that of free acetonitrile, as it is limited by the surface
area of the electrode. In contrast, the latter two factors may be larger for 77 species: The orientation
distribution function of 7* species may be higher than that of free acetonitrile because it is tightly
bound on the electrode with a particular tilt angle. The hyperpolarizability of 7* species may be
enhanced by interacting with the electrode. Thus, it is possible that the negative CH band of 7
species overwhelm the positive CH band of free acetonitrile, although at the moment it is difficult to
identify the reason for the appearance of 7” species in Imy ® spectra. The negative sign in the whole
potential region suggests that once 77 species is formed, it remains on the electrode in the present
potential region.

Fig. 5.2c shows VSFG spectra of the acetonitrile/platinum interface with 0.1 M LIiTFSA
electrolyte in the SO, and CFj3 stretch region at each electrode potential. During the potential scan, no
specific feature is observed (the bulk IR absorption is shown in Fig.5.1c). This result indicates that
TFSA™ is not in the very vicinity of the electrode or TFSA™ has no preferential up/down orientation
even after the potential scan. The former picture is more likely because the 7? species and CN™ are
adsorbed at the electrode surface as observed in the CH and CN stretch regions.

From the above results, the structure of acetonitrile/platinum with 0.1 M LiTFSA electrolyte can
be discussed. The schematic drawing of the proposed interface structure is shown in Fig. 5.3. The
negative CH band is assignable to the 7” species, which is an intermediate species of acetonitrile
decomposition. The positive CN band is due to free acetonitrile which takes the CN-up orientation.
The positive CH band due to the free acetonitrile (CHs-down orientation) is considered to be
overwhelmed by the negative CH signal from 77 species. The presence of the CN™ band clearly
indicates that CN™ is produced by the acetonitrile decomposition and the band shift depending on the
electrode potential is clear evidence that CN™ is chemisorbed. No significant feature in anion stretch
region indicates the TFSA™ is not in the vicinity of the electrode surface or the TFSA™ shows no
preferential orientation. Either way, the TFSA does not play an important role in the dilute

electrolyte solution.

99



04V

- ov
5 — -0.4V
: Y /
£ ”:/——\V;\N/;;\//\\”\W —_— 0.8V
Ek 4_MDJVWQ 1.2V
B
g MW — 16V
8-
o — 20V
- T T T T T
2750 2800 2850 2900 2950 3000 3050 —— 24V
IR wavenumber (cm ') — 2.8V
104
2 5
3
a
£ o-
&
-10_
T T T T T
2000 2050 2100 2150 2200 2250 2300
IR wavenumber (cm)
- 2.0 (C)
= MWWJ“‘WM
3
a 15-
E A\N\NMW‘N/J\/WWV\,
e
2 %\MJ\MWWWW
= _
0} 0.5 J\\\/\M,MMWWAAWM
LL
7] JMWIW\NW
_WMW\“W%——-
0.0 T T T T T

1000 1050 1100 1150 1200 1250 1300

IR wavenumber (cm-l)

Fig. 5.2. Im#® spectra of acetonitrile/platinum with 0.1 M LiTFSA electrolyte at each potential in (a)
the CH stretch region and (b) the CN stretch region. (c) VSFG spectra of acetonitrile/platinum with
0.1 M LIiTFSA electrolyte in the SO, and CF; stretch region. 0.2 Offsets are added in (c) for

comparison.

100



N
W N
G\oh (:‘y h N
1 _C C fC
') H™j \H | _C
H /C\ H / \H
1n” species i |l| i H CH
CH
- 3 - 3
N_C CN- CN- _C

Pt

Fig. 5.3. Interface structure of acetonitrile/platinum interfaces with 0.1 M LiTFSA electrolyte.

101



5.3. Spectra in super-concentrated condition

5.3.1 Interface structure of 4.2 M LiTFSA electrolyte system before applying negative potentials

Fig. 5.4 shows the Imy @ spectra and VSFG spectrum of the acetonitrile/platinum interface
with 4.2 M LiTFSA electrolyte before applying negative potentials, accompanied by the IR spectra
of the corresponding bulk solution. Fig. 5.4a and Fig. 5.4b are in the CH stretch and the CN stretch
regions, respectively. In the CH stretch region, the initial spectrum shows no clear feature, suggesting
a random orientation of acetonitrile. In the CN stretch region, the dispersive feature is observed
around 2275 cm™, which is assigned to the CN stretch of acetonitrile solvating a lithium cation. The
observation of the solvating acetonitrile but not the free acetonitrile suggests that solvating
acetonitrile is predominant even at the vicinity of the electrode surface when the bulk solution is
saturated. The reason why the 2275 cm™ band has dispersive shape is not clear yet. One possibility is
that the frequency of the CN stretch of the solvating acetonitrile is slightly perturbed in the vicinity
of the electrode and up-oriented CN and down-oriented CN bonds have slightly different frequencies.
In the concentrated solution, it is known that a part of solvating acetonitrile is replaced by the TFSA™
and contact ion pairs (CIPs) and/or aggregates (AGGs) are formed [112, 113, 124] in which the
anions solvate one or multiple lithium cations, respectively. By the replacement of acetonitrile, the
symmetry of the solvation shell becomes lower and the CN stretch mode of solvating acetonitrile
may be SFG active. Heterogeneous nature of CIPs and AGGs structure may allow the up-oriented
and down-oriented CN bonds to have slightly different frequency, giving rise to the dispersive CN
band. In the same configuration, however, the signals in the CHj; stretch region are considered to be
canceled more effectively because the frequency of the CH3 group is insensitive to the environment,
as seen in the bulk IR spectrum (Fig. 5.4a). To identify the reason, contributions of DFT calculation
and MD-simulation including ions, solvents, and metal electrodes are essential.

Fig. 5.4c shows VSFG spectra of the acetonitrile/platinum interface with 4.2 M LiTFSA
electrolyte in the SO, and CF; stretch region before applying negative potentials. No clear feature is
observed in the initial VSFG spectrum, indicating that TFSA™ anion has no preferential up/down

orientation.
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5.3.2 Interface structure of 4.2 M LiTFSA electrolyte system with applying negative potentials

Fig. 5.5 shows the Imy ) spectra and VVSG spectrum of the acetonitrile/platinum interface with
4.2 M LITFSA electrolyte at the potential ranged between -2.8 V and 0.4 V with a 0.4 V potential
increment.

Figs. 5.5a and 5.5b show the Imy @ spectra of the acetonitrile/platinum interface in the CH and
CN stretch regions. In both of these frequency regions, Imy @ spectra do not show any significant
change independent of the applied potentials except for the shift of the non-resonant background,
indicating that the solvating acetonitrile structure does not change with the electrode potential. Most
importantly, unlike the dilute system, any feature associated with 7* species or CN™ is not observed
in the 4.2 M LiTFSA solution. This result clearly shows that the acetonitrile does not decompose in
super-concentrated electrolyte, being consistent with the previous report [112]. Below, | discuss the
reason why acetonitrile is stable even at the very negative potential in 4.2 M LiTFSA electrolyte
solution.

Fig. 5.5¢c shows VSFG spectra of the acetonitrile/platinum interface with 4.2 M LIiTFSA
electrolyte in the SO, and CF;3 stretch region at each electrode potential. The strong band is observed
at 1160 cm™ in the whole potential region. Compared with the corresponding IR spectrum shown in
Fig. 5.4c, it is clear that the observed peak frequency is different from that of the bulk IR absorption.
This suggests that a new species is produced at the electrode, which is considered to be the
decomposition product formed on the electrode.

The previous reports have suggested that the TFSA™ anion decomposes prior to acetonitrile and
the TFSA-decomposition product forms an insoluble layer [112]. This decomposition is induced by
the down-shift of the LOMO energy level of TFSA™ anion as mentioned in section 5.1 [113]. In the
previous report, the ex-situ X-ray photoelectron spectroscopy clearly showed that the abundance of
oxygen, fluorine, sulfur and nitrogen elements increased after electrochemical charge and discharge
processes [112]. Therefore, it was considered that the insoluble TFSA-decomposition product was
piled up on the electrode surface and forms a decomposition-product layer. The
TFSA-decomposition layer inhibits the acetonitrile and TFSA from direct attaching to the electrode
and further reductive decomposition.

To confirm our assignment of the new band, ex-situ VSFG measurement, i.e., a measurement of
air/platinum interface is performed after the electrochemical measurements. Fig. 5.6 shows the
VSFG spectra of the air/platinum before/after the in-situ measurements. The VSFG spectra of the
acetonitrile/platinum interfaces measured in-situ at 0.4 V is also shown by the red curve. The black

curve in Fig. 5.6 shows the VSFG spectra of the air/platinum interface before the electrochemical
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measurement. It is clear that no band is observed before the electrochemical measurements. After the
electrochemical measurement, the sample substrate was washed by acetonitrile and acetone, then
dried in an oven for one day. And, VSFG spectrum of the air/platinum interface was measured as
shown by the blue curve. A strong peak is observed around 1150 cm™ in the VSFG spectrum of the
air/platinum interface. This result strongly supports that some species that is insoluble in acetonitrile
is formed on the electrode. The peak frequency in the air/platinum spectrum is slightly different from
that in the in-situ spectrum but this can be attributed to the difference in the measurement
environment between in air and in acetonitrile. Thus, it is reasonable to assign the new band to the
TFSA-decomposition product layer. To my best knowledge, this is the first time to observe the
decomposition layer in-situ.

Now, the interface structure of acetonitrile/platinum interfaces with 4.2 M LiTFSA electrolyte
can be discussed. The schematic drawing of the proposed interface structure is shown in Fig. 5.7.
The observation of the new band at 1160 cm™ combined with the absence of the CN™ band and 7
species band strongly suggests that the electrode interface is covered by the TFSA-decomposition
layer and that the decomposition of acetonitrile is inhibited. It is considered that
TFSA-decomposition layer on the platinum electrode protects acetonitrile from reductive
decomposition. No significant change was observed for the solvation structure of acetonitrile in the

concentrated solution.
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5.4. Conclusion of chapter 5

HD-VSFG spectroscopy was applied to acetonitrile/platinum interfaces with 0.1 M and 4.2 M
LiTFSA electrolyte. HD-VSFG measurements in the dilute 0.1 M LIiTFSA solution revealed that
acetonitrile decomposes and CN™ is produced. The CN™ band shows frequency shift depending on
the electrode potential, suggesting the chemisorption of CN™. Moreover, the presence of 7* species is
indicated by the negative band in the CH region. On the other hand, in the concentrated 4.2 M
LiTFSA solution, no band associated with CN™ or 7% species is observed, indicating that acetonitrile
does not decompose in the 4.2 M LiTFSA solution. The new band in the SO, and CF; stretch region
is observed in the VSFG spectra. The resonance frequency is different from the bulk IR absorption,
suggesting the formation of new product on the electrode surface. The formation of
TFSA-decomposition layer is observed in-situ for the first time in the present study. The air/platinum
measurement after the electrochemical HD-VSFG measurements clearly shows that the band is still
observed after washing the sample substrate. This result supports the insoluble layer is formed on the

electrode surface.
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6. Summary and Future perspectives

6.1. Summary of the thesis

In this thesis study, electrochemical HD-VSFG spectroscopy has been realized by developing
the in-situ reference method and this advanced technique was applied to prototypical
electrolyte/electrode interfaces and revealed potential-dependent structure of those interfaces.

Previous VSFG studies on electrolyte/electrode interfaces have been done by homodyne
detection. Thus the orientation of interfacial molecules was discussed only by theoretical calculation
and/or intuition based on simple electrostatic interaction [49]. This is because the phase information
is lost in the homodyne-detected VSFG spectra. Although HD-VSFG spectroscopy which provides
the phase information has been utilized for the study of simple interfaces such as air/water,
silica/water, etc., it was not applied to electrolyte/electrode interfaces due to the lack of the phase
reference available in the electrochemical condition. As described in chapter 3, the in-situ reference
method, in which a metal film electrode is deposited on the half of the surface of quartz substrate, is
essential to realize the electrochemical HD-VSFG measurements. The validation of the in-situ
reference method was examined by measuring the ODT SAM on the platinum electrode, which has
CHs-up orientation in the terminal methyl group, in air and water. The measurements clearly showed
that the spectral features do not change noticeably both in air and water. Therefore, it is validated that
the in-situ reference method can calibrate the phase and amplitude of the SF signal even at the
liquid/solid interfaces.

Employing the developed in-situ reference method, HD-VSFG spectroscopy was applied to an
acetonitrile/platinum with 0.1 M LiCF3SOs3, a prototypical electrochemical interface. This is the first
time to realize the electrochemical HD-VSFG measurement for real electrochemical interfaces with
phase and amplitude calibration. In the obtained Im 4 spectra, the positive bands are observed both
in the CH stretch region and the CN stretch region at the positive potential. With going to more
negative potential, the peak amplitude decreases, suggesting the orientation of acetonitrile changes
with the electrode potential. The positive bands indicate that acetonitrile is in CHz-down and CN-up
orientation, which is opposite to the previous interpretation by a conventional VSFG study [49]. The
reason of CH3z-down and CN-up orientation of acetonitrile is considered due to anion adsorption
because of the following reasons. Homodyne VSFG spectra in 1000 — 1200 cm™ region, where
quartz reference cannot be used as a reference due to its own vibrational resonance, clearly exhibit
the SO;~ band at the positive potential. Moreover, the trend of potential dependence of the peak

amplitude is very similar to each other for the CH3;, CN and SOz bands. These results suggest that
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anion adsorption induces the CHs-down and CN-up orientation of acetonitrile. Such a
molecular-level picture at the electrolyte/electrode interface was obtained for the first time in the
present study by the use of HD-VSFG spectroscopy with the in-situ reference method.

HD-VSFG spectroscopy was also applied to a super-concentrated electrolyte/platinum interface
with LITFSA salt and an acetonitrile solvent. In 0.1 M LiTFSA condition, The Im;((z) spectra show
that free acetonitrile, 7 species and CN™ exist in the vicinity of the platinum electrode. As 7 species
and CN™ are considered to be reaction intermediates in acetonitrile decomposition, the observations
of these species clearly indicate that the acetonitrile molecule decomposes in 0.1 M LIiTFSA
condition. On the other hand, in 4.2 M LiTFSA condition, no peak associated with 7 species or
CN™ is observed in all potential region studied. This clearly indicates that the acetonitrile does not
decompose in 4.2 M LIiTFSA condition. Instead, a new band is observed in the VSFG spectra in the
anion stretch frequency region, indicating the formation of a TFSA-decomposition layer on the
electrode surface. The ex-situ air/platinum measurement after electrochemical HD-VSFG
measurements clearly shows that the band is still observed after washing the sample substrate. This
result implies that an insoluble layer is formed on the electrode surface. These result support the
hypothesis that the TFSA-decomposition layer protects acetonitrile from reductive decomposition at
the negative potential. A clear picture of formation of TFSA-decomposition layer is obtained with

in-situ observation for the first time in the present study.

6.2. Future perspectives

Electrochemical HD-VSFG spectroscopy enables in-situ observation of structure of
electrolyte/electrode interfaces as described in this thesis. Most of the mechanism of electrochemical
reactions has still been veiled, and thus electrochemical HD-VSFG spectroscopy is expected to play
very important roles for revealing such electrochemical reactions. For example, even the detail of
lithium intercalation reaction in the current LIB has not been fully understood. Application of
electrochemical HD-VSFG spectroscopy to actual LIB system can provide us with new knowledge
about the working mechanism of the LIB. Of course, there are other electrolyte/electrode interfaces
for which electrochemical HD-VSFG spectroscopy will be useful such as solid electrolyte,
photocatalytic electrode, and biological electrode interfaces.

In the present thesis study, the behavior of ions could be discussed only by using the
conventional VSFG spectroscopy. Therefore, the orientation of ions cannot be determined. However,
orientation of ions is very interesting and important for clarifying more detailed interface structure of

electrolyte/electrode interfaces. In order to realize the electrochemical HD-VSFG measurement in the
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low frequency region (~ 1000 cm™), a new reference material other than quartz need to be found.
Once we find a suitable new reference material, the electrochemical HD-VSFG measurement in the
low frequency region will be soon realized.

A prototypical electrochemical reaction was also studied in this thesis. However, in the present
study, only reactivity of acetonitrile was discussed. For the further understanding of the mechanism
of electrochemical reactions, dynamics study is essential. To achieve this goal, the pump-probe
measurement is one of the most promising methods. Free electrons of the metal electrode can be
excited by UV-pump, and thus pump-probe electrochemical HD-VSFG spectroscopy will reveal the
dynamics of reductive electrochemical reactions. Such dynamical information will be utilized for
understanding the important chemical reactions such as reductive reactions on the photocatalytic
electrodes.

The history of electrochemistry is long, and batteries are now indispensable for modern society.
However, the structure and molecular mechanisms of electrochemical reactions at
electrolyte/electrode interfaces have not been well elucidated although a lot of efforts have been
made to study electrolyte/electrode interfaces. | hope the present study has contributed to open a new
way to elucidate the molecular details of the electrolyte/electrode interfaces.
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ABDPREODOIFFNEOT, RO SFEMPBIEAY L LTWET, EFITENC
EL EFL WD W ENEAHDE LN, IBRVIRSTHADLEH-EWV ) RIICBEE -T2
BEMTL, EEMARED L T IHERKICKA T, MEIRRICHERZL, o022 REL< L
22 EIFA VIR L TAL EB W72 Z2 &2 Lz E B 1300 T, ELLERE E TlEX
FHTOMEIZIERF L T2 &b H 0 BT W T, Lavh ., L0 EME ek
MR Lo REICET DT —<ICH Y fHie 2 LI o T2 BITII IR L EORZE N H D £ L
72 EBREAMOBFZILBAADZ & 4 F TIELS Bbo T - R LB LT
Ok, BN WEEETOaIa=r—a Rl FOBITNIER SV 2
HOEL, Lo TUIFNL L BWEWHTY,

AL AT B W T 28 L T P& o - HIE  KFE FEFZEEIZIT R
BHLTEY 9, AE RIS T 2L Z MG L TV ABRIC, HIREEIERIT
RS RERFZ TALTLIL, RTHLTOFATH TR HIFEN LTV 68
DR TLNEE L TLESIWVWE Lz, ZOFENRITITELFAZEAT CH5E 2 L XL 9
ERBETHZEEF oo b nnERA, FRCIFBAWEELH Y E LR, 20 3 4F
MCRELKETCELZDIIHBEETMEEEOLE T T, bR E S T nET,

R TERFPTOREBHAE LG EZT TS o RE B BURICIIAYIZEN L
DO EE A, BPBEULTFHFEIT TR ZIT O ICHTo» T, RFETOREBHEZ E ST L5700
W) REIZOWTHRR L7ZBRIC, BE OBFFEE THIEZAT 5 DT TIERWICHEb LT, 45
BHAEZGEZITTHORWVWEE ST ESWE Lo, RKELRAEDEDTRS M3 725 T b
WP TR AT O Z LT WERATL, UL S TSVWET,

FEEROMZEIER 2 FRE L T2 AN Bl SRR RIIHIIEIC T Dm0 O
LOWHNZE D £ THA 251 TRMEEICZR D £ L0, EE, BEREDbRWERS Z i
ZxHOELTEN, RAENZIZETOoTINELE, HURLESTINET,

L3 HE BEMFEEIIS —T 4 VT TOEMN O BREREOMRICE D T, HEx
HCRMERICR D E L, AHSADOEMIIAONEZEZE S TNl ETHDHZ &N
ZEAETHY, BEHODWMRIZOWTEZDLBEORWEoNTFERDVELE, HONES T
SWET,

AR Ot MFREIFRD BT TR T 2 72 D123 £ ) T vk LA T
5 EEIT, RSHRICESTLEEINWE L, BREISAICHRIZE S TN TnRno
=B, WLKATROE EFEYLFEMIEHT TR 21T 5 Z L idMblehofehb LvER A, &
DmEH T NET,

Bem e ROFEREOFMHAR L, FRAED TS ETHERSEHZ TEIZHH L
TLIEEWVWE L, HORED TSNET,
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SV ET,
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