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Abstract

Identifying and controlling the structure of the interface play an important role

in heterogeneous catalysis, corrosion protection, mircoelectronics, electrochemistry

and trace-level detection. Surface enhanced Raman spectroscopy (SERS) and in-

elastic electron tunnelling scattering (IETS) have been widely used in identifying

the molecular structure at the interface. Theoretical simulations combined with

experimental observations are usually employed to identify the interfacial structure

at atomic level. In this thesis, we focus on the structural identification using the

first principle calculations. In addition, some properties of the interface, such as the

stability of the adsorbates and charge transfer properties of molecular junctions,

are investigated.

The first part of the thesis addresses the basic theory of SERS and IETS that

offer the vibrational information of the structure. Then using cluster model, the

system of trans-1,2-bis (4-pyridyl) ethylene adsorbed on gold surface and trapped

in gold junctions are studied. The preferable configurations of the interface is

achieved by reproducing the experimental Raman spectra. The underlying mecha-

nism of the chemical enhancement in the SERS is analyzed. We find that the total

enhancement is governed by the excitation energies and the relative intensity of

Raman spectra is controlled by the derivative of energy respect to normal mode.

In addition, the calculated IET spectra show more sensitivity than Raman spectra.

Moreover, a quasi-analytical method is developed to calculate the Raman spectra

for periodic boundary condition model based on density functional perturbation

theory and finite-difference method. The method is validated by reproducing the

experimental Raman spectra of 4,4′-bipyridine in various conditions.

The other part of the thesis is devoted to the study of the stability of the

adsorbates at interface. First we confirm the low thermal stability of a photo-

switchable molecular device that has been employed in experiment. By rational

substitutions, we design two other derivatives to enhance the thermal stability

of the molecular device. Our calculations on the transition state and the charge

transfer properties show that one of the derivatives presents good candidate for

higher stability and ON/OFF ratio. Second, we investigate a controversial system

in SERS, i.e., p-aminobenzenethiol (PATP) adsorbed on silver surface. By re-

producing the experimental SERS spectra, we confirm that the stability of PATP

decreas when adsorbed on silver surface and the coupling reaction of PATP oc-

curs. Further investigations reveal that the OH− play a crucial role in the coupling

reaction of PATP and the H3O
+ is important for the reverse reaction. Our study

has explained several puzzles for this system.
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Chapter 1

Introduction

Interfacial science focuses on chemical and physical phenomena that occur at

the boundary formed by two different phases, namely: solid-gas, solid-liquid and

liquid-gas interfaces.1 Interfacial science includes the subjects such as adsorption,

self-assembled monolayers, molecular electronics, surface plasma, trace-level detec-

tion, corrosion protection, heterogeneous catalysis and fuel cells. It plays a very

important role in both fundamental research and applied technology. During the

last 50 years, significant developments have been achieved in this field.2–4 Prof. G.

Ertl won the Noble prize of chemistry in 2007 for “his studies of chemical processes

on solid surfaces”.5

There are two kinds of solid related interfaces and we focus on the solid-gas

interface in this thesis. In such kind of interface, if molecules adsorb on only one

surface, the ordinary surfaces are formed (denoted as surface hereafter). On the

other hand, if more than one surfaces participate in the adsorption, the molecule

could adsorb on two or more surfaces. The geometries of molecule trapped in two

or more surfaces are called molecular junctions (denoted as junction hereafter).

Apparently, junctions are more complicated than surfaces.6–10 The proposal of

molecular junction is initially based on the idea of making electronic devices using

atoms or molecules.11 In the past 50 years, junctions are also widely used in surface

enhanced spectroscopy and catalytic reactions.

Adsorption is the most important aspect for surface and junction. First, it

directly determines the chemical and physical properties of the surface or junction,

which could be used for the trace-level detection, performance of the molecular

electronic and corrosion protection. Second, the subsequent chemical processes

happen on interfaces, such as reaction, diffusion and desorption are also determined

by the adsorption. Hence, the main issue of the thesis is to identify the adsorption

structure, in particular for molecules adsorbed on metallic surfaces or junctions.
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CHAPTER 1. INTRODUCTION

Then some related properties, such as the stability of adsorbates, charge transfer

properties of molecular devices and the surface enhanced Raman spectra were

studied.

1.1 Identification of Surface Structure

Many technologies have been developed to study the interface. According

to the mechanism, there are three kinds of technologies: photoelectron spec-

troscopy12–15, scanning probe microscope16–20, and vibrational spectroscopy21–30.

Among these technologies, vibrational spectroscopies are the most powerful tech-

nology to identify the surface structure due to their characterized vibrational “fin-

gerprints”.21 Here we briefly introduce the two vibrational spectra widely used in

in-situ experiments: Raman and inelastic tunnelling spectra.

The application of Raman spectroscopy in detecting the molecules or the sur-

face experiences a long and tortuous history. In 1923, Adolf Smekal theoretically

predicted the inelastic scattering of light.32 However, it was not experimentally

observed until 1928, which was called as Raman effect named after Sir. C. V. Ra-

man.33 In the experiment carried by Sir. C. V. Raman and K. S. Krishnan, the sun-

light firstly pass a filter to create monochromatic light.34 Then the monochromatic

light was through liquid sample, such as benzene, carbon tetrachloride, toluene,

pentane, ether, methyl alcohol and water, and the crossed filter was used to block

the incident monochromatic light. Finally, a small amount of light with changed

frequencies passed through the crossed filter. As shown in Figure 1.1, several new

bands appear. And the difference between the energy of the incident and scattering

photon were then employed to determine the molecular vibrational energy levels.

Compared with infrared adsorption spectroscopy, only one monochromatic light

is needed to obtain all molecular vibrational informations in Raman spectroscopy.

Hence, in the first 15 years after its discovery, Raman spectroscopy provides the

first catalog of the vibrational information. However, due to its weak intensity,

the sample needs to be highly concentrated (at least 1 M) and large volumes (at

least 5 mL). As a result, the dispersive infrared spectrometer emerged in 1940s and

the Fourier transform infrared spectroscopy was developed in 1950s, making the

application of Raman spectroscopy dwindled. The Raman spectroscopy revived in

1960s after the advent of the laser.

The advantages of Raman spectroscopy are summarized as following:

1. Raman scattering cross section of water and carbon dioxide molecules is

very small, so the environmental impact of the solution and ambient on the

2



1.1. IDENTIFICATION OF SURFACE STRUCTURE

Incident Light 435.83 nm

Rayleigh Stokes
Raman

anti-Stokes
Raman

(a)

(b)

Figure 1.1: (a) Spectrum of the incident light with the wavelength of 435.83 nm.

(b) Rayleigh and Raman spectra of liquid carbon tetrachloride. These spectra were

photographically recorded by Raman and Krishnan in 1929. Reproduced from Ref.

31. Copyright c⃝2016 The Royal Society.

spectroscopy could be eliminated.

2. Raman spectroscopy could cover large measuring range: 50-4000 cm−1.

3. Using resonance Raman spectroscopy, the Raman activity of some chro-

mophore part can be selectively enhanced (103-104 times).

3



CHAPTER 1. INTRODUCTION

A: 1974, Fleischmann et al.

E: 2010, Li et al.

B: 1997, Nie et al.

C: 2006, Tian et al.

D: 2000, Stöckle et al.

Figure 1.2: Schematic picture of the development of surface enhance Raman

scattering. Reprinted from Ref. 35, 36, 37 38, 39. Copyright c⃝1974 Elsevier,

c⃝1997 American Association for the Advancement of Science, c⃝2006 American

Chemical Society, c⃝2000 Elsevier, c⃝2010 Nature Publishing Group, respectively.
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1.1. IDENTIFICATION OF SURFACE STRUCTURE

Even though Raman spectra could provide abundant information about the

molecules, the weak signals limit its application in detection. In this case, the

surface enhanced Raman scattering (SERS) was developed. Figure 1.2 shows the

history of the SERS development. The first SERS spectrum was reported by Fleis-

chmann and co-workers in 1974.35 In 1977, Jeanmaire and Van Duyne carefully

examined the enhancement and proposed the concept of surface enhanced spec-

troscopy.40 They found that the roughness of noble metal surface plays the key

role for the huge enhancement of around 105-106.

The breakthrough in utilizing the huge field enhancement in SERS was made

in 1997, when Nie and Emory36 as well as Kneipp et al.41 first reported single

molecular surface enhanced Raman scattering (SMSERS).37,41–47 In these experi-

ments, the enhancement factor was estimated to be around 1014-1015. Such tremen-

dous enhancement can be more easily achieved in the so-called“hot-spots”, in which

its simplest configuration has been proven as metallic nanoparticle dimer.42 After

these brilliant experiments, understanding and controlling the “hot-spots” become

the center of SERS.

Naturally, the mechanically controllable break junction (MCBJ) method can

be considered in the field of SMSERS because it allows us to control the“hot-spots”

as our wish. For example, Tian et al. used MCBJ to sandwich 1,4-benzenedithiol

(BDT) molecule in gold junctions and measured the SERS spectra.37 During the

MCBJ experiment, the electrode distance can be altered, then the optimal SERS

can be obtained.

All above developments are designed to further enhance the Raman signal.

On the other hand, the substrates used in SERS experiments were all restricted

in roughed noble metals, which largely manacles the application of SERS. As

shown in Figure 1.2, there is another direction in the development of SERS to

extend the substrates. The first successful trail is tip-enhanced Raman scattering

(TERS). The idea that the electric field can be enhanced by the localized surface

plasmons was first proposed by Wessel et al.48 as well as Zenhausern et al..49

Despite the fact that the first utilization of tip in SERS was realized by Todd and

Morris,50 the concept of TERS was built up by four groups separately.38,51–53 With

TERS, the measurement of Raman spectra based on single crystal facet became

possible.39,54,55 During the past 30 years, many groups are dedicated to the TERS

study. For example, Li et al. invented the shell-isolated nanoparticle-enhanced

Raman spectroscopy (SHINERS) method,39 which can be considered as a multi-

tip variant of TERS. In this method, by coating the Au with silica or alumina, the

direct interaction between the Au particles and the probed molecules is avoided,

preventing the distortion in the true vibrational information.39

5



CHAPTER 1. INTRODUCTION

Figure 1.3: Discrete interaction model/quantum mechanics (DIM/QM) method

developed by Jensen et al.. Reprinted from Ref. 61. Copyright c⃝2014 American

Chemical Society.

With the huge developement in SERS experiments, theoretical efforts have

alse been made to understand the huge enhancement. In pricinple, two mecha-

nisms: the electromagnetic mechanism (EM) and the chemical mechanism (CM),

have been proposed to explain the enhancement.56 EM is considered as the main

contribution of the enhancement mechanism, which is caused by the resonance

between the incident light and the plasmon from the noble metallic surface. On

the other hand, CM is caused by the restructure of the molecular orbtials as well

as the emergency of the charge transfer (CT) state.57–61 The importance of CM

lies in the fact that it controls the relative intensity of Raman spectra, which could

further provide some configurational information about the interface.

Usually, the EM can be considered by studying the distribution of the electro-

magnetic field in the vicinity of the nanoparticles using the classical electrodynam-

ics. Several methods have been developed, such as finite-difference time-domain

method (FDTD),62–64 discrete dipole approximation (DDA),42,65–67 multiple mul-

tipole method (MMP),68 finite-element method (FEM)69 and so on. For the CM

part, first-principles calculations could directly provide the Raman spectra if the

whole system can be simulated. However, due to the high computational require-

ments, the number of the metallic atoms that mimic the substrate is usually lim-

ited.59,70–73 As a result, the suitable algorithms to describe the huge number of

metallic atoms and efficient quantum mechanism methods is needed. One ex-

cellent method has been developed by Jensen et al., where the nanoparticles is

represented by an accurate atomistic electrodynamics model and its influence on

the adsorbates is contained in the adsorbate’s Kohn-Sham equation,61 as shown

6



1.2. STABILITY OF MOLECULE AT INTERFACE

Figure 1.4: Schematic picture of inelastic electron tunneling spectroscopy (IETS).

Reprinted from Ref. 74. Copyright c⃝2008 American Association for the Advance-

ment of Science.

in Figure 1.3. In this way, the specific interaction between the adsorbates and the

metallic atoms from the substrate can be efficiently considered.

For molecular junctions, there is another type of vibrational spectra that

can be used to obtain the structure at atom level, namely inelastic electron tun-

nelling (IET) spectra. IET spectra is related to the vibrational excitations of the

molecules caused by the tunnelling electrons. When the bias voltage applied on

the molecular junction is equal to or larger than the vibrational energy of the

sandwiched molecule (eV ⩾ ℏω), the tunnelling electrons can excite the molecular

vibrations and lead to IET signals at the corresponding vibrational energies.25–30

The schematic description for this process is shown in Figure 1.4. Like Raman spec-

tra, Stokes and anti-Stokes parts exsit in IET spectra.29,74 However, IET spectra

were measured at low temperature (about 4.2 K) to avoid the broadening in the

spectra caused by heat. As a result, the IET spectra are normally dominated by

the Stokes parts. It should be noted that in the current-voltage curve, the contri-

bution of molecular vibrations to charge transfer property is reflected by an sudden

increase. While in the conductance-voltage curve, it appears as a step. However,

the most intutitive way to demonstrate the contribution of molecular vibration

to charge transfer property is the second derivative of current, which appears as

peaks, as shown in Figure 1.4.

1.2 Stability of Molecule at Interface

Stability is an unavoidable aspect for the interface. After the adsorption,

certain chemical bonds in the adsorbate can be weakened, which is usually regarded

as the main reason of change in the stability.75 The changes of the stability have

7



CHAPTER 1. INTRODUCTION

632.8 nm

488.0 nm

514.5 nm

a b

Figure 1.5: (a): Electrode potential and incident photoenergy dependence of

SERS spectra for PATP/Ag system. (b): The relationship between the relative

intensity of 1440 cm−1 and the electrode potential at different excitations (632.8,

514.5 and 488.0 nm). Reprinted from Ref. 76. Copyright c⃝1994 American Chem-

ical Society.

both positive and negative sides on application. It helps some difficult reactions

happen more easily. However, the instability is disastrous for molecular detection

because the molecules that need to be detected might change to other products on

the surface. Here we take one controversial system, namely p-aminobenzenethiol

(PATP) adsorbed on silver (Ag) surface to emphasize the importance of interfacial

stability.

It has been reported by many groups that new bands locating at 1142, 1391,

and 1440 cm−1 appear in the SERS spectra of PATP/Ag system compared with

the Raman spectrum of PATP in gas phase.76–87 Two hypothesises have been

developed to explain the new bands. First, Osawa et al. believed that the new

bands are assigned as the weak b2 modes in the isolated PATP molecule, which

can be enhanced by the charge-transfer (CT) state in the PATP/Ag system.76

This explanation is raised because the relative intensity of the b2 modes is largely

dependent on the electrode potential and the incident wave length. As shown

in Figure 1.5a, the intensities of the b2 modes varies a lot when the electrode

potential changes. Figure 1.5b shows the relationship between the relative intensity

of 1440 cm−1 and the electrode potential. It is clear that the intensity-potential

curve shifts to more negative potential if longer incident wave length is applied. A

linear relationship was observed between the electrode potential that maximizes

8



1.2. STABILITY OF MOLECULE AT INTERFACE

DMAB

Au5-DMAB

Au5-DMAB-Au5

(a) (b)

Raman shift (cm-1)

In
te

ns
ity

Figure 1.6: (a) Calculated Raman spectra of PATP/Ag system. Different clusters

and adsorption sites were considered. (b) Calculated Raman spectra of isolated

DMAB, DMAB/Ag5 complex and Ag5/DMAB/Ag5 junction. Reprinted from Ref.

82. Copyright c⃝2009 American Chemical Society.

the relative intensity of b2 bands and the energy of the incident light (the slope was

experimentally estimated to be 1 eV/V). The appearance of these b2 bands has then

been used as the evidence of the existence of chemical enhancement mechanism.

On the other hand, there is another hypothesis that the new vibrational bands

come from 4,4′-dimercaptoazobenzene (DMAB), a coupling reaction product of

PATP. This theory started from Wu et al. who theoretically calculated the Raman

spectra of PATP/Ag and DMAB/Ag complexes.82 Their simulations showed that

even though different Ag clusters were employed and different adsorption sites were

considered, there is no band appearing at 1440 cm−1 for PATP/Ag complex, as

shown in Figure 1.6a. However, double bands locating at around 1440 cm−1 were

found for the isolated DMAB and DMAB/Ag systems (shown in Figure 1.6b),

indicating the new appeared bands could be reassigned as the ag modes of DMAB.

It should be noted that during the last seven years, both the two hypoth-

esises mentioned above have obtained supports and they are still under debate.

Moreover, these newly appeared bands were also found to be dependent on pH,88

time,89–91 and temperature.92 As a result, we will study the underlying mechanism

9



CHAPTER 1. INTRODUCTION

Interfacial
Chemistry

Structure

Stability

Cluster

PBC

SERS

IETS

Catalytic Chemistry (Surface)

Quasi-analytical

Molecular Switch (Junction)

Analytical

Figure 1.7: The framework of the thesis.

in the changes of the stability caused by all possible effects.

Similar to the case of surface, junctions could also bring in the decrease in

the stability of the adsorbate. Moreover, with the huge electromagnetic field in

molecular junctions, some photochemical reactions would happen more easily.93–96

The decrease in the stability also introduces negative effect on the molecular de-

tection and the design of molecular device. For example, Roldan et al. designed

one molecular switch using one derivative of dimethyldihydropyrene (DHP) and

cyclophanediene (CPD) isomers. They found that the stability of the isomers de-

creased largely when they were trapped in gold (Au) junctions. To be specific, the

half life times of CPD to DHP is 8.02 days in room temperature. However, the

corresponding OFF state of the switch can convert completely to the ON state

in 45 min in the same environment.97 Therefore, designing more stable molecular

junctions is one important issue in molecular electronics.

10



1.3. CONTENTS OF THE THESIS

1.3 Contents of the Thesis

Two parts, i.e. identification of interfacial structure and the study of the sta-

bility of the adsorbates are contained in the thesis. Figure. 1.7 shows the framework

of this thesis.

In the first part, we focus on the chemical structure identification. Two spec-

troscopies are used: SERS and IETS. First, we use the cluster model to obtain the

most preferable configurations of trans-1,2-bis (4-pyridyl) ethylene (BPE) adsorbed

on gold surface and trapped in gold junctions. Combined with time-dependent den-

sity functional theory, we investigate the chemical enhancement in Raman signals.

Second, we develope a quasi-analytical to calculate Raman spectra in periodic

boudary condition (PBC) models based on density functional perturbation theory

and finite difference method. Then the approaches are employed in several cases

to identify the interfacial structure.

In the parts related to chemical stability, we study the chemical reaction oc-

curring both on metallic surface and in junctions. Based on theoretical modelling,

we confirm the coupling reaction of PATP to DMAB. Furthermore, we investigate

a photo switchable molecule junction. In addition, by substituting the functional

group, we successfully enhance the stability of the ON and OFF state of the molec-

ular switch.

11





Chapter 2

Theoretical Background

The basis theory of the thesis is time-independent Schrödinger equation,98

which is express as

ĤtotΨtot(R, r) = EtotΨtot(R, r), (2.1)

where Ĥtot, Ψtot and Etot represents the Hamiltonian operator, eigenfunction and

energy eigenvalue, respectively, R and r are the coordinate of the nuclei and

electrons, respectively. Neglecting the relative effects, the Hamiltonian operator

can be written as

Ĥtot = −
M∑

A=1

1

2MA

∇2
A −

N∑
i=1

1

2
∇2

i −
N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i<j

1

rij
+

M∑
A<B

ZAZB

RAB

, (2.2)

whereMA and ZA are the mass and charge of the nuclei, respectively, RAB, riA and

rij the nuclei-nuclei, nuclei-electron and electron-electron distance. The five terms

in Eq. 2.2 represent the kinetic energy of the nucleus, the kinetic energy of the

electrons, the electron-nuclear attraction energy, the electron-electron repulsion

energy and the nuclei-nuclei repulsion energy. Considering the mass of nuclei

is much heavier than the electrons’, the Born-Oppenheimer (BO) approximation

can be used to simplify the calculation.99 In the BO approximation, the effect of

electrons on nuclei could be treated as a mean field. Then the total wave function

can be expressed as99,100.

Ψa,v
tot(R, r) = Ψa,v

n (R)Ψa
e(R, r), (2.3)

where the subscript n and e represent the electronic and nuclear part, superscript

a and v the quantum number of the electronic and nuclear motions, respectively.

In the framework of the BO approximation, we have

ĤeΨ
a
e(R, r) =E

a
e (R)Ψa

e(R, r)

(T̂n + Ea
e (R))Ψa,v

n (R) =Ea,v
tot (R)Ψa,v

n (R),
(2.4)
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here T̂n is the first term in Eq. 2.2 representing the kinetic energy of the nuclei and

Ĥe the rest parts. Considering the nuclear repulsion is independent on electrons

position r, Ĥe could be written as

Ĥe = −
N∑
i=1

1

2
∇2

i −
N∑
i=1

M∑
A=1

ZA

riA
+

N∑
i<j

1

rij
. (2.5)

2.1 Energy Calculation

Energy is the most significant property for microscopic system. Therefore,

obtaining the electronic energy becomes the center issue in quantum chemistry.

Electron is Fermion, so its wave function should satisfy the Pauli exclusion princi-

ple.101–106 The Slater determinant can fulfill this property107

Ψ(r1, r2, · · · , rN) =
1√
N !

∣∣∣∣∣∣∣∣∣
ϕ1(r1) ϕ2(r1) · · · ϕN(r1)

ϕ1(r2) ϕ2(r2) · · · ϕN(r2)
...

...
. . .

...

ϕ1(rN) ϕ2(rN) · · · ϕN(rN)

∣∣∣∣∣∣∣∣∣ , (2.6)

where {ϕ} are the orthonormal one-electron orbitals:

⟨ϕi|ϕj⟩ = δij. (2.7)

The energy minimum of Hamiltonian Ĥe can be obtained by solving the Fock

equation

f̂i |ϕi⟩ = εi |ϕi⟩ , (2.8)

where the Fock operator can be written as

f̂i = ĥi +
N∑
j=1

(Ĵj − K̂j), (2.9)

here hi is the one-electron operator, Jj and Ki the Coulomb Ki and exchange

operator

ĥi =− 1

2
∇2 −

M∑
A=1

ZA

riA

Ĵj |f(1)⟩ =
⟨
ϕj(2)

∣∣∣∣ 1

r12

∣∣∣∣ϕj(2)

⟩
|f(1)⟩

K̂j |f(1)⟩ =
⟨
ϕj(2)

∣∣∣∣ 1

r12

∣∣∣∣ f(2)⟩ |ϕj(1)⟩ .

(2.10)
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2.1. ENERGY CALCULATION

Figure 2.1: The number of published articles and patents including the word

“Density Functional Theory” during the past 25 years. Reprinted from Ref. 109

Copyright c⃝2016 Nature Publishing Group.

In HF theory, the interaction between electrons is dealt with using mean field

theory, therefore, the calculated energy differs with the exact one of the system.

Löwdin defined the difference between the exact eigenvalue of Hamiltonian and

the calculated energy from HF method as correlation energy (Ec).
108 Although

Ec only covers 0.3%-1% of the total energy, it plays a vital role in describing the

chemical facets, such as bonding energy, excitation energy, reaction barriers and

so on.

To evaluate Ec, many post HF methodologies, such as configuration inter-

action (CI), couple cluster (CC) method and Møller-Plesset perturbation theory

(MP-n) are developed. However, these methods are usually computational ex-

pensive and not feasible to describe the interfacial systems which contain metallic

atoms.

Density functional theory (DFT) is an efficient method to study the ground

state energy and the corresponding properties. It has obtained great success in the

last 25 years. As shown in Figure 2.1, the number of the published articles including

the word“Density Functional Theory” in 2015 is more than 4.5 thousands, and the

number of the related patents reaches 450.109
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CHAPTER 2. THEORETICAL BACKGROUND

In DFT theory, the electron density are used as a basic variable to determine

the ground state energy and the related properties. The analog Kohn-Sham (KS)

equation of Eq. 2.8 can be obtained. However, the different f̂i defined in KS

equation is written as

f̂i = −1

2
∇2

i −
M∑

A=1

ZA

riA
+

N∑
j=1

∫
ϕj(r2)

∗ϕj(r2)

r12
dτ2 + vxc, (2.11)

where vxc is the exchange-correlation potential, which can be defined as

vxc =
δExc[ρ]

δρ
, (2.12)

The corresponding exchange-correlation energy is written as

Exc[ρ] = (Vee[ρ]− J [ρ]) + (T [ρ]− Ts[ρ]). (2.13)

From Eq. 2.13, we can see that the exchange-correlation energy is comprised by

two parts. One is the difference between the total interaction energies between

electrons Vee and the Coulomb repulsion energy J . The other one is the difference

between the kinetic energy of the exact system T and the non-interaction reference

system Ts, which is defined as

Ts[ρ] =
∑
i

−1

2

⟨
ϕi|∇2

i |ϕi

⟩
. (2.14)

Usually, ϕ could be expanded using non orthonormal basis set, such as Gaussian-

and Slater-type110.

|ϕi⟩ =
m∑

µ=1

χµcµi, (2.15)

here m is the number of the basis set, c the coefficients. Then Eq. 2.8 can be

expressed in matrix form111

fC = SCϵ, (2.16)

where the element of Fock and overlap matrix are defined as

fνµ = ⟨χν | f̂ |χµ⟩
Sνµ = ⟨χν |χµ⟩ ,

(2.17)

Eq. 2.16 is the famous Hartree-Fock-Roothaan (HFR) equation. In this case, the

energy can be calculated as:103,106

E =
∑
µν

Pµνhµν +
1

2

∑
µνσλ

PµνPσλ ⟨µσ|νλ⟩+ Exc[ρ], (2.18)

16



2.2. PROPERTIES

here h is the one-electron operator, P the density matrix:

Pµν =
N∑
i=1

c∗µicνi, (2.19)

and ⟨µσ|νλ⟩ is the notation for two-electron integrals:

⟨µσ|νλ⟩ =
∫
µ(r1)

∗σ(r2)
∗ 1

r12
ν(r1)λ(r2)dτ1dτ2. (2.20)

2.2 Properties

Theoretically, some physical and chemical properties can be evaluated by two

approach: calculate the expectation value of the corresponding operator using the

wave function or calculate the derivatives of energy. For example, the electric

dipole moment could be evaluated as:103,105,106

µe = ⟨Ψ|
N∑
i=1

−eri |Ψ⟩ , (2.21)

or the derivative of energy respect to electric field112

µe,i = − ∂E

∂Fi

, (2.22)

where i represents the Cartesian coordinate, and Fi the corresponding electric

field. In practice, the second method is applied more widely. Several important

properties that can be evaluated by calculating the derivatives of energy were

shown in Table 2.1101. In following, we give a brief introduction on how to calculate

different order derivatives of energy.

The First Derivative of Energy

Two terms are required to calculate the derivative of energy analytically. One

is the derivative of Hamiltonian operator113 and the other is of wave function114.

The former is straightforward and simple. However, the later one is complicated

because it involves the derivative of the coefficients and the basis set. In most

quantum chemistry computer programs, the difficult derivative of coefficients is

usually circumvented as much as possible.115,116 Direct differentiation of energy

calculated from Eq. 2.18 with respect to parameter a gives117

E(a) =
∑
µν

Pµνh
(a)
µν +

∑
µν

P (a)
µν hµν +

1

2

∑
µνλσ

PµνPλσ ⟨µσ|νλ⟩(a)

+
1

2

∑
µνλσ

P (a)
µν Pλσ ⟨µσ|νλ⟩+

1

2

∑
µνλσ

PµνP
(a)
λσ ⟨µσ|νλ⟩+ E(a)

xc ,
(2.23)
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Table 2.1: Examples of properties calculated as the derivative of energy. F repre-

sent the external electric field, B the magnetic field, I the nuclear spin and R the

coordinate of atoms. Reprinted from Ref. 101. Copyright c⃝2006 John Wiley and

Sons.

nF nB nI nR Property

0 0 0 0 Energy

1 0 0 0 Electric Dipole moment

0 1 0 0 Magnetic Dipole moment

0 0 1 0 Hyperfine Coupling Constant

0 0 0 1 Molecular (Nuclear) Gradient

2 0 0 0 Electric Polarizability

0 2 0 0 Magnetizability

0 0 2 0 Nuclear spin-spin Coupling

0 0 0 2 Harmonic Vibrational Frequency

1 0 0 1 Infrared Adsorption Intensities

1 1 0 0 Optical Rotation, Circular Dichroism

0 1 1 0 Nuclear Magnetic Shielding

3 0 0 0 First Electric Hyperpolarizability

0 3 0 0 First Hypermagnetizability

0 0 0 3 Cubic Anharmonic Corrections to Vibrational Frequencies

2 0 0 1 Raman Intensities

3 0 0 1 Hyper-Raman Intensities

2 1 0 0 Magnetic Circular Dichroism (Faraday Effect)

1 0 0 2 Infrared Intensities Overtone and Combination Bands

4 0 0 0 Second Electric Hyperpolarizability

0 4 0 0 Second Hypermagnetizability

0 0 0 4 Quartic Anharmonic Corrections to Vibrational Frequencies

2 0 0 2 Raman Intensities for Overtone and Combination Bands

2 2 0 0 Cotton-Mutton Effect

where E
(a)
xc can be written as117

E(a)
xc =

∑
µν

P (a)
µν ⟨µ|vxc|ν⟩+

∑
µν

Pµν ⟨µ|vxc|ν⟩{a} , (2.24)

here {· · · } means the derivative should be calculated explicitly. Considering σλ

and µν in Eq. 2.23 are dummy variables, Eq. 2.23 can be written as

E(a) =
∑
µν

Pµνh
(a)
µν +

1

2

∑
µν

PµνPλσ ⟨µν|λσ⟩(a) +
∑
µνλσ

WµνS
(a)
µν + E{a}

xc , (2.25)
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where

Wµν =
∑
i

ϵicµicνi, (2.26)

is the energy weighted density matrix. Here E
{a}
xc is the second term in Eq. 2.24.

In this way, the first order derivative of energy can be calculated straighfor-

ward. As shown in Table 2.1, nuclear gradient, electric and magnetic dipole mo-

ment corresponds to the first derivative of energy respect to nuclear coordinates,

electric and magnetic field, respectively.

The Second Derivative of Energy

Direct differentiation of Eq. 2.25 leads to the second derivative of energy118,119

E(ab) =
∑
µν

Pµνh
(ab)
µν +

1

2

∑
µνσλ

PµνPσλ ⟨µσ|νλ⟩(ab) + E{ab}
xc +

∑
µνλσ

WµνS
(ab)
µν

+
∑
µν

P (b)
µν h

(a)
µν +

1

2

∑
µνσλ

P (b)
µν Pσλ ⟨µσ|νλ⟩(a) + E{a}[b]

xc +
∑
µν

W (b)
µν S

(a)
µν ,

(2.27)

where the superscript [· · · ] means the fact that this derivatives are related to the

MO eigenvalues and coefficients as well as vxc, which is implicit. The difficulty in

calculating Eq. 2.27 is the terms involving the derivatives of the density matrix and

MO eigenvalues. The coupled perturbed (CP) equation can be used to calculate

these terms.115,116,118

For a general perturbation b, the Fock equation and the orthonormality con-

dition can be expressed as

F(b)C(b) =S(b)C(b)ϵ(b)

C†(b)S(b)C(b) =I,
(2.28)

where

C(b) =C(0)U(b)

F(b) =C(0)†f(b)C(0)

S(b) =C(0)†S(b)C(0),

(2.29)

Using Rayleigh-Schrödinger perturbation method, the unperturbed and first-

order perturbed Fock equation can be expressed as

F (0) =ϵ(0)

F (1) + ϵ(0)U (1) =ϵ(1) +U (1)ϵ(0) + S(1)ϵ(0),
(2.30)
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Then the diagonal and nondiagonal elements of F (1) leads to

ϵ
(1)
i =F (1)

ii − S(1)
ii ϵ

(0)
i

(ϵ
(0)
j − ϵ

(0)
i )u

(1)
ij =F (1)

ij − S(1)
ij ϵ

(0)
j ,

(2.31)

where i and j represents any MO orbital including the occupied and unoccupied

ones. The first-order perturbation of orthonormality condition leads to

U (1)† + S(1) +U (1) = 0, (2.32)

then the diagonal element of U matrix can be calculated

u
(1)
ii = −1

2
S(1)
ii . (2.33)

From Eq. 2.31 and Eq. 2.33, we can see that u
(1)
ij and ϵ

(1)
i are determined by S(1)

ij

and F (1)
ij . S(1)

ij can be calculated easily:

S(1)
ij =

∂
∑

µν c
(0)†
iµ Sµνc

(0)
νj

∂b

=
∑
µν

c
∗(0)†
µi

∂Sµν

∂b
c
(0)
νj .

(2.34)

On the other hand, F (1)
ij can be divided into two parts:

F (1)
ij = H(1)

ij + G(1)
ij , (2.35)

where H(1)
ij does not depend on wave function, which can be calculated as

H(1)
ij =

∑
µν

c
(0)†
iµ

∂hµν(b)

∂b
c
(0)
νj . (2.36)

For the wave function dependent G(1)
ij , there are two parts including: G{1}

ij and G [1]
ij ,

which can be calculated explicitly and implicitly, respectively. Using the chain

rule, G [1]
ij can be expressed as

G [1]
ij =

∑
µν

G(µν)
ij P (1)

µν , (2.37)

where

G(µν)
ij =

∂Gij

∂Pµν

. (2.38)
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Combing Eq. 2.19 and Eq. 2.29, we can obtain that

P (1)
µν =

N∑
k

M∑
l

c
(0)∗
µl u

(1)∗
lk c

(0)
νk +

N∑
k

M∑
l

c
(0)∗
µk u

(0)
νl c

(1)
lk , (2.39)

here k represent the occupied MO orbitals and l any occupied or unoccupied MO

orbital. Then Eq. 2.37 can be written as

G [1]
ij =

∑
µν

N∑
k

M∑
l

G(µν)
ij c

(0)∗
µl u

(1)∗
lk c

(0)
νk +

∑
µν

N∑
k

M∑
l

G(µν)
ij c

(0)∗
µk u

(0)
νl c

(1)
lk

=
N∑
k

M∑
l

G(lk)
ij u

(1)∗
lk +

N∑
k

M∑
l

G(kl)
ij u

(1)
lk ,

(2.40)

where

G(kl)
ij =

∑
µν

∂Gij

∂Pµν

c
(0)∗
µk c

(0)
νl . (2.41)

The summation of l in Eq. 2.40 can be divided into two parts: occupied and

unoccupied MO orbitals. For the occupied ones

N∑
k

M∑
l

G(lk)
ij u

(1)∗
lk +

N∑
k

N∑
l

G(kl)
ij u

(1)
lk

=
N∑
k

N∑
l

G(kl)
ij

(
u
(1)∗
kl + u

(1)
lk

)
= −

∑
kl

G(kl)
ij S(1)

kl ,

(2.42)

and for the unoccupied ones

N∑
k

M∑
p=N+1

G(pk)
ij u

(1)∗
pk +

N∑
k

M∑
p=N+1

G(kp)
ij u

(1)
pk , (2.43)

here p represents unoccupied MO obital. Then F (1)
ij can be expressed as

F (1)
ij = H(1)

ij + G{1}
ij −

∑
kl

G(kl)
ij S(1)

kl +
∑
kp

G(pk)
ij u

(1)∗
pk +

∑
kp

G(kp)
ij u

(1)
pk , (2.44)

Substitute Eq. 2.44 into Eq. 2.31, we obtain

(ϵ
(0)
i − ϵ(0)p )u

(1)
pi = H(1)

pi +G{1}
pi −S(1)

pi ϵ
(0)
i −

∑
jk

G(jk)
pi S(1)

jk +
∑
qj

(
G(qj)
pi u

(1)∗
qj + G(jq)

pi u
(1)
qj

)
.

(2.45)

Eq. 2.45 can be used to calculate u
(1)
pi . Based on u

(1)
pi , F

(1)
ij can be obtained from

Eq. 2.44. Then the ϵ
(1)
i and all u

(1)
ij can be calculated using Eq. 2.30. Using
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Eq. 2.29, the derivative of coefficients C(b)(1) can be obtained and the second

order derivatives of energy can be calculated and obtained from Eq. 2.27.

The second-order derivatives of energy are related to the electric polarizability,

magnetizability, harmonic vibrational frequency, infrared adsorption intensities,

optical rotation and circular dichroism, as shown in Table 2.1.

The Third Derivative of Energy

As shown in Table 2.1, the third derivatives of the energy are related to many

important molecular properties. For example, Raman intensity can be calculated

using the following equation:

Eabc = − ∂3E

∂Ra∂Fb∂Fc

. (2.46)

Similarly, the analytical algorithm for the third derivatives is based on the

calculation of the second derivatives of MO eigenvalues and coefficients. These

factors can be determined by the second order CP equation:

F (2) +F (1)U (1) + ϵ(0)U (2)

=ϵ(2) +U (1)ϵ(1) + S(1)ϵ(1) +U (2)ϵ(0) + S(1)U (1)ϵ(0) + S(2)ϵ(0).
(2.47)

It should be noted that Eq. 2.47 can be solved only if U (1) and ϵ(1) has been

already obtained using the first order CP equation.

The analytical method for the third derivative usually leads to high computa-

tional cost. In this case, the numerical differentiating method is more practical to

calculate the third derivative. In Chapter 3, we will introduce one quasi-analytical

method for calculating Raman intensities.

2.3 Theoretical Models

Scientific modelling aims at making a particular part or feature of the real

system easier to simulate, visualize, define, quantify and understand.120 In the field

of theoretical chemistry, it is impossible to simulate the real systems without any

compromising. Hence, modelling is highly desirable. The proper models should

simulate the essential properties of the real system and required properties could

also be calculated based on the models.

To simulate the interfacial structures, two kinds of models are widely used:

cluster model121 and PBC (periodic boundary conditions) model. Here we give a

brief introduction of these two models.
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Au5-BPE(A) Au6-BPE(B)

Au10(1)-BPE(C) Au10(2)-BPE(D)

Au20(T)-BPE(E) Au20(S)-BPE(F) Raman Shift (cm−1)

(a)
(b)

1 2
3

4 5

Figure 2.2: (a): The optimized geometries of BPE molecule adsorbed on different

Au clusters. (b): Calculated Raman spectra of the different BPE/Au complexes in

(a). The experimental measurement is also shown for comparison. Reproducted

from Ref. 73. Copyright c⃝2013 Elsevier.

The cluster model is using a few atoms to mimic the whole systems. There

are several kinds of cluster models: embedded cluster, saturated cluster and non-

ligand cluster, which are suitable for different kinds of materials. To be specific, the

embedded cluster model is a proper model for ionic oxides, while saturated cluster

model for the covalent oxide and non-ligand cluster for metal. It should be noted

that bigger clusters would provide more similar properties to the ‘real’ systems.

However, considering the computational ability, models that doesn’t contain many

atoms are usually used. Figure 2.2a shows the different Au clusters that have

been employed in the trans-1,2-bis (4-pyridyl) ethylene (BPE)/Au system. The

calculations show that the properties, such as the Raman spectra (Figure 2.2b) and

the bonding energies (Table 2.2) largely depend on the cluster size and adsorption

site. If the intensity ratio of peak 4 and 5 shown in G Figure 2.2b is used to

quantify the relative Raman intensity, we could find that the configuration F nicely

reproduces the real system (1.28 of F vs 1.17 of experiment) and BPE molecules

prefer to adsorb on flat surface than adatom. In practice, the tetrahedron M20

cluster has been widely used because its stability and the ability of simulating

roughed and flat metallic surfaces.58,73,122–124
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Table 2.2: Calculated binding energy (∆E in kcal/mol) and the intensity ratio

(I4/I5) in Raman spectra for different BPE/Au complexes in Figure 2.2a. The

corresponding experimental intensity ratio was also list for comparison. Copyright

c⃝2013 Elsevier B.V.

Structure ∆E I4/I5
A 24.97 3.17

B 19.59 2.56

C 10.63 1.77

D 14.92 2.00

E 11.64 2.30

F 2.42 1.28

G 1.17

The largest advantage of cluster model is that there is no translation sym-

metry in the atomic and electronic structures, therefore it is possible to calculate

properties using sophisticated electronic structure method. However, the cut clus-

ters inevitably introduces a deviation in the description of the surface system or

big nano particles, where the PBC model would be more suitable.

Figure 2.3: Illustration for PBC model.

PBC is an appropriate method to describe the surface system or big nano

particles with band electronic structure. Both the atomic and electronic struc-

ture obey the translation symmetry. As shown in Figure 2.3, the structure of
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PBC model can be obtained by copying the primitive cell along the lattice vector.

Moreover, only the atoms with the shortest distance are considered to calculate

the short-range interactions, as shown in Figure 2.3.

The wave function of PBC model can be written as Block wave125,126

ψi,k(r) = exp(ık·r)ui,k(r), (2.48)

where ui,k(r) has the same periodicity with the supercell, i.e.

ui,k(r+ a) = ui,k(r), (2.49)

here i is the band index, k the wave vector, which can be defined using the recip-

rocal lattic vector:

k = θαbα + θβbβ + θγbγ, (2.50)

with the relationship:

aα · bβ = 2πδαβ, (2.51)

where a is the primitive vector and θ the integers.

The essential issue in calculating the wave function of electrons is to determine

ui,k(r). In practice, ui,k(r) is expanded as a Fourier series

ui,k(r) =
∑
m

Ci,Gm+k exp(ıGm · r), (2.52)

where

Gm =
∑
α

mαbα. (2.53)

The wave function can be further written as

ψi,k(r) =
∑
m

Ci,Gm+k exp(ı(Gm + k) · r). (2.54)

Therefore, the plane wave basis sets are easily utilized in describing PBC

models. For example, VASP127 and ABNIT128 employ plane wave as the basis

sets. Furthermore, the PBC calculations can also be realized using atomic cen-

tered basis sets if they are tranformed into “crystalline orbitals” (referred to Bloch

sums).129 For example, Gaussian130, Crystal131,132, Sieta133,134 and ADF135 employ

the transformed atomic centered basis to describe the PBC systems. In this thesis,

we use VASP to study the PBC systems.
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Chapter 3

Raman Spectroscopy

Raman spectroscopy reveals the vibrational information of physical materials

or chemical molecules. As a result, it has been widely used as a fingerprint of micro

systems.33 In this chapter, we briefly introduce the mechanism of the Raman scat-

tering. Then we use cluster model and periodic boundary condition (PBC) model

to simulate the SERS spectra and identify the corresponding interfacial structure.

In addition, the chemical enhancement mechanism is discussed with the assistance

of time-dependent density functional theory (TDDFT) calculations implemented

in cluster model. Lastly, a efficient quasi-analytical method is developed to calcu-

late the Raman intensities for PBC model based on density functional perturbed

theory (DFPT) and finite-difference method.

3.1 Raman Intensity

In classic electrodynamic theory, radiation can be produced by an oscillating

electric dipole. If the dipole-observer distance is large enough (compared with

the wavelength of the radiation), the radiant intensity (Unit: Js−1sr−1) could be

expressed as136

I =
dP

dΩ
=
π2cν̃4 |p0|2 sin2θ

2ε0
, (3.1)

where P and Ω represent the radiation power and the solid angle, respectively,

ε0 dielectric constant of the vacuum, ν̃ the wavenumber, p0 the amplitude of the

oscillating dipole and θ the angle between observed direction and p0.

For a molecule exposed in electromagnetic field, p0 can be written as

p0 = αF0, (3.2)
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where α is the polarizability tensor and F0 the electric field amplitude of the

incident light, respectively.

The scattering light is usually observed from the direction which is perpen-

dicular to the polarization and propagation directions of the incident light. The

intensity could be expressed as21

I
(π
2

)
=
π2cν̃4sF

2
0

(
α2
zz + α2

zy

)
2ε0

=
π2ν̃4s

(
α2
zz + α2

zy

)
ε20

I0

(3.3)

where y and z are the propagation and polarization direction of the incident light.

ν̃s is the wavenumber of the scattering light and I0 the irradiance of the incident

light (Unit: Js−1m−2) defined as

I0 =
1

2
ε0c |F0|2 . (3.4)

Calculating the polarizability α is the essential part to obtain the Raman

tensor. In practice, quantum treatment is usually used to obtain α. Under the

Born-Oppenheimer (BO) approximation, the electronic polarizability αρσ can be

expressed as

αρσ = ⟨vf |αe,ρσ|vi⟩, (3.5)

where vi and vf represent the quantum number of the initial and final vibrational

state, ρ and σ the Cartesian coordinates. αe,ρσ is the operator for the electronic

polarizability, which can be expressed as23,137

αe,ρσ =
∑
r ̸=g

(pρ)eger(pσ)ereg

∆Erg ± ℏω
, (3.6)

here eg represents the quantum number of the electronic ground state, er the

quantum number of the excited state, (pρ)eger the ρ component of transition dipole

moment from state |er⟩ to state |eg⟩, ∆Erg the vertical excitation energy and ω

the frequency of the incident light. Under BO approximation, the transition dipole

moment can be expressed as:

(pσ)ereg = (pσ)
0
ereg +

∑
k

(pσ)
k
ereg , (3.7)

where (pσ)
0
ereg represents the value of (pσ)ereg at the equilibrium geometry, (pσ)

k
ereg

the derivative of (pσ)ereg with respect to normal mode Qk. For the nonresonant
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Raman scattering, we focus on the zero-frequency limit, where the ω can be ne-

glected. Considering the derivative of ∆Erg respect to the vibrational mode Qk

cannot be neglected, Eq. 3.5 can be rewritten as

(αρσ)fi =
∑
r ̸=g

2(pρ)
0
eger(pσ)

0
ereg

∆Erg

⟨vf |vi⟩ −
∑
r ̸=g

∑
k

2(pρ)
0
eger(pσ)

0
ereg

∆E2
rg

∂Erg

∂Qk

⟨vf |Qk|vi⟩

+
∑
r ̸=g

∑
k

2[(pρ)
k
eger(pσ)

0
ereg + (pρ)

0
eger(pσ)

k
ereg ]

∆Erg

⟨vf |Qk|vi⟩.

(3.8)

The first term in Eq. 3.8 is related to the Rayleigh scattering, while the second

and third term correspond to the Raman scattering. As a result, Eq. 3.8 can be

simplified as

(αρσ)fi = α0
ρσ

⟨
vf |vi

⟩
+
∑
k

α′
ρσ,k

⟨
vf |Q| vi

⟩
, (3.9)

where

α0
ρσ =

∑
r ̸=g

2(pρ)
0
eger(pσ)

0
ereg

∆Erg

α′
ρσ,k =

∑
r ̸=g

2(pρ)
0
eger(pσ)

0
ereg

∆E2
rg

∂Erg

∂Qk

+
∑
r ̸=g

2[(pρ)
k
eger(pσ)

0
ereg + (pρ)

0
eger(pσ)

k
ereg ]

∆Erg

.

(3.10)

According to harmonic approximation, if vf = vi + 1,
⟨
vf |Q| vi

⟩
are calculated

as113 ⟨
vf |Q| vi

⟩
=

√
vi + 1

√
ℏ

8π2cν̃k
. (3.11)

With Boltzmann distribution, we have∑
i

(i+ 1)Ni =
Ntot

1− exp−βhcν̃
, (3.12)

where Ni is the number of molecule at vibrational state |vi⟩ and Ntot the total

number of molecules.

Then the scattering process can be treated by combining Eq. 3.9 and Eq. 3.3.

Specially, when vf = vi + 1, we can obtain the radiant intensity of Stokes Raman

scattering:

I
(π
2

)
k,Stokes

=
π2ν̃4s
ε20

Ntot

1− exp−βhcν̃k

h

8π2cν̃k

(
α′2
zz + α′2

zy

)
I0. (3.13)
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If we consider the freely rotating molecules, i.e., in the the gas phase or solu-

tion, where the molecules can rotate free. As a result, the spatial average needs to

be considered and the polarizability derivative can be written as⟨
I
(π
2

)⟩
k,Stokes

=
π2ν̃4s
ε20

Ntot

1− exp−βhcν̃k

h

8π2cν̃k

45a′2 + 7γ′2

45
I0, (3.14)

where a′k and γ′k can be expressed as138

ā′k =
1

3

∑
ρ

ᾱ′
ρρ,k

γ̄′2k =
1

2

∑
ρσ

(3ᾱ′2
ρσ,k − ᾱ′

ρρ,kᾱ
′
σσ,k).

(3.15)

On the other hand, when adsorbed on metallic surfaces or in junctions, the ori-

entation of the molecules is fixed and the electric field is almost normal to the

surface, then only α′
zz is needed for the Raman scattering:

I
(π
2

)zz

k,Stokes
=
π2ν̃4s
ε20

Ntot

1− exp−βhcν̃k

h

8π2cν̃k
α′2
zzI0. (3.16)

3.2 Structure Identification Using Cluster Model

As we mentioned before, sophisticated method has been developed in cluster

model to calculate the Raman spectra. In this section, we use the tetrahedral

Au20 cluster to mimic the flat and roughed surfaces.58,124 By simulating the Ra-

man spectra of different structures, the most possible configurations are identified.

Furthermore, combined with TDDFT, the chemical enhancement mechanism is

investigated.

To determine the interfacial structure of trans-1,2-bis (4-pyridyl) ethylene

(BPE) molecules adsorbed on Au surfaces or sandwiched in Au junctions, we

constructed three complexes and six junctions, as shown in Figure 3.1a. The

calculated Raman spectra were shown in Figure 3.1b and c.

Our calculations first reproduce the effect of gold surfaces or electrodes on

Raman spectra. For instance, peak 5 is more intense than peak 4 in the normal

Raman spectrum of isolated BPE, while the relative intensities is reversed in the

SERS spectra when BPE is in the complex and junction forms. Meanwhile, a

blue shift is observed in peak 1 and peak 4 for the SERS spectra compared to the

Raman spectra of isolated BPE.

It can be seen that the difference in the SERS spectra for the complexes

and junctions is the relative intensities and the total intensities. To quantify the
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Figure 3.1: (a): Optimized geometries of complexes and junctions. (b): Cal-

culated Raman spectra of isolated BPE, complex forms. (c): Calculated Raman

spectra of the junction forms. Reproducted from Ref. 72. Copyright c⃝2015 Else-

vier.

relative intensities, we calculate the peak 4/peak 5 ratio and the result is shown in

Table 3.1. For the total intensities, we calculate the enhancement factors respect

to the normal Raman spectrum of isolated BPE for every complex and junction.

The EF is calculated as

EFint =

∫
Ii(ω)dω∫
IBPE(ω)dω

, (3.17)
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Table 3.1: Calculated peak 4/peak 5 ratios and the integrated enhancement factors

(EF) for the three complexes and six junctions. Reprinted from Ref. 72. Copyright

c⃝2015 Elsevier

Structure S E T S-S S-E E-E S-V V-E V-V

Ratio 1.28 1.69 2.30 2.12 2.55 2.86 3.04 3.48 4.48

EF 4.70 5.97 11.00 19.81 29.33 44.98 50.44 85.20 184.00

where Ii represents the Raman intensity of complex (junction) forms and IBPE

the Raman intensity of isolated PBE. The EFs evaluated from Eq. 3.17 is called

“calculated EFs” hereafter for sake of discussion.

As shown in Table 3.1, the peak 4/ peak 5 ratio for the S complex is 1.28,

which agrees very well with the experimental observation of 1.1773. In addition,

from the calculated EFs, we can see that the total intensity of the SERS spectra

for S-S junction is 4.21 times as large as the one for S complex, which also agrees

with the experimental evaluation (4 times) very well.43 As a result, our calculation

predicts that the S complex form and the S-S junction form are the most preferable

configurations in experiment.

To explore the underlying mechanism of the different total and relative inten-

sities of the different forms, we studied how the polarizability derivatives changes

for different configurations and different vibrational modes. Taking the transition

dipole moment to be independent of Qk,
139 Eq. 3.8 can be simplified as

α′
ρσ,k = −

∑
r ̸=g

2(pρ)
0
eger(pσ)

0
ereg

∆E2
rg

∂Erg

∂Qk

, (3.18)

This simplification follows the work done by Jensen and co-workers, where the

various enhancement factors (EFs) for different pyridine derivatives adsorbed on

silver clusters have been successfully quantified using the frontier molecular or-

bitals (MOs).58,139 Their explanation using the highest occupied molecular orbital

(HOMO) of the metal and the lowest unoccupied molecular orbital (LUMO) of

the molecule provide us a clear picture of the CT enhancement mechanism.58,139

Here we used the excitation energies evaluated straightforward from TDDFT cal-

culations to model the EFs for particular vibrational mode:

EFcomplex
model,k =

[
α′
ρσ,k(complex)

]2[
α′
ρσ,k(BPE)

]2 =

(
Ak

E2
10

)2

EFjunction
model,k =

[
α′
ρσ,k(junction)

]2[
α′
ρσ,k(BPE)

]2 =

(
Ak

E2
10

+
Bk

E2
20

)2

,

(3.19)
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Figure 3.2: The relationship between calculated and modeled EFs for all peaks

(Eqs. 3.17 is used for calculated EFs and Eqs. 3.19 for modeled EFs). For Peak

1, 2, 3, 4 and 5, different slopes are used, which are listed in Table 3.2. Reprinted

from Ref. 72. Copyright c⃝2015 Elsevier.

where E10 and E20 are the first and second excitation energy. The EFs calculated

from Eq. 3.19 are referred as “modeled EFs” hereafter. The first two excited states

was used in modeling the EFs of junctions because these two excited states are

proven to be near degenerate. The normal mode dependent Ak is expressed as

Ak = − 2(pρ)
0
10(pσ)

0
10

(
∂E10

∂Qk

)/∣∣α′
ρσ,k(BPE)

∣∣, (3.20)

where (pρ)
0
10 is the ρ component of transition dipole moment from ground state

to the first excited state. For simplification, we assumed that Bk ≈ Ak in the

following discussions.

From Eq. 3.19, we can see that E10 and E20 determine the whole EFs. Mean-

while, the Ak is related to the first derivative of the excitation energy respect to

particular normal mode. Although A2
k can be obtained from Eq. 3.20, a more

practical method is to find the slope of calculated EFs respect to the excitation

energy. Figure 3.2 shows the linear relationship between the modeled and the cal-
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Table 3.2: Fitted slope of calculated EFs respect to modeled EFs. The slopes

reflects the first derivative of the excitation energy to normal mode. Reprinted

from Ref. 72. Copyright c⃝2015 Elsevier

Peak 1 2 3 4 5

Slope 0.15 0.07 0.09 0.16 0.02

culated EFs. This perfect linear relationship reveals that it is reasonable to assume

(pρ)
k
10 = 0 and include E10 and E20 in α for junction forms. Our calculations ex-

plain some experimental observations. For example, the slope of peak 4 is 8 times

as large as the one for peak 5, resulting peak 4 is enhanced to a larger extent than

peak 5 and the relative intensities is reversed in SERS spectra.

3.3 Structure Identification Using PBC Model

As mentioned above, the Raman spectra can be calculated analytically us-

ing second-order coupled perturbed (CP) equation140 in some quantum chemistry

package which is based on cluster model.130 However, for the PBC model, there is

no sophisticated method for Raman spectra.

Some progresses have been made to obtain the vibrational spectra in PBC

model over the years. For example, Karhánek et al. simulated the infrared (IR)

spectrum of methane-thiolate radical adsorbed on Ni(111) surface141,142 using den-

sity functional perturbation theory (DFPT).143,144 Zayak et al. calculated the sec-

ond order derivative of energy respect to the external electric field to obtain the

static polarizability, then the derivative of polarizability with respect to the normal

mode was further calculated using finite-difference method to simulate the Raman

spectra in PBC model.145 It should be noted that Zayak’s method is purely based

on finite-difference method, laking numerical stability, which limits its practical

applications.

In this way, we put forwards a new computational method to compute the

Raman intensities for PBC model. According to the chain rule, the Raman tensor

can be written as146

α′
ρσ,k =− ∂3E

∂Fρ∂Fσ∂Qk

=−
∑
i

lik√
mi

∂3E

∂Fρ∂Fσ∂xi
,

(3.21)
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Figure 3.3: (a): Analytical, quasi-analytical and experimental Raman spectra

of isolated 4,4′-bpy. The analytical Raman spectra was calculated using Gaussian

09 package at the BP86/6-31+G(d)level.147–149 The experimental spectrum is ex-

tracted from Ref. 150. (b): Vibrational modes relate to the peak 1-5 in (a). Repro-

duced from Ref. 151. Copyright c⃝2008 Elsevier and c⃝2015 American Chemical

Society.

where E is the energy, F the electric field, ρ and σ the Cartesian coordinate, l the

Cartesian displacement, m the mass of the atom, x the ionic coordinates. Using

DFPT method, the Born effective charges can be computed analytically143

Zσi = − ∂2E

∂Fσ∂xi
(3.22)

Then the Raman tensors could then be rewritten as146

α′
ρσ,k =

∑
i

lik√
mi

∂Zσi

∂Fρ

, (3.23)

The derivative in Eq. 3.23 can be computed by first-order finite-difference method,

i.e.
∂Zσi

∂Fρ

=
Zσi(∆Fρ)− Zσi(−∆Fρ)

2∆Fρ

. (3.24)

We call this method a quasi-analytical because the Raman tensors are cal-

culated by a finite-difference of Born effective charges with respect to the electric

field, meanwhile, the Born effective charges can be calculated analytically. Only

one numerical derivative was employed in our approach, largely improving the

computational efficiency and stability.
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Figure 3.4: (a) Calculated SERS spectra of the flat and tilting surface configura-

tions. For comparison, the experimental TERS spectrum of 4,4′-bpy adsorbed on

the Au(111) surface is extracted from Ref. 152. (b) Vibrational modes for peaks 1

and 5 for the flat and tilting configuration, respectively. Reprinted from Ref. 151.

Copyright c⃝2011 Nature Publishing Group, c⃝2015 American Chemical Society.

To test the accuracy of the quasi-analytical method, we firstly simulate the

Raman spectrum of a 4,4′-bpy molecule in gas phase using Eq. 3.14. As shown in

Figure 3.3a, the quasi-analytical method provides a good similar Raman spectra

to the analytical results from Gaussian 09 as well as the experimental observation,

indicating the accuracy of quasi-analytical method. To be specific, five peaks

located at around 990, 1220, 1300, 1500 and 1610 cm−1 are observed and all of

them involve symmetric in plane vibrational modes, as shown in Figure 3.3b.

To further validate the quasi-analytical method, we investigate the system of

4,4′-bpy adsorbed on Au surface. Two trial configurations: tilting and flat config-

urations, are considered in our study. The calculated Raman spectra are shown

in Figure 3.4a. It can be seen the shape of the Raman spectra of the two con-

figurations are quite different. Five peaks located at 988, 1226, 1301, 1505 and

1601 cm−1 are found in the SERS spectra of tilting configuration. However, only

two peaks dominate in the SERS spectra of flat configuration: 994 and 1598 cm−1.

This phenomenon should be attributed to the different orientations of the molecule

on the surface. Only Rk
zz needs to be evaluated for the surface case, thus many

modes parallel to the substrate are suppressed in the flat configuration. Interest-

ingly, we found that the degenerate modes of isolated 4,4′-bpy molecule are split
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into two modes. As shown in Figure 3.4b, one mode has more proportion on the

pyridine ring contacting with surface and the other with that of the non-contacting

pyridine. The former mode is also found to be much Raman active than the latter

one, dominating the SERS spectrum.

Comparing the simulations with the experimental SERS spectrum153, we can

conclude that 4,4′-bpy prefer the tilting configuration when adsorbed on the Au

surfaces. It should be noted that most experimental SERS spectra for 4,4′-bpy

adsorbed on gold and silver substrates are similar150,153–155. Thus, it is easily to

conclude that on these substrates, 4,4′-bpy would always prefer the tilting config-

uration.

Using this quasi-analytical method, we further investigate a more complicated

system: 4,4′-bpy trapped in junctions. Tatsuya et al. have found that three types

of Raman spectra can be obtained during the mechanically controllable break junc-

tion (MCBJ) experiments, as shown in Figure 3.5c.45 However, the exact molecular

structures at atomic level have not been identified. Here we try to achieve the most

possible configuration by reproducing the observed Raman spectra. We design four

different Au/4,4′-bpy/Au junctions: flat, vertical, tilting and broken junction con-

figurations. The optimized structures are shown in Figure 3.5a. The corresponding

calculated Raman spectra are shown in Figure 3.5b. We can immediately find that

the Type I and Type III experimental Raman spectrum could be reproduced by

flat and broken configuration. However, none particular configuration can capture

all the features of Type II. One can find that the mixture of the simulated spectra

of vertical and tilting configuration is quite similar to the experimental measure-

ments. Therefore, we can conclude that the Type II experimental spectrum should

be contributed by both the vertical and tilting configurations. By analyzing the

relative intensities of the two peaks located at around 1000 cm−1, we can further

conclude that the vertical configuration is more preferable.
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Figure 3.5: (a): Optimized geometries of 4,4′-bpy sandwiched in Au junctions

with different electrode distance. (b): Calculated SERS spectra for the four config-

urations in (a). (c) Experimental SERS spectra extracted from Ref. 45. Reprinted

from Ref. 151. Copyright c⃝2013, 2015 American Chemical Society.
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Chapter 4

Inelastic Tunneling Spectra

Inelastic Tunneling spectroscopy (IETS) also provides finger-print for the

molecular junctions. It is induced by the interaction between molecular vibra-

tions and the tunnelling electrons. Compared with infrared or Raman spectra,

IETS has some advantages. For example, there is no selection rule for the IETS.

Therefore, some forbidden transitions in the optical spectra can be active in IET

spectra.

Because of the particular characteristics, IETS has been widely used in con-

firming the existence of molecule in junctions. In addition, the exact configurations

of the interface can also be achieved by comparing the experimental observation

and theoretical simulations based on different models.25–30

In this chapter, we will discuss the method of calculating IET spectra imple-

mented in Quantum Chemistry for Molecular Electronics (QCME).156 Then take

one example to study the relationship between the IET spectra and the interfacial

configurations.

4.1 Theoretical Method

To calculate the elastic and inelastic scattering in molecular junctions, QCME

program156 was developed by our group. This method was based on Kubo formula

for stationary carrier conductance.157 As shown in Figure 4.1, the molecular junc-

tion is divided into three parts: source, scattering molecule and drain. For a three

dimension electrode model, the current density can be expressed as:156,158

iSD =
em∗kBT

ℏ3

∫ ∞

0

ln
1 + exp

(
Ef+eVD−Ez

kBT

)
1 + exp

(
Ef−Ez

kBT

) × |T (VD, Q)|2 nSnDdEz, (4.1)
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Source Drain
Scattering

Molecule

Figure 4.1: Model system of a molecular junction in our theoretical method. The

junction is composed by three parts: source, scattering molecule and drain.

where e represents the charge of an electron and m∗ the mass of an electron,

respectively. Ef is the Fermi level, Ez the energy of the transport electron along

the z direction, VD the voltage, KB the Boltzmann constant, T the temperature.

nS and nD are the electron density on the source and drain electrode, which can

be calculated as

nS =
1

2πℏ

√
2m

Ez

. (4.2)

Calculating the transition function T is the essential part for obtaining the current

density. Based on equilibrium Green function, T can be written as

T = U + UG0T = U + UGU, (4.3)

where G0 and G is the free and full Green function:

G0(z) = (zH0)
−1

G(z) = (zH)−1,
(4.4)

Then the transition from the source
∑

i |Si⟩ to the drain
∑

j |Dj⟩ can be written

as

TSD(E) =
∑
i,j

⟨Dj|U + UGU |Si⟩

=
∑
i,j

⟨Dj|U |Si⟩+
∑
i,j

⟨Dj|UGU |Si⟩,
(4.5)
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Hereafter, we focus on the inelastic scattering, where the vibration of the

molecule should be included in. Under Born-Oppenheimer approximation, the

Hamiltonian could be written as

Ĥtot = Ĥe(Q) + ĤQ, (4.6)

where Ĥe(Q) and ĤQ are the electronic and vibration Hamiltonian, respectively.

Then the Schrödinger equation becomes[
Ĥe(Q) + ĤQ

]
|en⟩ |vν⟩ = (ϵn +

∑
a

nν
aℏωa) |en⟩ |vν⟩ , (4.7)

where en represent the eigenstate of the pure electronic Hamiltonian, vν the eigen-

state of the vibration Hamiltonian, ϵn the energy of the electronic eigenstate n, ωa

the frequency of vibrational mode a, and nν
a the quantum number for the mode

a. Under harmonic approximation, the wave function of the electrons could be

written as

|en⟩ =

∣∣∣∣∣en0 +∑
a

∂en0
∂Qa

Qa

⟩
, (4.8)

where en0 is the electronic wave function at the equilibrium position.

Ignoring the direct coupling between the source and the drain, the transition

function T (VD, Q) can be written as

T (VD, Q) =
∑
j

∑
k

∑
n

VSjVDk

∑
ν′,µ,ν

gn,ν
′,µ,ν

j,k , (4.9)

where j and k is the atomic site, n is the occupied molecular orbitals, VSj and VDk

are the coupling energy, which can be defined as

VSj =
S∑
l

j∑
m

OCC∑
n

Cmn⟨ϕm|U |ϕl⟩Cln

VDk =
D∑
l′

k∑
m

OCC∑
n

Cl′n⟨ϕl′|U |ϕm⟩Cmn,

(4.10)

where ϕ is the atomic orbital and Cmn (Cln, Cl′n) is the molecular orbital coefficient.

gn,ν
′,µ,ν

k′,k includes all vibrational motions, which can be expressed as

gn,ν
′,µ,ν

j,k =
⟨vν′ |⟨jn|en⟩|vµ⟩⟨vµ|en|kn⟩|vν⟩

E − En − Σanν
aℏωa

, (4.11)
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where jn and kn represent the partitioned part of the eigenstates en on atomic site

j and k, respectively. The first integral in Eq. 4.11 leads to

⟨vν′|⟨jn|en⟩|vµ⟩ =⟨vν′ |⟨jn0 +
∑
a

∂jn0
∂Qa

Qa|en0 +
∑
b

∂en0
∂Qb

Qb⟩|vµ⟩

=⟨vν′ |vµ⟩⟨jn0 |en0 ⟩+ ⟨
∑
a

∂jn0
∂Qa

Qa|
∑
b

∂en0
∂Qb

Qb⟩⟨vν
′|vµ⟩

+⟨jn0 |
∑
b

∂en0
∂Qb

⟩Qν′µ
b + ⟨

∑
a

∂jn0
∂Qa

|en0 ⟩Qν′µ
a ,

(4.12)

where Qν′µ
a is expressed as

Qν′µ
a = ⟨vν′|Qa|vµ⟩. (4.13)

Ignoring the high order, Eq. 4.12 can then be expressed as

⟨vν′|⟨jn|en⟩|vµ⟩ = ⟨jn0 |
∑
b

∂en0
∂Qb

⟩Qν′µ
b + ⟨

∑
a

∂jn0
∂Qa

|en0 ⟩Qν′µ
a . (4.14)

Perform similar treatment on the other integral of gn,ν
′,µ,ν

k′,k , we can obtain the final

Green function:

gn,ν
′,µ,ν

k′,k =[⟨jn0 |
∑
a

∂en0
∂Qa

Qν′µ
a ⟩+ ⟨

∑
b

∂jn0
∂Qb

Qν′µ
b |en0 ⟩]

×[⟨kn0 |
∑
c

∂en0
∂Qc

Qµν
c ⟩+ ⟨

∑
d

∂kn0
∂Qd

Qµν
d |en0 ⟩].

(4.15)

Then current density can be calculated using Eq. 4.1, and the IET spectra were

finally obtained using the second derivative of the current: d2I/dV 2.

4.2 Spectra-Configuration Relationship

The high sensitivity of IET spectra on the interfacial structure is the basis for

detecting the configuration of junctions. Here, we take the system of trans-1,2-

bis (4-pyridyl) ethylene (BPE) trapped in two gold electrodes (Au/BPE/Au) for

instance to analyze the effect of configuration on the IET spectra. The optimized

structures of the six Au/BPE/Au molecular junctions are shown in Figure 4.2,

and the SERS spectra of the six junctions have been investigated in Chapter 3.

The calculated IET spectra are shown in Figure 4.3a. The important vibra-

tional modes are also shown in Figure 4.3b. We divided the IET spectra into four
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(S-S)Surface-Surface Junction
a = 2.328, b = 2.331

(S-E)Surface-Edge Junction
a = 2.328, b = 2.270

(E-E)Edge-Edge Junction
a = 2.319, b = 2.319

(S-V)Surface-Vertex Junction
a = 2.328, b = 2.202

(V-E)Vertex-Edge Junction
a = 2.221, b = 2.325

(V-V)Vertex-Vertex Junction
a = 2.220, b = 2.220

a
a

a

a a a

b b b

b b
b

Figure 4.2: Optimized geometries of six Au/BPE/Au junctions. Reprinted Ref.

72. Copyright c⃝2015 Elsevier

regions for the sake of discuss. The four regions are dominated by different vibra-

tional modes: twist vibration of two pyridyl rings; pyridyl ring deformation; C-H

bending modes; pyridyl stretching and vinyl C−−C stretching modes.

The IET spectra varies largely for different junctions. For S-S junction, the

C-H bending modes dominate the IET spectra except for the low energy area.

However, for the S-E and E-E junction, the pyridyl ring deformation modes have

the largest contributions to the IET spectra. For the S-V, V-E and V-V junction,

the twisting of the pyridyl rings and out of plane vibration modes contribute more

to the IET spectra than the other modes. Additionally, from the S-V to the V-E

and V-V junction, the C−−C stretching modes is found to be more active in IET

spectra. And by observing the IET spectra of S-S, E-E and V-V junction, we found

that the C-H bending modes dominate the IET spectra when BPE is adsorbed on

flat surface. While for edge contact, the IET spectra is dominated by the pyridyl

ring deformation. Finally, when the tip is contacted with, the C−−C stretching

dominate the IET spectra.

The Raman spectra of these six junctions have been calculated and shown in

Figure 3.1c. Compared the IET spectra with the Raman spectra, we can found

that IET spectra show more sensitivity to the configurations. The difference in the

relative intensities of the Raman spectra has been quantified using peak 4/peak

5 ratio. They are found to be 1.28 2.55, 2.86, 3.04, 3.48 and 4.48 for S-S, S-E,

E-E, S-V, V-E and V-V junction, respectively, indicating the low sensitivity of the

Raman spectra. From this aspect, the IET spectra of molecular junctions provide

valuable information about the interfacial structure than the Raman spectra.
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Twist of Pyridine 278 cm−1 δ(C-C-C) 652 cm−1 δ(C-H), δ(C=C) 1191 cm−1

δ(C-H) 1332 cm−1 ν(C-C),δ(C-N) 1581 cm−1 ν(C=C) 1638 cm−1

(a)

(b)

Figure 4.3: (a): Calculated IET spectra of the six Au/BPE/Au junctions. (b):

The important vibrational modes in the IET spectra. Reprinted from Ref. 72.

Copyright c⃝2015 Elsevier.
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Chapter 5

Chemical Stability on Interface

Chemical stability indicates the ability of a particular substance persisting

in its original form. When a chemical system is exposed in some stimulus, such

as heat, incident light, electron injection and so on, the phase of matter may

be changed or a set of chemical reactions occur. However, the stability of the

chemical systems is expected in some cases. For example, the stability of the

detected target is expected even under some detecting stimulus, such as incident

light and tunnelling electrons, which would strongly interact with the molecules.

As the interface is widely used in molecule detection, micro electronic, cor-

rosion protection and so on, studying the stability of adsorbates on interface be-

comes more important. In this chapter, we first introduce the transition state (TS)

theory that is widely used in evaluating the stabilities. Using TS theory we inves-

tigate a type of molecular device and try to design some derivatives to enhance

the stability of the device. Finally, we study a controversial system in SERS, i.e.

p-aminobenzenethiol (PATP) adsorbed silver surface. The stability of PATP and

4,4′-dimercaptoazobenzene (DMAB) on Ag(111) are then discussed.

5.1 Transition State Theory

Transition state theory is a powerful tool to describe the rates for which

chemical reactions occur, which was first proposed in 1935 by Eyring, Evans and

Polanyi159. The transition state is a particular configuration corresponding to the

saddle point along the minimum energy path (MEP). Various methods have been

developed to find the transition state160–166. Here we briefly introduce the Berny

algorithm implemented in Gaussian160–162 and Nudged Elastic Band (NEB)163–165

and Dimer method166 in VASP.
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Berny Algorithm

Berny algorithm was first proposed by H. B. Schlegel in 1982.160 In this al-

gorithm, the geometry optimization using energy-represented direct inversion in

the iterative subspace (GEDIIS) was developed and implemented in Gaussian to

search the local minimum and transition states.167

As the name implies, GEDIIS employs a set of coefficients to optimize the

energy function. By updating the iterative subspace, the geometry of the local

minimum or transition states can be reached. To be specific, a new vector R∗

is first constructed by linearly combining Ri (N vectors) that were previously

computed

R∗ =
N∑
i=1

ciRi

N∑
i=1

ci =1,

(5.1)

where Ri are the geometries and ci are the corresponding coefficients which can

be used to minimize the energy function. The energy of R∗ could be calculated as

E(R∗) = E(Ri) + (R∗ −Ri)gi, (5.2)

here E(R∗) is the energy and gi the gradient of structure Ri. Multiplying both

sides of Eq. 5.2 by ci, then the summing over N points lead to

E(R∗) =
N∑
i=1

ci

[
E(Ri) +

N∑
j=1

cjRjgj −Rigi

]
. (5.3)

Under a algebraic manipulation, Eq. 5.3 can be expressed as

E(R∗) =
N∑
i=1

ciE(Ri)−
1

2

N∑
i,j=1

cicj(Ri −Rj)(gi − gj). (5.4)

The coefficients ci are used to minimize the energy function E(R∗). Then the

next vector RN+1 is approximated as

RN+1 = R∗ +∆R =
N∑
i=1

ciRi −
N∑
i=1

cigi(H − ξ)−1, (5.5)

where ξ is a parameter optimized using rational function optimization approach

andH is the Hessian matrix. It should be noted that the geometric Hessian matrix
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5.1. TRANSITION STATE THEORY

does not needed to be computed. The update of Hessian is realized by analyzing

successive gradient vectors instead.

The algorithm described above is modified to determine the transition struc-

tures by forcing the Hessian matrix H to contain a negative eigenvalue. If the

guess initial geometries was appropriate, the optimization will approach to the

transition structure in a similar way. This requirement of one negative eigenvalue

in the initial Hessian matrix needs a starting point in the quadratic region of the

transition structure. During the updating, the Hessian matrix H was improved,

with the direction of the transition vector improved automatically.

The obvious drawback of Berny algorithm is that the starting point should

be in quadratic region of the saddle point. For the reactions with a relatively

large quadratic region, this is not a problem. However, for the reactions which are

orbital symmetrical forbidden, the quadratic region of the saddle point is usually

located first by a manual survey of the potential energy surface.

Nudged Elastic Band Method

The NEB method is developed based on traditional potential elastic band

(PEB) method. The working mechanism of this kind of method could be summa-

rized as: comprise linear interpolated images between two minima, connect these

images with spring and minimize the energy of the all images. The PEB function

that is used to be optimized can be written as

S(R1,R2, . . . ,RN) =
N−1∑
1

V (Ri) +
N∑
i

k

2
(Ri −Ri−1)

2, (5.6)

where Ri is the coordinate of image i, V (Ri) the energy and k the spring constant.

The traditional PEB method has a big drawback. First, if k is too big, the elastic

band is too stiff to relax, causing the corner-cutting problem. Second, if k is too

small, the potential force makes the images to slide away from the barrier region,

causing the sliding-down problem. To overcome this shortage in PEB, the nudging

method was developed. The force implied on each point in NEB method was

modified as

Fi =F S
i |∥ −∇E(Ri) |⊥

F S
i |∥=k(|Ri+1 −Ri| − |Ri −Ri−1|) · τl

∇E(Ri) |⊥=∇E(Ri)−∇E(Ri) · τl

(5.7)

where E is the total energy of the all images and τl is the unit tangent direction

vector of image i. In this way, the perpendicular component of the spring force and

the parallel component of the true potential force are projected out. As a result,
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Figure 5.1: Comparison of NEB and CI-NEB method. Reprinted from Ref. 164.

Copyright c⃝2000 AIP Publishing.

the reserved spring force along the tangent direction keeps the images distributing

evenly on the MEP, while the perpendicular component of the potential force

guides the images move to the right MEP.

NEB method also has a drawbacks, i.e. the transition state is not always

located at an image, as shown in Figure 5.1. To obtain the structure of the

transition state, the climbing image NEB (CI-NEB) was developed. In CI-NEB,

the force acting on the image with the highest energy (imax) can be modified

again164

Fimax = −∇E(Rimax) + 2∇E(Rimax) |∥ (5.8)

In this way, the image imax can reach to the final transition state.

Dimer Method

The dimer method could be used to search the transition state efficiently

because only a few images are required and the structure of the final product is

not needed. The dimer method works by moving two identical images with a

constant distance in Cartesian space. Each step in the dimer method contains two

movements: rotating and translating. The rotation first make the dimer along the

direction with the lowest curvature. Then a similar force to CI-NEB is used to

translate the dimer to the translation state.
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Figure 5.2: (a) Structures of DHP/CPD isomers. (b) Structures of the experi-

mentally used photo-switchable molecules and its two derivatives in our investiga-

tions. Reprinted from Ref. 168. Copyright c⃝2015 American Chemical Society.

Similar to Berny algorithm, Dimer method largely rely on the initial geome-

tries. If there are several saddle points during the reaction path, the dimer method

always locates at the adjacent one. As a result, a practical approach for using dimer

method is to combine with NEB method. The NEB or CI-NEB method could do

the pre-calculation for dimer method, providing an appropriate initial geometry,

then the dimer method could locate the transition state efficiently.

5.2 Chemical Stability of Molecules in Junctions

Molecular devices are usually composed of conductive electrodes and semicon-

ductor molecules.6–9,169,170 As a result, the stability of the sandwiched molecules

must be affected by the interface. As we mentioned in the introduction, the molecu-

lar switch designed by Diego et al. based on dimethyldihydropyrene/cyclophanediene

(DHP/CPD) isomers, i.e. the DHP-I/CPD-I isomers shows less stability when

trapped in gold electrodes.97 The schematic structure of DHP/CPD and its three

derivatives are shown in Figure 5.2. In this section, we studied the underlying

mechanism of the changes in the stability. In addition, using desirable substitu-

tion, we enhanced the stability of the molecular switch.

We first simulate the process of the thermal- and photo-chemical reactions

from DHP to CPD and the reverse one in the gas phase. In this part, the

transition state is searched using the Berny algorithm171, and the forth- and

back-isomerization path is determined by scanning the intrinsic reaction coordi-

nate.172,173 Based on the reaction path on the ground state, we employed time-

49



CHAPTER 5. CHEMICAL STABILITY ON INTERFACE

0

20

40

60

80

E
n
er
gy

/
k
c
a
l·m

o
l−

1
Intrinsic Reaction Coordinate

∆F

∆B

DHP

CPD

(b)

TS:

DHP:

CPD:

(a)

Figure 5.3: (a): The optimized geometries of DHP, CPD and the transition state

(TS). (b): The potential energy surface (PES) of the ground state and the excited

states. Reprinted from Ref. 168. Copyright c⃝2015 American Chemical Society

dependent density functional theory (TDDFT) to calculate the potential energy

surface of the excited state to study the photochemical reaction. All the calcula-

tions are performed on Gaussian 09 package.130

Our calculations show that the back-isomerization energy barrier (∆B in Fig-

ure 5.3b) is found to be 23.2 kcal/mol, making the back-isomerization automati-

cally occur at room temperature. On the other hand, the energy barrier for the

forth-isomerization (∆F in Figure 5.3b) is found to be 47.6 kcal/mol, indicating its

stability. For the photochemical reaction process, we can find that both the forth-

and back-isomerization on the excited state is easier, as shown in Figure 5.3b. Our

calculations show that the CPD-I which was used in the Diego’s experiment97 also

shows instability in the gas phase, as shown in Table 5.1.

To study the effect of the electrode on the stability of these adsorbates, the

periodic boundary condition (PBC) model was used. The NEB method combined

with the dimer method implemented in VASP package127 are employed to locate

the transition state. Here, we set the electrode distance to be 12.5 Å, which cor-

responds to middle conductance region in the experimental work.97 Calculated

results show that the ∆B and ∆F decrease very much when trapped in two gold

electrodes. Especially, ∆B decreases significantly indicates that the two Au elec-

trodes introduce more instability, which agrees very well with the experimental

observations.97
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12.5 Å

Figure 5.4: The optimized geometries of DHP-I adsorbed in two Au electrodes

when the electrode distance is set to be 12.5 Å. Reproducted from Ref. 168. Copy-

right c⃝2015 American Chemical Society.

Table 5.1: Calculated activation energies (kcal/mol) and excitation wavelengths

(nm) for forth- and back-isomerization in gas phase of DHP/CPD and their deriva-

tives. The numbers in parenthesis is the activation energies for molecules sand-

wiched between two gold electrodes. Copyright c⃝2015, American Chemical Society.

Forth-isomerization Back-isomerization

Isomers ∆F Excitation ∆B Excitation

DHP/CPD 47.6 486 23.2 265

DHP-I/CPD-I 42.3(33.3) 527 23.2( 8.9) 267

DHP-II/CPD-II 34.7(38.9) 514 28.7(28.4) 262

DHP-III/CPD-III 41.6(38.5) 544 26.1(18.2) 278

Apparently, the thermal instability of CPD-I hinders its application as a pho-

toswitchable devices. In order to improve its stability, we designed two other

derivatives: DHP-II/CPD-II and DHP-III/CPD-III, as shown in Figure 5.2b. The

calculations show that ∆B of DHP-II/CPD-II and DHP-III/CPD-III increase very

much compared to the values of DHP-I/CPD-I isomers. Specially, ∆B increase by

19.5 and 9.3 kcal/mol for DHP-II/CPD-II and DHP-III/CPD-III in junction forms

compared to DHP-I/CPD-I, indicating a more stable OFF state.

Since enhanced stablibility is presented in DHP-II/CPD-II and DHP-III/CPD-

III isomers, it is important to check their switch property. Figure 5.5 shows the

51



CHAPTER 5. CHEMICAL STABILITY ON INTERFACE

0

0.4

0.8

1.2
T
ra
n
sm

is
si
on

-2 -1 0 1 2
E-EF / eV

DHP-I
CPD-I

(a)

0

0.4

0.8

1.2

T
ra
n
sm

is
si
on

-2 -1 0 1 2
E-EF / eV

DHP-II
CPD-II

(b)

0

0.4

0.8

1.2

T
ra
n
sm

is
si
on

-2 -1 0 1 2
E-EF / eV

DHP-III
CPD-III

(c)

Figure 5.5: Electronic transmission spectra of DHP-I/CPD-I(a), DHP-II/CPD-

II(b) and DHP-III/CPD-III(c) when the electrode distance is 12.5 Å. The blue

line represent the transmission spectra of DHP derivatives while the red one of

CPD derivatives. Reprinted from Ref. 168. Copyright c⃝2015 American Chemical

Society.

calculated transmission spectra for DHP-II/CPD-II and DHP-III/CPD-III when

the electrode distance is set to be 12.5 Å. Different switching properties are exhib-

ited by these two derivatives. For DHP-II, the first peak in transmission spectra

appears at -0.65 eV, while the first peak for CPD-II locates at 0.69 eV. As a result,

the conductance difference for DHP-II/CPD-II isomer is very small, which is not

a good candidate for molecular switch. On the other hand, the DHP-III/CPD-III

isomers show a good property for conductance switching molecular devices. The

transmission spectrum of DHP-III is almost as same as the one of DHP-I. However,

the first peak for CPD-III moves 0.18 eV further away from the EF compared with

the case of CPD-I, which enlarges the voltage range that can realize the switch

function.

In conclusion, we have investigated the stability of DHP/CPD and their

derivatives both in gas phase and in junctions. Our calculations show that the ex-

perimental used isomers DHP-I/CPD-I have low thermal barrier for back-isomerization,

introducing the instability of the OFF state. By substituting the central group, we

have successfully designed two more stable isomers: DHP-II/CPD-II and DHP-

III/CPD-III. Further investigations on the charge transport reveal that DHP-

III/CPD-III is a good candidate for molecular switch.
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5.3 Chemical Stability of Molecules on Surface

The surface plasmon on noble metal surface can enhance the intensity of

the scattering light, making the molecule detection more easily. However, it can

also catalyze some reactions of adsorbate, leading a lower stability of adsorbed

molecules. In this section, we investigate the system of p-aminobenzenethiol

(PATP) adsorbed silver surface, studying the stability of PATP at interface.

PATP is one popular probe molecules in SERS measurements .76–81 As we

mentioned in the introduction of the thesis, there is a hot debate about the

SERS spectra of PATP molecule adsorbed on silver surfaces. Two different mech-

anisms have been proposed to explain the new bands appeared at 1142, 1391, and

1440 cm−1: enhanced“b2”modes of PATPs76 and ag modes of its coupling reaction

product: DMAB.82–86,174

We first solve the debate about the assignment of the “b2” bands. The ge-

ometries of PATP, DMAB and DMHAB (an intermediate product) adsorbed on

Ag(111) surface are first optimized using PBC model implemented in VASP,127, as

shown in Figure 5.6a. Then the proper cluster models are extracted from the PBC

model to calculate the Raman spectra, as shown in Figure 5.6b. Combining the

calculated Raman spectra (Figure 5.6c) and the experimental SERS of PATP,175

DMHAB,176 and DMAB83, we found that the“b2”bands come from DMAB, which

confirms the hypothesis of the coupling reaction of PATP.

Then we further investigate the underlying mechanism of the reaction from

PATP/Ag(111) to DMAB/Ag(111). Apparently, the N-H bond in PATP needs

to be breaken if the reaction from PATP to DMAB happens. Zhao et al. pro-

posed one mechanism that an electron of PATP will transfer to the noble metallic

substrates under certain plasmonic excitation, reducing the stability of PATP and

making the N-H bond much easier to break.87 To test this proposition, we cal-

culated the density of states (DOS) of PATP adsorbed on Ag(111) surface. We

found the HOMO of PATP is an anti-bonding orbital, which is composed of the

lone pair electrons of nitrogen and π electrons on benzene.87,177 As a result, this

charge transfer state may slightly strongthen the N-H bond. To further validate

this conclusion, we scanned the PESs of PATP+ and PATP at the ground state

(GS) along the N-H bonds, as shown in Figure 5.8a. The results show that for

PATP+, the dissociation energy of N-H is 6.0 kcal/mol higher than the one of

PATP, revealing the fact that CT process does not favor the direct breaking of

N-H bond.

The other two possible mechanism that maybe break the N-H bond, namely

hot electron injection and photochemical catalysis are also investigated. The cal-
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Figure 5.6: (a) Optimized geometries of PATP, DMHAB and DMAB adsorbed

on the Ag(111) surface in the PBC model. (b) Extracted cluster models for Raman

calculations. (c) Calculated Raman spectra of the three structures in (b). For com-

parison, the experimental SERS spectra of PATP, DMHAB, and DMAB extracted

from Ref. 175, 176, and 83 are also included in (c). Copyright c⃝2010, 2012,

2013 and 2014, American Chemical Society.

culated PESs of the ground state (GS) and the lowest excited N-H bond breaking

state (ESσ∗) are shown in Figure 5.8a. Here the excited N-H breaking state in-

volves to the excitation from the σN-H to the π∗ orbitals of the benzene. For the
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Figure 5.7: Calculated density of state (DOS) of (a) PATP, (b) DMHAB, and

(c) DMAB adsorbed on the Ag(111) surface. The dotted, solid and dashed lines

represent the DOS of the group contained N atom, adsorbates and the topmost

Ag slab layer, respectively. Reprinted from Ref. 168. Copyright c⃝2014 American

Chemical Society.

hot electron injection mechanism, we can see that the lowest excited energy for

injecting a electron into PATP is about 2.5 eV (as shown in Figure 5.7), which is

hard to realize because the incident light energy in experiments is only 1.96 eV

(632 nm). In addition, the energy barrier for breaking the N-H bond in PATP at

the negative state178 is about 1.6 eV, which is too high to overcome at the room

temperature. For the photochemical catalysis process, we find that the energy

barrier to break the N-H bond at the ESσ∗ is only 0.5 eV. But the energy of the
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Figure 5.8: (a) Potential energy surface of the ground state (GS, solid lines) and

the excited N-H breaking state (ESσ∗, dotted line) along the N-H bond length of

PATP at neutral (blue lines) and anionic (red line) forms. (b) Potential energy

surface of a OH− approaches PATP, DMHAB and deprotonated DMHAB (from

top to bottom) along the O-H bond length. Reprinted from Ref. 168. Copyright

c⃝2014 American Chemical Society.

excitation photo is around 3.5 eV, which is hard to realize using the incident light

with low energy. As a result, we conclude that it is impossible to break N-H bond

of PATP directly.

Therefore, we moved to another direction to understand the coupling reaction

of PATP. We notice that OH− is the most possible species for deprotonation in

the solution. As a result, we scann the PES of OH− approaches to PATP, as

shown in Figure 5.8b. We can see that a deprotonated PATP radical and a water

molecule are produced without any barrier. After the deprotonated PATP are

formed, DMHAB forms easily on the Ag(111) surface and further reaction with

OH− leads to DMAB.

Following the similar procedure of the coupling reaction of two PATPs, we

studied the reaction from DMAB to PATP, too. As shown in Figure 5.9a, the

energy barrier for directly breaking the N-N bond of DMAB and DMAB+ is about

2 eV, which is hard to overcome at the room temperature. Additionally, a very high
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excitation energy (7 eV) is also needed for the decomposition reaction, prohibiting

the photochemical reactions. However, with the existence of H3O
+, this reaction

could happen easily. Figure 5.9b shows the PES of a H3O
+ approaches DMAB

and protonated DMAB at the neutral and anionic ground states. It should be

noted that the anionic form was considered here because the energy for injecting

a electron into DMAB is only 1.0 eV. The PES shows that both the neutral and

anionic form of DMAB can react with H3O
+ and finally yield DMHAB without

any barrier. After the DMHAB is formed, the breaking of N-N bond could be

easily realized by injecting a hot electron and photochemical process. As shown

in Figure 5.9c, the anionic DMHAB can overcome a barrier of 0.25 eV to break

the N-N bond. Meanwhile, on the ESσ∗ state, DMHAB needs to climb a barrier

around 0.4 eV for the same process. Even though the current models show that

the excitation energy to the ESσ∗ state is at least 3.5 eV, the DOS indicates

that the energy can be 2.5 eV, which is close to the energy of the incident photo

(2.4 eV).179,180 Once the N-N bond is broken, the H3O
+ can approach NH radicals

can form PATP easily.

In conclusion, we confirm the chemical stability of PATP and DMAB are

largely affected by the OH− and H3O
+ radicals. The competitive relationship

between the reaction from PATP to DMAB and the reverse one will finally leads

to an equilibrium between DMAB and DMHAB in solution, determing the relative

intensity of the “b2” bands.
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Figure 5.9: (a) Potential energy surface (PES) of the ground state (GS, solid

lines) and the lowest excited N-N breaking state (ESσ∗, dotted line) along the N-N

bond length of DMAB at the neutral (blue lines) and the anionic (red line) forms.

(b) PES of a H3O
+ approaches DMAB and protonated DMAB (from top to bottom)

along the N-H bond length at neutral (black lines) and anionic (red line) ground

states. (c) PES of the ground state (GS, solid lines) and the excited N-N breaking

state (ESσ∗, dotted line) along the N-N bond length of DMHAB at the neutral (blue

lines) and anionic (red line) forms. Reproducted from Ref. 168. Copyright c⃝2014

American Chemical Society.
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Chapter 6

Summary of Included Papers

Paper I

The system of trans-1,2-bis (4-pyridyl) ethylene (BPE) adsorbed on gold sur-

faces (BPE/Au system) is systematically studied. The tetrahedral Au20 is used to

mimic the flat and roughed gold surfaces. Comparing the simulated Raman spectra

with the experimentally observation, we find that, in experiment, the BPE prefer

to adsorb on flat surfaces both for BPE/Au system and Au/BPE/Au system. Fur-

ther calculations reveal that the total chemical enhancement in the Raman spectra

is determined by the excitation energy, while the relative intensity (the shape of

the Raman spectra) is controlled by the derivative of excitation energy respect to

vibrational mode. The inelastic tunnelling (IET) spectra are also calculated for

junction forms. The calculations show that, compared with the Raman spectra,

IET spectra can provide more rich information of the interface.

Paper II

A quasi-analytical method was developed to calculate the Raman spectra in

periodic boundary condition (PBC) models. To test the accuracy of this method,

we firstly simulate the Raman spectra of 4,4′-bpy molecules in gas phase. Our

calculations show that the quasi-analytical method could provide similar Raman

spectra compared with the analytical results from Gaussian 09 as well as the ex-

perimental observation, indicating the accuracy of quasi-analytical method. Fur-

thermore, the system of 4,4′-bpy adsorbed on Au surface is studied. We find that

4,4′-bpy prefers the tilting configuration when adsorbed on the Au(111) surface.

For the more complicate case: 4,4′-bpy sandwiched in gold junctions, we design

several configurations with different electrode distances. The three different SERS

spectra observed in experiments are all reproduced by our theoretical simulation.

Paper III
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In this paper, we first study the forth- and back-isomerization of photo switch-

able devices based on DHP/CPD isomers. The stability of CPD derivatives is

found to decrease when they are trapped in gold junctions, explaining the exper-

imental automatic-destruct OFF state. By rational substitutions, we successfully

design some other derivatives, i.e. DHP-II/CPD-II and DHP-III/CPD-III, to in-

crease the stability of the OFF state. Further simulations reveal that the ON/OFF

states could be maintained for DHP-III/CPD-III but not for DHP-II/CPD-II. The

theoretical investigation in this paper will help us to understand the change in the

stability when molecules adsorbed on surface and design more stable molecular

switch with high ON/OFF ratio.

Paper IV

The chemical stability of PATP adsorbed on Ag surfaces is studied system-

atically. By comparing the simulated Raman spectra and the experimental ob-

servation, we confirm that the “b2” bands come form its coupling reation prod-

uct: DMAB. This conclusion strongly validates that the stability decreasing of

PATP under the SERS conditions. To study the reaction path between PATP and

DMAB, we scan the potential energy surface along the N-H bond in PATP and

the N-N bond in DMAB. Calculated results show that the direct breaking of these

bonds cannot be realized by injecting a hot electron or photo-chemical process. On

the other hand, our studies show that the OH− and H3O
+ are important in the

forward- and backward-transformation from PATP to DMAB. The mechanisms

provided here resolve some debates such as the SERS spectra varies at different

electrode potentials, incident light and pH environments.
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and H. Ågren, Chem. Phys. Lett., 581, 70–73, 2013.

[74] M. Galperin, M. A. Ratner, A. Nitzan, and A. Troisi, Science, 319(5866), 1056–

1060, 2008.

[75] D. E. Leyden. Chemically Modified Surfaces in Science and Industry: Proceedings

of the Chemically Modified Surfaces Symposium, Fort Collins, Colorado, June 17-

19, 1987, volume 2. Taylor & Francis, 1988.

[76] M. Osawa, N. Matsuda, K. Yoshii, and I. Uchida, J. Phys. Chem., 98(48), 12702–

12707, December 1994.

[77] K. Kim and J. K. Yoon, J. Phys. Chem. B, 109(44), 20731–20736, November 2005.

[78] D. P. Fromm, A. Sundaramurthy, A. Kinkhabwala, P. J. Schuck, G. S. Kino, and

W. E. Moerner, J. Chem. Phys., 124(6), 061101, February 2006.

[79] Q. Zhou, X. Li, Q. Fan, X. Zhang, and J. Zheng, Angew. Chem. Int. Ed.,

45(24), 3970–3973, 2006.

[80] J. R. Lombardi and R. L. Birke, J. Phys. Chem. C, 112(14), 5605–5617, April

2008.

[81] N. J. Kim, J. Phys. Chem. C, 114(33), 13979–13984, August 2010.

[82] D. Y. Wu, X. M. Liu, Y. F. Huang, B. Ren, X. Xu, and Z. Q. Tian, J. Phys. Chem.

C, 113(42), 18212–18222, October 2009.

[83] H. K. Choi, H. K. Shon, H. Yu, T. G. Lee, and Z. H. Kim, J. Phys. Chem. Lett.,

4(7), 1079–1086, April 2013.

[84] V. Canpean, M. Iosin, and S. Astilean, Chem. Phys. Lett., 500(4-6), 277–282,

November 2010.

[85] C. Farcau and S. Astilean, Chem. Commun., 47(13), 3861–3863, March 2011.

[86] A. Gabudean, D. Biro, and S. Astilean, J. Mol. Struct., 993(13), 420–424, May

2011.

65



REFERENCES

[87] L. B. Zhao, Y. F. Huang, X. M. Liu, J. R. Anema, D. Y. Wu, B. Ren, and Z. Q.

Tian, Phys. Chem. Chem. Phys., 14(37), 12919–12929, August 2012.

[88] K. Kim, K. L. Kim, D. Shin, J. Y. Choi, and K. S. Shin, J. Phys. Chem. C,

116(7), 4774–4779, 2012.

[89] V. Canpean, M. Iosin, and S. Astilean, Chem. Phys. Lett., 500(4), 277–282, 2010.

[90] C. Farcau and S. Astilean, Chem. Commun., 47(13), 3861–3863, 2011.

[91] A. Gabudean, D. Biro, and S. Astilean, J. Mol. Struc., 993(1), 420–424, 2011.

[92] V. Canpean and S. Astilean, Spectrochimica Acta A, 96, 862–867, 2012.

[93] L. Simine and D. Segal, Phys. Chem. Chem. Phys., 14(40), 13820–13834, 2012.

[94] N. Tao, Nature Nanotech., 1(3), 173–181, 2006.

[95] Z. Huang, F. Chen, P. A. Bennett, and N. Tao, J. Am. Chem. Soc., 129(43), 13225–

13231, 2007.
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[108] P. O. Löwdin, Adv. Chem. Phys., pages 207–322, 2007.

[109] Editorial, Nature Materials, page 365, 2016.

[110] S. F. Boys. Electronic wave functions. i. a general method of calculation for the

stationary states of any molecular system. In Proc. R. Soc. London, Ser. A, volume

200, pages 542–554. The Royal Society, 1950.

[111] C. C. J. Roothaan, Rev. Mod. Phys., 23(2), 69, 1951.

[112] W. Koch and M. C. Holthausen. A Chemistry’s Guide to Density Functional

Theory. Wiley-VCH, Verlag, 2001.

[113] I. N. Levine and P. Learning. Quantum Chemistry, volume 6. Pearson Prentice

Hall Upper Saddle River, NJ, 2009.

[114] P. Pulay, Mol. Phys., 17(2), 197–204, 1969.

[115] J. Gerratt and I. M. Mills, J. Chem. Phys., 49(4), 1719–1729, 1968.

[116] R. Fournier, J. Chem. Phys., 92(9), 5422–5429, 1990.

[117] J. Pople, R. Krishnan, H. Schlegel, and J. S. Binkley, Int. J. Quantum Chem.,

16(S13), 225–241, 1979.

[118] B. G. Johnson and M. J. Fisch, J. Chem. Phys., 100(10), 7429–7442, 1994.

[119] P. Saxe, Y. Yamaguchi, and H. F. Schaefer III, J. Chem. Phys., 77(11), 5647–5654,

1982.

[120] I. Hacking. Representing and intervening: Introductory topics in the philosophy of

natural science, volume 5. Cambridge Univ Press, 1983.

[121] G. Pacchioni, P. S. Bagus, and F. Parmigiani. Cluster models for surface and bulk

phenomena, volume 283. Springer Science & Business Media, 2013.

[122] L. Zhao, . Lasse Jensen, , and G. C. Schatz, J. Am. Chem. Soc., 128(9), 2911–2919,

2006. PMID: 16506770.

[123] J. Hu, M. Tanabe, J. Sato, K. Uosaki, and K. Ikeda, J. Am. Chem. Soc.,

136(29), 10299–10307, 2014.

[124] J. L. Wang, G. H. Wang, and J. j. Zhao, Chem. Phys. Lett., 380(5), 716–720,

2003.

67



REFERENCES

[125] R. M. Martin. Electronic structure: basic theory and practical methods. Cambridge

university press, 2004.

[126] C. Kittel. Introduction to solid state physics. Wiley, 2005.

[127] G. Kresse and J. Furthmüller, Phys. Rev. B, 54, 11169–11186, Oct 1996.

[128] X. Gonze, J. M. Beuken, R. Caracas, F. Detraux, M. Fuchs, G. M. Rignanese,

L. Sindic, M. Verstraete, G. Zerah, F. Jollet, et al., Comput. Mater. Sci.,

25(3), 478–492, 2002.

[129] K. N. Kudin and G. E. Scuseria, Phys. Rev. B, 61, 16440–16453, Jun 2000.

[130] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.

Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji,

M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L.

Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,

T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr.,

J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin,

V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C.

Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene,

J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.

Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,

R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J.

Dannenberg, S. Dapprich, A. D. Daniels, . Farkas, J. B. Foresman, J. V. Ortiz,

J. Cioslowski, and D. J. Fox. Gaussian09 revision D.02. Gaussian Inc. Wallingford

CT 2009.

[131] R. Dovesi, R. Orlando, B. Civalleri, C. Roetti, V. R. Saunders, and C. M. Zicovich-

Wilson, Zeit. Kris. Matter., 220(5/6), 571–573, 2005.

[132] R. Dovesi, V. R. Saunders, C. Roetti, R. Orlando, C. Zicovich-Wilson, F. Pascale,

B. Civalleri, K. Doll, N. M. Harrison, I. J. Bush, et al., University of Torino,

Torino, 6, 2009.

[133] J. M. Soler, E. Artacho, J. D. Gale, A. Garćıa, J. Junquera, P. Ordejón, and
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a b s t r a c t

The surface-enhanced Raman scattering (SERS) spectroscopy and inelastic electron tunneling spec-
troscopy (IETS) are employed to study trans-1,2-bis (4-pyridyl) ethylene (BPE)/gold system. Both junction
and complex forms are considered for the SERS simulations. It is predicted that the peak at 1581 cm�1 is
more intense in the junction forms than that in the complex forms. Time dependent density functional
theory calculations show that the relative intensity is mainly controlled by the excitation energy deriva-
tive respect to the normal modes, and the total intensity is governed by the excitation energy of the
excited states. The CAH bending modes dominate the IET spectra when BPE adsorbed on the flat gold sur-
faces. While, the pyridyl ring deformation modes are more active when BPE adsorbed on the edge of the
gold clusters. For BPE adsorbed on the tip of gold clusters, the pyridyl ring and C@C stretching modes
show significant contribution to the IET spectra.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the past few decades, many great developments have been
made in single molecules spectroscopies [1,2]. One of such spectro-
scopic techniques is the single-molecule surface-enhanced Raman
scattering (SMSERS) [3,4]. By taking advantage of the huge
enhancement due to the local surface plasmon resonance in hot
spots [5], SMSERS carries the vibrational information and has been
considered as a spectroscopy which can provide the fingerprints of
molecules [6–8]. Moreover, SMSERS can even provide sub-
nanometer-resolution imaging when combines with the scanning
tunneling microscopy [9].

As a vibrational spectroscopy, SMSERS can not only be able to
verify the occurrence of single molecules in hot spots or junctions,
but also provide information about the interaction between the
molecule and the metallic surface [10–12]. For instance, trans-
1,2-bis (4-pyridyl) ethylene (BPE) adsorbed on gold (Au) surfaces
showed that the relative intensities of the two bands at
1581 cm�1 and 1638 cm�1 change significantly comparing with
those in the gas phase or solution [13–15]. Meanwhile, the peak
around 1581 cm�1 shows a blue-shift which has not been observed

for the peak around 1638 cm�1. With the help of theoretical
investigations, these spectral features can be interpreted as the
interaction between the pure flat Au surface and BPE molecule
adsorbed on the top site via the pyridyl nitrogen atom [16,17].
Recently, Li et al. also studied the SERS of BPE molecules trapped
in gold nanofingers [11]. Their experimental observations showed
that the SERS signals are much stronger than the ones absorbed on
flat gold surfaces. However, the underlying mechanism for the
enhancement in gold nanofingers is still unknown.

Inelastic electron tunneling spectroscopy (IETS) invokes the
coupling between nuclear motion of the molecule and charge car-
riers, consequently, provides a powerful tool to detect the geo-
metrical structures of molecular electronic devices [18–23]. To
the best of our knowledge, although the SERS of BPE has been
extensively investigated, the IETS of BPE has not been reported in
the literature yet.

In the present work, we theoretically investigate the SERS and
IET spectra of BPE/Au system. First, the SERS spectra of BPE
adsorbed on flat Au substrates (denoted as complex form here-
after) and trapped by metallic nanoparticles (denoted as junction
form hereafter) are calculated at the density functional theory
(DFT) level. Furthermore, time-dependent DFT (TDDFT) analysis
is utilized to reveal the underlying mechanism of the enhancement
in the junction form. Moreover, the IET spectra of junction forms
are predicted, which can provide more abundant vibrational
information.

http://dx.doi.org/10.1016/j.chemphys.2015.03.009
0301-0104/� 2015 Elsevier B.V. All rights reserved.
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2. Computational details

Tetrahedral Au20 is frequently used in theoretical studies due to
its capability in simulating the flat and roughed Au surfaces
[24,25]. In our previous study, we also found that BPE absorbed
on the surface site of tetrahedral Au20 (identified as S complex
form) gives the best agreement between the calculated and experi-
mental spectra [17]. In this study, we use the S complex together
with two other complex, i.e. edge (E) and vertex (V), to study the
absorption site dependence of SERS for the complex forms. It is
worth noting that for each edge in the tetrahedral Au20 cluster,
there are four Au atoms: two atoms on the top site, and the other
two on the edge site. The two atoms on the edge site are equiva-
lent. So we placed the molecule on top of one of the two atoms
on the edge sit to construct E complex form. In order to simulate
the junction forms, we also constructed six different molecular
junctions: surface–surface (S–S), surface–edge (S–E), edge–edge
(E–E), surface–vertex (S–V), vertex–edge (V–E), and vertex–vertex
(V–V) configurations, respectively. We also calculated the IET spec-
tra of all these junction forms.

Full geometry optimizations were performed at DFT level with
the BP86 functional [26,27]. For BPE molecule, 6-31+G(d) basis
set [28] was used, while, for Au atoms, the triple-zeta valence basis
set with one set of polarization functions [29,30] was employed
and the 60 core electrons (1s-4f) were represented by the pseu-
dopotential. All optimized geometries were shown in Fig. 1.
Based on optimized structures, analytical frequencies as well as
Raman intensities were calculated at the same level with all Au
atoms fixed. All calculations were performed by the Gaussian 09
program [31]. The Raman cross section was calculated by [32].
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� �
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�20
~min � ~mkð Þ

4 h

8p2c~mk

45a02k þ 7c02k
45

� �

1
1� exp �hc~mk=kBTð Þ

;

ð1Þ

where �0 is the electric permittivity of free space, ~min is the
wavenumber of incident light. ~mk is the wavenumber of correspond-
ing frequency, h is the Planck constant, c is the speed of light in vac-
uum, kB is the Boltzmann constant, T is the temperature, a0

k and c0k
are the derivatives of isotropic and anisotropic polarizabilities
respect to the corresponding normal coordinate, which can be
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Here the wavelength of incident light and the temperature are set to
be 784.6 nm and 298.15 K, respectively. All the calculated Raman
cross sections were convoluted by a Lorentzian function with the
full width half maximum of 15 cm�1 for a better comparison with
experimental spectra. The integrated chemical enhancement to
the Raman spectra was exploited to calculate the total enhance-
ment factors (EFs), which is

EFint ¼

R

IiðxÞdx
R

IBPEðxÞdx
; ð3Þ

where Ii represents the Raman intensity in complex or junction
form and IBPE is the Raman intensity of PBE in the gas phase.

Based on the optimized geometries, the IET spectra of BPE in the
junction forms were calculated by the QCME program [33], which
has been successfully applied to many different systems
[18,19,34]. In the framework of Green’s function formalism, the
current density along the molecular axis z is given as [33,35]

iSD ¼
em�kBT

�h
3

Z 1

0
ln

1þ exp
EfþeVD�Ez

kBT

� �

1þ exp
Ef�Ez

kBT

� � � TðVD;QÞj j
2nSnDdEz; ð4Þ

where nS and nD are the density of states of the source and drain,
respectively, Ef is the Fermi energy, T is the temperature, and VD

is the external voltage. Here, the transition matrix element
TðVD;QÞ is dependent on the vibrational motion, Q, and can be writ-
ten as [33,35]

TðVD;QÞ ¼
X

J

X

K

V JSðQÞVDKðQÞ
X

g

JðQÞjgðQÞh i gðQÞjKðQÞh i

zgðQÞ � egðQÞ
; ð5Þ

where V JS and VDK represents the coupling between atomic site JðKÞ

and reservoir SðDÞ, orbital g is the eigenstate of the Hamiltonian of
the molecule. The IET spectra is defined as the second harmonics of
a phase-sensitive detector for the second derivative of the tunneling
current, i.e.

Fig. 1. Optimized geometries of surface (S), edge (E), and vertex (V) complex forms, as well as surface–surface (S–S), surface–edge (S–E), edge–edge (E–E), surface–vertex (S–
V), vertex–edge (V–E), and vertex–vertex (V–V) junction forms. The Au–N bond length a and b were also shown.
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IETS ¼ d
2
I=dV

2
: ð6Þ

All the calculated IET spectra were also expanded by a Lorentzian
function with the full width half maximum of 15 cm�1.

3. Results and discussions

3.1. SERS spectra

The calculated Raman spectra of isolated BPE and SERS spectra
of complex forms are shown in Fig. 2(a). Five significant peaks are
presented in the spectra. The assignment to the corresponding
peaks are listed in Table 1. It should be noted that when con-
sidering the whole adsorption system, there is no symmetry in
general. However, for the sake of discussion, we used the local
symmetry of the isolated BPE molecule, i.e., D2h, to analyze the
vibrations. Therefore, the three bands locating at 979, 1332, and
1581 cm�1, i.e. peaks 1, 3, and 4 are composed of both symmetrical
and anti-symmetrical vibrational modes. Specifically, the ring
breathing of pyridyl, d(CAH)py and pyridyl ring stretching corre-
spond to the peaks located at 979, 1332, and 1581 cm�1, respec-
tively [36]. On the other hand, bands located at 1191 cm�1 (peak
2) and 1638 cm�1 (peak 5) involve the vibration of C@C.

The present calculations successfully reproduce the effect of
gold substrate on Raman spectra. For example, for the Raman spec-
trum of BPE in the gas phase, the peak at 1638 cm�1 (peak 5) is
more intense than the one at 1581 cm�1 (peak 4). However, the
opposite is observed in the SERS spectra when the molecule is in
the complex forms, as shown in Fig. 2(a). Calculated results indi-
cate that peak 1 has a 11�17 cm�1 blue shift in complex forms,
which is consistent with the experimental observations [11].
Meanwhile, peak 4 has a 11 cm�1 blue-shift in all complex forms,
which agrees with the experiments very well [11].

The calculated frequencies for SERS spectra of junction forms
are shown in Fig. 2(b) and the assignment to the corresponding
peaks are listed in Table 2. The calculation shows that the junction
forms have similar features to that of complex forms. For peak 4,
the same blue-shift are predicted in the junction forms, which is
in good agreement with experimental measurements [11].
However, the peak 1 in the junction forms has a smaller blue-shift,
i.e. 10�16 cm�1, than that in the complex forms. The 1 cm�1 red
shift is contrary to the further 3 cm�1 blue-shift observed in the
experiments [11]. Such discrepancy probably due to the intrinsic
error of the computational method employed here. The six

junction forms also exhibit different Raman activities in sym-
metrical and anti-symmetrical vibrational modes. To be specific,
for symmetrical geometries, i.e., S–S, E–E and V–V junction forms,
the Raman activities of anti-symmetrical vibrational modes is
small, while they become larger for anti-symmetrical geometries,
i.e., S–E, S–V and V–E junction forms. The phenomena could be
illustrated using the Raman activity of anti-symmetrical mode of
Peak 4, and the values were highlighted in Table 2.

In contrast to the calculated frequencies, two remarkable differ-
ences are found for the intensities of the complex and junction
forms. One of them is the ratio between peak 4 and peak 5, which
were listed in Table 3. We could see that the ratio is 1.28 for the S
complex, which is in good agreement with the experimental value
of 1.17 [17]. For the other configurations, the ratio becomes larger
than that for the S complex. This phenomenon can be mainly
attributed to the difference of the excitation energy derivatives
respect to the normal modes. The other one is the total intensity.
As shown in Fig. 2, and Table 3, the total intensity of junction forms
is larger than that of the complex forms, which is also consistent

Fig. 2. Calculated Raman spectra of (a) isolated BPE and the complex forms, (b) the junction forms. All spectra are expanded by a Lorentzian function with the full width half
maximum of 15 cm�1.

Table 1

Calculated Raman frequencies assignment of isolated BPE, and surface (S), edge (E),
vertex (V) complex forms and the corresponding enhancement factor for the peak
EFint. ‘Symm’ and ‘Anti’ represent symmetrical and anti-symmetrical mode. The
number in brackets is the calculated Raman activity in A4=AMU. The bold values
represent different enhancement factors of ‘Symm’ and ‘Anti’ vibrational modes.

Peak Assignment BPE S E V

1 Ring breathing Symm 979 976 976 977
(310) (918) (1703) (4636)

Anti 976 990 990 996
(0) (414) (495) (663)

EFint 4.3 7.1 17.0
2 d(CAH)py, d(CAC) 1191 1193 1193 1193

(1412) (6529) (7617) (11,993)
EFint 4.6 5.4 8.5

3 d(CAH)py Symm 1332 1333 1332 1332
(399) (1905) (2062) (3656)

Anti 1341 1344 1342 1343
(0) (64) (102) (180)

EFint 4.9 5.4 9.6
4 m(CAC)py, d(CAN)py Symm 1581 1584 1584 1584

(2915) (9689) (12,655) (19,272)

Anti 1581 1598 1599 1601
(0) (7915) (11,651) (28,930)

EFint 6.0 8.3 16.5
5 m(C@C) 1638 1638 1636 1636

(2967) (9765) (9991) (11,394)
EFint 3.3 3.4 3.8
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with experimental observations. Specially, the total intensity of
S–S junction form is 4.21 times as large as the one of S complex form,
which is in good agreement with the experimental evaluation
(approximately 4 times). Our simulation reveals that the S complex
and the S–S junction form are the most possible ones in the con-
ventional SERS and SERS in junction experiments, respectively.

To comprehend the underlying mechanism of the different rela-
tive intensities and EFs, TDDFT calculations were performed to
analyze the excitation energies for all configurations. If we neglect
the derivative of the transition dipole moment respect to nuclear,
the polarizability derivatives of the whole system can be written
in the sum over states formula as

@apq

@Q k

¼
X

i

�
l0i;pl0i;q

x2
i0

@xi0

@Q k

� �

ð7Þ

where l0i;p and l0i;q are the p and q Cartesian components of

the electric transition dipole moment for the excitation from the
ground state to excited state i, respectively, and xi0 is the
corresponding excitation energy. Jensen and co-workers have
developed two states model to understand the chemical enhance-
ment in complex [24]. They took the HOMO–LUMO gap as the most
important factor and successfully described the different EFs for dif-
ferent molecules adsorbed on silver cluster [24]. Here we extend
their model by using excitation energies calculated from TDDFT as
well as more excited states.

For the complex forms, we only consider the first excited state
followed by the model proposed by Jensen [24]. As a result, the EF
can be calculated as

EFcomplex
model;k ¼

@acomplex
pq
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where x10 is the first excitation energy and Ak is
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which is the normal mode dependent. TDDFT results show that in
the junction forms the first and second excited states are always
near degenerate. Therefore, we consider two lowest excited states
for the EFs, i.e.,

EFjunctionmodel;k ¼
@ajunction

pq

@Q k

 !2,
@aBPE

pq

@Q k
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¼
Ak

x2
10

þ
Bk

x2
20
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�
Ak

x2
10

þ
Ak

x2
20

� �2

;

ð10Þ

where x20 is the second excitation energy and the normal mode
dependent terms Ak and Bk are defined in Eq. 9. For simplification,
we assumed that Ak � Bk in the following discussions.

From Eq. 8 and Eq. 10, we can see that, x10 and x20 are the
excitation energies of the charge transfer state, which determine
the whole EFs. Meanwhile, the Ak that is the derivative of the
excitation energy of excited state with respect to particular normal

mode. A2
k varies for different peaks, therefore determines the shape

of the Raman spectrum. Although A2
k could be calculated from

Eq. 9, the practical method used here to estimate it is finding the
slope of calculated EFs respect to the excitation energy terms for
nine configurations. The fitted slopes for all peaks are listed in
Table 4. As mentioned before, the slopes reflect the differences of

Table 2

Calculated Raman frequencies assignment of surface–surface (S–S), surface–edge (S–E), edge–edge (E–E), surface–vertex (S–V), vertex–edge (V–E) and vertex–vertex (V–V)
junction forms and the corresponding enhancement factor for the peak EFint. ‘Symm’ and ‘Anti’ represent symmetrical and anti-symmetrical mode. The number in brackets is the
calculated Raman activity in A

4
=AMU. The bold values highlight the enhancement factors discussed in the main text.

Peak S–S S–E E–E S–V V–E V–V

1 Symm 990 990 990 989 989 994
(5952) (9877) (17,441) (7240) (18,072) (90,338)

Anti 990 991 991 996 995 995
(39) (972) (47) (15,417) (21,468) (8)

EFint 19.2 34.8 56.1 72.8 127.0 290.1
2 1193 1194 1193 1194 1194 1194

(27,329) (37,274) (54,127) (60,556) (99,378) (208,869)
EFint 19.3 26.4 38.3 42.9 70.4 147.9

3 Symm 1333 1332 1331 1333 1333 1333
(8218) (11,664) (16,059) (19,389) (31,649) (73,536)

Anti 1341 1342 1344 1343 1343 1344
(0) (13) (4) (4755) (14) (0)

EFint 20.6 29.2 40.2 60.4 79.3 184.1
4 Symm 1592 1592 1592 1592 1592 1592

(84,123) (129,193) (200,528) (209,642) (383,862) (933,005)
Anti 1599 1600 1601 1602 1602 1603

(6) (941) (258) (32,228) (27,137) (2)

EFint 28.9 44.6 68.9 83.0 141.0 320.1
5 1638 1637 1637 1636 1637 1636

(34,383) (40,626) (53,421) (52,085) (74,987) (127,058)
EFint 11.6 13.7 18.0 17.6 25.3 42.8

Table 3

Calculated ratios between peak 4 and peak 5 and the integrated enhancement factors (EF) of the complexes and junctions. The bold values represent the probable configurations
in experiments.

Structure S E T S–S S–E E–E S–V V–E V–V

Ratio 1.28 1.69 2.30 2.12 2.55 2.86 3.04 3.48 4.48
EF 4.70 5.97 11.00 19.81 29.33 44.98 50.44 85.20 184.00

Table 4

Fitted slope of calculated EFs respect to the excitation energy terms. The slopes
represent the derivative of the excitation energy of excited state with respect to
particular normal mode, i.e. A2

k , which determine the shape of the Raman spectrum.

Peak 1 2 3 4 5

Slope 0.15 0.07 0.09 0.16 0.02
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terms relate to the normal mode and control the spectral shape.
For instance, peak 4 is more intense than peak 5 when BPE
adsorbed on the Au surfaces and junctions can be attributed to
the fact that the slope for peak 4 is much larger than that for peak

5 (see Table 4 for the details). Using fitted A2
k , the modeled EFs

could be calculated. The perfect linear relationship between the
modeled EFs and the calculated EFs shown in Fig. 3 indicates that
the hypothesis of neglecting the derivative of transition dipole
moment respect to normal modes is suitable for our systems and
it is necessary to include the first two excited states in calculating
the EF for junction forms. Furthermore, the linear relationship also

reveals that the excitation energies govern the total intensity of the
SERS spectra.

3.2. IET spectra

The IET spectra of molecules trapped in two metal electrodes
can provide valuable information about the molecular con-
formation and contact geometry of the junction which is not
reflected by the SERS spectra. Although there is no experimental
report for IET spectra of BPE in Au junctions, to this end, we also
calculated the IET spectra of the six Au20–BPE–Au20 molecular
junctions which could be useful in the understanding of the
adsorption properties of the BPE molecule. The computed IET spec-
tra are shown in Fig. 4, and the most active modes in the IET spec-
tra are also shown in Fig. 5. For convenience, the IET spectra are
divided into four regions. In the first region, the main contribution
comes from the twist vibration of two pyridyl rings round vinyle.
The pyridyl ring deformation dominates the second region in the
IET spectra. The third region in the IET spectra is mainly con-
tributed by the CAH bending modes in the pyridyl rings. The pyr-
idyl stretching and vinyl C@C stretching modes contribute the
most to the fourth region in the IET spectra.

The relative intensity of the four regions varies for different
contact configurations. For the S–S contact configuration, the
CAH bending modes have the largest contribution to the IET spec-
tra except for the low energy part of the spectrum (smaller than
500 cm�1). In both the S–E and E–E contact configurations, the pyr-
idyl ring deformation modes dominate the IET spectra. For the S–V,
V–E and V–V contact configurations, the vibration modes involving
the twisting of the pyridyl rings and out of plane vibration modes
show significant contributions to the IET spectra. In addition, the
intensity of the IET peak corresponding to the C@C stretching
modes increase gradually from the S–V to the V–E and V–V contact
configurations. From the IET spectra of the BPE molecular junctions
with S–S, E–E and V–V contact configurations, one can find that the
CAH bending modes dominate the IET spectra when the contact
electrodes are the pure flat surface. When the molecule contact
with the edge of the electrodes, the pyridyl ring deformation

Fig. 3. The correlation between calculated EFs and the modeled EFs for all peaks.
Calculated EFs were calculated from Eqs. 3 and modeled EFs were calculated from
Eqs. 8 and 10. Different slopes were used for Peak 1, 2, 3, 4 and 5, which are listed in
Table 4.

Fig. 4. IET spectra of six molecular junctions(expanded by a Lorentzian function with the full width half maximum of 15 cm�1). For convenience, the spectra are divided into
four regions, I, II, III, IV.
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modes are more active. When the tip of electrodes contact with the
molecule, the C@C stretching modes show significant contribution
to the IET spectra.

4. Conclusion

The SERS spectra and IET spectra of BPE in Au nano junctions are
theoretically investigated. Different adsorption sites are consid-
ered. It is found that the chemical adsorption on gold surface
induces the blue-shift of two bands in SERS spectra, and the rela-
tive intensities of the two bands at 1581 cm�1 and 1638 cm�1

change significantly, which agrees with experimental very well.
Our model reveals that the excitation energy govern the total
intensity and the excitation energy derivative respect to the nor-
mal modes control the relative intensity. Compared to SERS spec-
tra, IET spectra offer us additional construction information of
the junctions with different contact configuration. Among six
molecular junctions we studied here, different vibrational modes
are dominant in the IET spectra, illustrating the contact config-
uration of junctions could be reflected by the IET spectra.
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ABSTRACT: Surface-enhanced Raman scattering has become a
powerful analytical tool for the characterization of molecules adsorbed
on metal surfaces. The lack of reliable computational methods to
accurately assign the complicated Raman spectra has hampered its
practical applications. We propose here a quasi-analytical method that
allows for the effective evaluation of Raman tensors in periodic systems
based on density functional perturbation theory and the finite-difference
approach. Its applicability has been validated by simulating Raman
spectra of 4,4′-bipyridine (4,4′-bpy) in various conditions. The
calculated Raman spectra of isolated 4,4′-bpy as well as its adsorption
on flat gold surfaces nicely reproduce their experimental counterparts.
The same method has also been successfully applied to a more complicated system, namely 4,4′-bpy inside gold nano junctions.
By comparing with the in situ experimental spectra, four interfacial configurations are identified, which are further verified by the
good agreement between the simulated charge transfer properties and the experimental measurements. These results indicate
that the proposed low-cost quasi-analytical method can provide accurate interpretation for the experimentally measured surface-
enhanced Raman spectra and unambiguously determine the structures of the molecules on metal surfaces.

■ INTRODUCTION

Understanding interfacial structures at the molecular level is
critical to the trace-level detection, heterogeneous catalysis,
corrosion protection, and microelectronics.1 Surface-enhanced
Raman scattering (SERS) is one of the most promising optical
spectroscopic techniques in sensing individual molecule
adsorbed on metal substrates or in between nanoparticles.2−4

After the single molecule surface-enhanced Raman scattering
(SMSERS) was first reported by Nie and Emory5 as well as
Kneipp and co-workers,6 the identification and control of the
hot spots7−10 have become the center of SERS study. For
example, Schatz and Van Duyne studied a large variety of
structures and concluded that the simplest hot spot is the dimer
structure.10 Recently, Li et al. used gold nanofingers to trap
molecules and produced hot spots uniformly.11,12 In addition,
the mechanically controllable break junction method (MCBJ)
was employed to form hot spots and the in situ SERS was also
investigated by changing the electrode distance.13,14 Because of
the complicated interaction between adsorbates and substrates
in SERS, it is often very difficult to directly assign the
experimental spectra and the theoretical models have become
inevitable.
There are two ways to model the adsorption of molecule on

metallic surface and simulate the corresponding SERS spectra
at the ab initio level. The widely used one is the cluster model
that mimics the substrate by a few metallic atoms. The

advantage of the cluster model is that the Raman intensity
could be calculated by using the analytical method. Many
factors have been evaluated in the cluster model by several
theoretical groups, such as the cluster size, adsorption site,
incoming light wavelength, and so on.15−19 However, the use of
a finite number of atoms can not guarantee the correct
description of the electronic structure of surfaces or nano-
particles. The calculated results from the cluster model thus
often lead to different theoretical interpretations for exper-
imental observations. The other one is in the framework of the
periodic condition boundary (PBC), which could give reliable
electronic structure of metallic substrates. Some progress has
been made over the years along this direction. For example,
Karhańek et al. employed density functional perturbation
theory (DFPT)20,21 to evaluate Born effective charges (the first
derivative of the polarization with respect to the ionic
coordinates), and then simulated the infrared spectrum of
methane-thiolate radical on the Ni(111) surface.22,23 For
Raman spectra, Zayak et al. first numerically calculated the
static polarizability by calculating the second-order derivative of
energy with respect to the external electric field.4 Then, the first
derivative of the static polarizability with respect to the normal
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mode again estimated numerically to generate Raman
intensities of benzene thiol adsorbed on the Au(111) surface.4

However, this purely numerical third derivative based method
may lack numerical stability and be time consuming, which
limits its practical applications.
In the present work, we put forward a new computational

method that combines methods employed by Karhańek and
Zayak to compute the Raman intensities of molecules in a
period system. It is a quasi-analytical method, in which the
Raman tensors are calculated by the finite-difference of Born
effective charges with respect to the electric field, while the
Born effective charges are calculated analytically. In our
approach, the numerical derivative is only employed once.
Hence the computational efficiency is improved.
We have chosen 4,4′-bipyridine (4,4′-bpy), a well-studied

organic molecule for both normal SERS and SMSERS
studies,24−26 to demonstrate the ability of our method. It
should be noted that even for such a widely studied system,
there are still some conflict interpretations between different
experimental observations. For instance, Rzezńicka et al.
concluded from their measured tip-enhanced Raman scattering
spectra of 4,4′-bpy on Au(111), a nitrogen coordinated and in-
plane tilting configuration after long immersion.24 However,
Wang et al. observed that 4,4′-bpy forms another ordered
structure on Au(111) by a scanning tunneling microscope,
where the ring plane parallel to the surface and proton act as a
bridge to pair two 4,4′-bpy molecules.25 Meanwhile, Suzuki et
al. also claimed that they had successfully controlled the
orientation of 4,4′-bpy on Au nanoparticles using the
immersion into ethanol.26 Recently, the SMSERS of 4,4′-bpy
trapped in gold junctions was also reported by Konishi et al.
using the combined MCBJ and in situ SERS methods.14 They
found that the SERS spectra were significantly associated with
the gap distance. By in-site measuring of the conductance, three
types of 4,4′-bpy configurations were inferred, which were
labeled as “broken”, “tilting”, and “vertical”, respectively, during
decreasing the gap distance. However, all these configurations
have not been convincingly assigned by high-level theoretical
calculations. We will show in this study that our newly
developed computational method will be able to reproduce all
experimental results available and to correctly assign the
molecular configurations/structures under different conditions.

■ METHODS

The Raman tensors could be expressed as third derivative of
energy27,28
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where α and β represent the Cartesian direction, Qk
corresponds to the normal mode, and ε is the external electric
field. To reduce the order of derivative, the Born effective
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is used in this quasi-analytical method. Here x is the ionic
coordinates. On the basis of the Born effective charges, the
Raman tensors could then be rewritten as29
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where l and m are the Cartesian displacement and the mass of
the atom, respectively. The benefit of eq 3 is that the Born
effective charges could be analytically determined by the
density-functional perturbation theory.20,21 Therefore, eq 3
could be effectively computed by only the first-order finite-
difference expression (the central-difference formula), i.e.
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We can summarize the computational steps for evaluating
Raman tensors in the quasi-analytical method: (1) Geometrical
optimization. (2) Frequency analysis without the electric field
to obtain l. (3) Frequency analysis with Δεα to obtain
Zβi(Δεα). (4) Frequency analysis with −Δεα to obtain
Zβi(−Δεα). (5) Compute Raman tensors by eq 3. Con-
sequently, we only need to perform four first-principles
calculations, which significantly reduces the computational
cost compared with that in purely numerical method proposed
by Zayak et al.4

With the calculated Raman tensor, the differential Raman
cross section can then be calculated using the standard
expression27,30,31
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where the wavelength of the incident light and the temperature
are set to be 514 nm and 298.15 K, respectively. Meanwhile, the
calculated frequencies are scaled by 1.01,32 and all the
calculated Raman cross sections are convoluted with a
Lorentzian function with the full width half-maximum of 15
cm−1 to compare with the experimental spectra. For surfaces
and junctions, only Rzz

k needs to take into account in view of the
electric field is only along the z direction.4 On the other hand,
the Raman intensity of the 4,4′-bpy molecule in the gas phase is
calculated by a rotationally averaged value of Raman tensors
(i.e., the scattering factor Sk) and is evaluated as
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■ COMPUTATIONAL DETAILS
The geometries of 4,4′-bpy/Au surface and Au/4,4′-bpy/Au
junctions were optimized using the PBC model implemented in
the Vienna ab initio simulation package (VASP).33 Different
configurations were considered both for surfaces and junctions.
The projector augmented wave pseudopotentials were
employed to represent the interaction between the core ions
and the valence electrons.34 Meanwhile, the exchange-
correlation effects were mainly described by the Perdew−
Burke−Ernzerhof generalized-gradient approximation (GGA-
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PBE)35 with a plane-wave basis cutoff of 400 eV. Slab models
were used to model the Au surface, and the lattice constant for
bulk Au was set to be the experimental value of 4.078 Å.36 The
Au surfaces were constructed by six p(6 × 6) slab layers. For
the k-point sampling, only the gamma point was adopted.
During the optimization, the three outermost layers of the
junctions were fixed to mimic Au bulk, while all the other atoms
were allowed to relax at all dimensions. The final forces on
these atoms were less than 0.02 eV/Å. After the geometrical
optimization, we fixed the substrate and only calculate the
vibrations of the molecule using DFPT method. The
performance of DFPT in calculating the Born effective charge
was examined. Our test calculation shows that the Born
effective charge of the nitrogen atom in 4,4′-bpy that close to
the Au surface along the z axis obtained from the DFPT
calculation and the numerical method are indeed the same
(both are 0.68 e). This result manifests the accuracy of DFPT
even for the zero gap systems. The geometry of the 4,4′-bpy
molecule was also optimized in the same supercell to simulate
the case in gas phase. For comparison, the analytical Raman
spectrum was also obtained using the Gaussian 09 package.37

Both the geometry optimizations and frequency analysis were
performed at the BP86/6-31+G(d)level.38−40

We have also calculated charge transport properties of the
molecular junction to verify the proposed configurations. In
these calculations, the entire molecular junction was divided
into three regions, a left electrode, an extended molecule, and a
right electrode. The extended molecule includes the bare

molecule and three Au layers at each side to take into account
the screening effects. The improved Troullier-Martins type
norm-conserving pseudopotentials41 were used to describe the
core electrons, and the GGA-PBE was used for the exchange
correlation functional. A single-ζ plus single polarization basis
set is employed for the Au atoms and a double-ζ plus single
polarization basis set for the other atoms. The electron
transport properties are calculated in the TranSIESTA
package42 using the nonequilibrium Green function combined
with the density functional theory method.

■ RESULTS

Normal Raman and SERS Spectra on Au Surfaces. The
Raman spectrum of isolated 4,4′-bpy is first simulated using the
quasi-analytical method, as shown in Figure 1a (red line). For
comparison, the analytical Raman spectrum (black line) and the
corresponding experimental spectrum (blue line) are also
presented.43 One can immediately find the similarity between
theoretical and experimental spectra, which manifests the
accuracy of the quasi-analytical method. Specifically, both
experimental and calculated Raman spectra show five peaks
(labeled as 1 to 5 in Figure 1a) located around at 990, 1220,
1300, 1500, and 1610 cm−1, respectively. In this case, peaks 1 to
5 are all symmetric in plane vibrational modes as shown in
Figure 1b.
To further validate the quasi-analytical method, 4,4′-bpy

adsorbed on the Au surface is considered. It should be noted
that the substrates used in SERS experiments are usually

Figure 1. (a) Analytical (black), quasi-analytical (red), and experimental (blue) Raman spectra of isolated 4,4′-bpy. The experimental spectrum is
extracted from ref 43. (b) Vibrational modes relate to the selected peaks 1−5 in (a).
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roughed. However, using tip-enhanced Raman spectroscopy
and the shell-isolated nanoparticle-enhanced Raman spectros-
copy, nowadays, Raman spectra based on a single crystal facet
are readily obtained.44−46 Figure 2a (the black dashed line)
shows the TERS spectra of 4,4′-bpy adsorbed on the Au(111)
surface. In our simulations, two trial configurations are designed
to study this situation, namely the tilting and flat configurations
as shown in the inset picture of Figure 2a. We find that, for the
tilting configuration, the nitrogen atom anchors to the Au(111)
surface on the top site with an in-plane tilting adsorption angle.
Meanwhile, for the flat configuration, the aromatic pyridine ring
is orientally parallel to the Au(111) surface and form a π-
bonded state. The angle between the nitrogen−nitrogen axis
and the Au(111) surface is found to be 49.8° and 2.6° for the

titling and flat configuration, respectively. Moreover, the
geometries of the 4,4′-bpy are largely affected by the substrate
in the flat configuration. Especially, the dihedral between two
pyridine rings is observed to be 38° in tilting configuration,
while the corresponding value in the flat configuration
decreases to be 28°. Although for the π-bonded state
functionals with dispersion correction would give better results,
they are not implemented in the current VASP code for DFPT
calculations. Thus, we would like to keep the traditional PBE
functional even for the π-bonded state in our calculations.
Using the quasi-analytical method, SERS spectra of the tilting

and flat configurations are calculated and the results are shown
in Figure 2a. It can be seen that the relative Raman intensities
of the two configurations are distinguishable. Specifically, for

Figure 2. (a) Calculated SERS spectra of flat and tilting configurations. For comparison, the corresponding experimental TERS spectrum of 4,4′-bpy
adsorbed on the Au(111) surface is extracted from ref 47. (b) Selected vibrational modes for peaks 1 and 5 of flat and tilting configuration,
respectively.

Figure 3. (a) Optimized geometries of 4,4′-bpy in Au junctions with different gap distance. (b) Calculated SERS spectra for different configurations
in (a). (c) Experimental SERS spectra extracted from ref 14.
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the tilting configuration, the intense peaks locate at 988, 1226,
1301, 1505, and 1601 cm−1, respectively, while for the flat
configuration, only two peaks are dominant at 994 and 1598
cm−1. This result should be attributed to the orientation of the
molecule with respect to the surface. For the surface case, only
Rzz
k needs to be evaluated. Thus, many modes that nearly

parallel to the substrate are suppressed in the flat configuration.
Interestingly, the assignments for the vibrations in the tilting

configuration are similar to those of the isolated 4,4′-bpy
molecule except the splitting of the degenerate modes. All
degenerate modes are split to the one with more proportion of
the pyridine ring contacting with the metallic surface and the
other with that of the noncontacting pyridine (Figure 2b). The
former mode is much more intense than the latter one and
dominates in SERS spectrum. Our simulations successfully
explain the tip-enhanced Raman scattering (TERS) spectra
measured in the fishing mode.47 Particularly, a blue shift
shoulder peak in band 5 is observed in the ON state of the
fishing mode and vanishes in the OFF state. Remarkably, there
is no frequency shift for the main band of peak 5. Thus, the
reasonable assignment is that main and shoulder bands are
related to two split vibrational modes, respectively (see
vibrational modes around 1600 cm−1 in Figure 2b). The ON
state only brings the locally enhanced field close to the
noncontacting pyridine that attributes to the weak band. It is
noted that, in previous theoretical assignment from the cluster
model, the main band in peak 5 was categorized to be the
degenerate modes, which is inconsistent with the experimental
factor of no frequency shift.43,48,49 Here we would like to stress
again that the difficulty in correctly describing the electronic
structure of the substrate in the cluster model could be the
reason for the incorrect assignments given in the previous
studies.
In comparison with the corresponding experimental SERS

spectrum,47 we can identify that the tilting configuration is
more preferable when 4,4′-bpy adsorbed on the Au(111)
surfaces. We note that most experimental measurements for
4,4′-bpy adsorbed on gold and silver substrates give similar
SERS spectra.43,50−52 It can thus safely conclude that on these
substrates, 4,4′-bpy would always prefer to have the tilting
configuration.
SERS Spectra in Junctions. We now turn our attention to

a more complicated case: 4,4′-bpy in gold junctions, where the
molecular structures are not well-identified. In the MCBJ
experiments carried out by Konishi et al.,14 three types of SERS
spectra have been observed with different electrode distances.
They were labeled as types I, II, and III with decreasing gap
distance. We would like to identify the corresponding
configurations for these different Raman spectra by the quasi-
analytical method.
The optimized geometries of the junctions with different

initial electrode distances at 0.85, 1.18, and 1.88 nm are shown
in Figure 3a. Four different configurations have been identified,
namely: flat, tilting, vertical, and broken configurations. When
the initial gap is set to be 0.85 nm, 4,4′-bpy prefers the flat
configuration, where the adsorbate has similar structure to that
on surface with less dihedral angle (18°) between two pyridine
rings. Meanwhile, during the optimization, the two electrodes
approach each other resulting in the decrease of the gap
distance to 0.71 nm. The calculated Raman spectrum of the flat
configuration is shown in Figure 3b. Only one predominant
peak is found to be located at 955 cm−1, which is consistent
with the experimental SERS spectrum of type III, in which a

predominant peak is around 975 cm−1. This peak corresponds
to the C−H out-of-plane bending. When the electrode distance
is initially set to 1.88 nm, the 4,4′-bpy molecule would
approach one electrode and form the broken configuration and
the final gap becomes 1.78 nm. The broken configuration is
essentially the same as the tilting configuration on the gold
surface. This is also true for the calculated Raman spectrum.
Compared to the in situ type I spectrum,14 the broken
configuration is the most probable one in this case.
The situation gets more complicated with the medium gap

distance (i.e., the electrode distance is initially set to 1.18 nm).
In this case, the tilting and vertical configurations can both be
obtained after the optimization. In both configurations, 4,4′-bpy
has a nitrogen-anchored state. However, the tilting angle is
55.4° and 88.3° for the tilting and vertical configurations,
respectively. Meanwhile, the optimized gap distances are almost
the same, all around 1.0 nm. The calculated Raman spectrum
shows that, for the vertical configuration, again, only one
predominant peak appears in the theoretical Raman spectrum.
This peak locates at 965 cm−1, and it corresponds to the out-of-
plane ring deformation and out-of-plane C−H bending. For the
tilting junction, the most dominant peak locates at 990 cm−1,
corresponding to the in-plane ring deformation. Two other
comparable peaks located at 1061 and 1221 cm−1 are attributed
to the in-plane C−H bend. None of the calculated spectrum
from these two configurations could capture all features of type
II. However, we readily find that the mixture of the simulated
spectra is quite similar to experimental measurements. It is thus
possible that both vertical and titling configurations could
contribute to the experimental spectrum of type II. However,
according to the experimental relative intensities of the double
peaks around 1000 cm−1, the vertical configuration seems to be
preferable.
As shown in Figure 3c, the change of configuration during

MCBJ could be identified not only by the relative intensities of
Raman spectra but also by the relative positions of the most
intense peak. Experimentally, the most intense peaks in the
three types of Raman spectra locate at 975, 990, and 1025
cm−1, showing a blue shift when the junction was broken. The
blue shift is also nicely predicted in the simulated Raman
spectra, in which the most intense peaks for the flat, vertical,
and broken configurations locate at 955, 964, and 988 cm−1,
respectively. These results further confirm the assignment for
the configurations in the MCBJ experiments.

Conductance Properties. In experiments, the conduc-
tance of the junctions were also measured simultaneously with
the spectra.14 Thus, to further support our conclusions
obtained from spectra calculations, the in situ conductance
properties are simulated. The electronic transmission spectra
for all configurations involved are shown in Figure 4. We find
that for the flat configuration, the first conductance peak
appears at −0.35 V, while for the vertical and tilting
configuration at 0.75 and 0.98 V, respectively. No peak appears
in this bias voltage range from −2 to 2 V for the broken
configuration. As a result, the calculated conductance at 20 mV
bias voltage is 0.010, 0.003, 0.002, and 0 G0 for the flat, vertical,
tilting, and broken configurations, respectively, which is
consistent with the experimental observation.14 Furthermore,
the indistinguishable for the conductances of tilting and vertical
configurations reveals that both configurations could contribute
to the type II spectrum.
The difference in the conductance of the four configurations

can be understood by a molecular orbital analysis. The
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molecular eigenstates are investigated by diagonalizing the
molecular projected self-consistent Hamiltonian for the whole
junction. For the flat configuration, the first peak below EF
located at −0.35 eV is mostly contributed by a surface state, as
shown in Figure 5a, which could be easily understood by the
closeness of the electrodes. However, for the vertical and tilting
configuration, the first peak in the transmission spectra appears
above EF, located at 0.75 and 0.98 eV, respectively. As shown in
Figure 5 (panels b and c), both peaks are mostly contributed by
the hybrids of surface state and the lowest unoccupied
molecular orbital (LUMO) of 4,4′-bpy molecule. We should
emphasize that the relative position of the LUMO of the 4,4′-
bpy molecule with respect to the EF determines the position of
the first peak in the transmission spectra. In other words, the
LUMO of 4,4′-bpy molecule is closer to the EF for vertical
configuration than the tilting configuration, resulting in a
slightly bigger conductance in the vertical configuration.

■ CONCLUSION
In summary, a quasi-analytical method has been developed to
calculate Raman spectra for the PBC model based on the first-
principle calculation and finite-difference method. To test the
accuracy and stability of this method, we have calculated the
Raman spectra of isolated 4,4′-bpy as well as its adsorption on
the simplest gold surface. Simulated results are in good
agreement with the experimental observations, which highlight
the usefulness of the method. Furthermore, the simulated SERS
spectra of 4,4′-bpy sandwiched in Au junctions nicely
reproduce all three experimental measurements, identifying
the corresponding configurations in different gap distances. The
agreement of theoretical and experimental conductances further
confirm the conclusions drawn from the spectral calculations.

We expect that, with reliable theoretical simulations, the in situ
combination of SERS and transport measurements could
become a more powerful fingerprint technique for exploring
interfacial structures.
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ABSTRACT: Photoswitchable molecular devices based on dimethyldihydro-
pyrene (DHP) and cyclophanediene (CPD) isomers in gold junctions have
been systematically studied by using first-principles calculations. The reaction
pathways for the forth- and back-isomerization between DHP and CPD have
been explored. It is found that along the ground state, the calculated barrier for
the back-isomerization from CPD to DHP is as high as 23.2 kcal/mol. The
forth- and back-isomerization on excited state was found to be much easier
compared to that on the ground state. Our calculations have shown that the
same conclusions about the reaction pathways can be drawn for the DHP/CPD
derivatives that were experimentally studied. It is revealed that the thermal
stability of the molecular switch can be significantly enhanced when certain
substitutions are employed. A desirable substitution that gives a larger ON/
OFF ratio and higher thermal stability is proposed for these isomeric systems.
We have also found that the electrode distance has a huge impact on the electron transport properties, as well as the switching
performance, of these junctions, which nicely explains some puzzling experimental observations.

■ INTRODUCTION

Electron transport in a molecular device is of fundamental
scientific interest and relevant to future technologies.1 A wide
variety of single molecules with specific properties have been
sandwiched between metallic electrodes to construct functional
junctions. The first outstanding example is the single molecular
diode ingeniously designed by an asymmetric molecule as
proposed by Aviram and Ratner in 1974.2,3

Molecular switch is an attractive functional device that has
been extensively studied during the past 20 years4−6 because of
its small size, high speed, and other promising features for
memory elements.1 Eigler et al. used electric current to excite
molecular vibrations and made the famous Xe atom switch to
work.7 Grunder et al. designed a cruciform type of molecule
with two rodlike substructures. By changing the electrochemical
potential, they could control the connection of molecules with
the electrodes and obtain the switch function.8 The well-studied
cis−trans isomerization of the single azobenzene molecule
could be a good process for the switch, which can be triggered
by not only the applied electric field9,10 but also the
illumination.11,12 One can provide a long list of switches that
operate with different stimuli, such as electric field,13−18 gate
voltage,19−22 and spin transition.21,23,24 Among all the
stimulation approaches, optical stimuli25,26 is the most
attractive one because of its flexibility of choosing excitation
energy and the noncontact mode in the operation.
Dimethyldihydropyrene/cyclophanediene (DHP/CPD), as

shown in Scheme 1a, are known to be good photochromic

isomers.27−30 DHP has a large π-conjugated planar system with
reversible redox properties that gives rise to the ON state.
Under the stimulus of visible light (at about 480 nm), DHP can
be converted to its less π-conjugated CPD isomer, as called the
OFF state. The reverse conversion between two isomers can
occur upon either UV irradiation or heating. This intriguing
property makes DHP/CPD a promising component for the
photoswitching molecular devices.31−36
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Scheme 1. (a) Structures of DHP and CPD Isomers and (b)
Structures of the Experimentally Employed Photo-
Switchable Molecules and Its Two Possible Derivatives
under Investigations
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By now, the mechanisms on the thermalchemical and
photochemical reactions between DHP and CPD isomers
have been extensively investigated by several groups.37−42 For
instance, Mitchell’s group utilized UB3LYP functional to
optimize the transition state and found that to replace the
internal methyl groups (5,6-positions in Scheme 1) by other
kinds of groups could strongly affect the activation barriers and
lifetimes of the CPD.37 On the basis of CASSCF/CASPT2
calculations, Boggio-Pasqua obtained the topology of the
potential energy profiles, and the biradical intermediate on a
singlet excited state. The low quantum yield for the
isomerization from DHP to CPD through the internal
conversion process was also explained.38 It is noted that almost
all theoretical works were performed for molecules in the gas
phase. One can anticipate that the properties of DHP/CPD
could change when the molecule is placed in between
electrodes to form photoswitchable devices. Recently, Roldan
et al. designed one derivative of the DHP/CPD isomers that
attaches the pyridine molecule on 3,4-positions of Scheme 1a as
the anchoring groups to improve the contact with the
electrodes43 and the tert-butyl on 1,2-positions of Scheme 1a
as side groups to enhance the solubility in common solvents
such as chloroform, tetrahydrofuran, and dioxane at room
temperature.44,45 The molecular structures, named hereafter as
DHP-I/CPD-I, are also given in Scheme 1b. It was found that
these new isomers exhibited good photoswitchable properties
in the molecular junction,43 showing a high ON/OFF ratio and
reversibility. However, there is a noticeable drawback for this
device, namely the back-isomerization from CPD-I to DHP-I
can automatically happen under room temperature without
photoexcitation, which destroys the OFF state. It is thus highly
desirable to understand the chemical processes involved and to
find out a good strategy to improve the thermal stability of the
photoswitchable devices.
In the present work, we have investigated the reaction

pathways of the forth- and back-isomerization for DHP/CPD
to fully describe the entire reaction routines. With the acquired
knowledge, we have designed derivatives to increase the
thermal stability of the switch. Moreover, we also investigated
the forth- and back-isomerization in junctions. The perform-
ance of the molecular switches has been verified by computing
electron transport properties of the molecular junctions.

■ COMPUTATIONAL DETAILS

Apart from the two isomer pairs, DHP/CPD and DHP-I/CPD-
I, mentioned above, we have also considered two derivatives of
DHP-I/CPD-I by replacing the center methyl groups with
cyano groups or hydrogen atoms (labeled as DHP-II/CPD-II
and DHP-III/CPD-III, respectively, in Scheme 1b). The
properties of all molecules in gas phase were calculated with
the Gaussian 09 program.46 The geometrical optimization at
ground state was performed at the UB3LYP/6-31+G(d) level.
The transition state was located by using the Berny algorithm,47

while the reaction path was calculated by integrating the
intrinsic reaction coordinate.48,49 After the ground state
potential energy surface (PES) was obtained, time-dependent
density functional theory (TDDFT) calculations were
performed at the same level on each point along the reaction
path to obtain the corresponding PES of excited states. Our test
calculations have shown that the excitation energies obtained
from the UB3LYP functional are almost identical to those
obtained from the UCAM-B3LYP functional,50 indicating that
the choice of UB3LYP is quite reasonable for the current study.
For the molecular junctions, the periodic condition boundary

model implemented in the Vienna ab initio simulation package
(VASP)51 was used. The projector augmented wave pseudo-
potentials were employed to represent the interaction between
the core ions and the valence electrons,52 and exchange-
correlation effects were described by the Perdew−Burke−
Ernzerhof generalized-gradient approximation53 with a plane-
wave basis. The cutoff of the basis set was set to be 400 eV. The
experimental measured lattice constant (4.078 Å) was used for
Au.54 The Au electrodes were constructed by six p(7 × 7) slab
layers. The only Gamma point was considered for the k-point
sampling. During the optimization, the three outermost layers
of the electrodes were fixed to mimic the Au bulk, while all the
other atoms were allowed to relax at all dimensions. The final
forces on these atoms were less than 0.02 eV/Å. The dimer
method55 was used to locate the transition state with the same
criterion. The transition states of the molecule without
electrodes were also calculated with the same supercell for
comparison.
To calculate the charge transport properties, the entire

molecular junction was divided into three regions: a left
electrode, an extended molecule, and a right electrode. The
extended molecule includes the bare molecule and three
Au(111) layers at each side, where the screening effects were

Figure 1. (a) The optimized geometries of DHP, CPD, and the transition state (TS) on the ground state. (b) Energy levels of DHP/CPD isomers in
electronvolts. The ground state of DHP molecule was selected to be the reference point. The capital letter “B” and “D” in the parentheses represent
the bright and dark excited states, respectively. (c) The potential energy surface (PES) of the ground state (blue line) and the excited states (red
line) of the DHP/CPD isomers. ΔF and ΔB represent the activation energies for the forth- and back-isomerization.
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taken into account. The improved Troullier-Martins type
norm-conserving pseudopotentials56 were used to describe the
core electrons and the Perdew−Burke−Ernzerhof functional53
was adopted for the exchange-correlation functional. A
single−ζ plus single polarization basis set was employed for
the Au atoms and a double-ζ plus single polarization basis set
for the other atoms. The electron transport properties were
calculated by TranSIESTA,57 using the nonequilibrium Green
function method combined with density functional theory.

■ RESULTS AND DISCUSSIONS
Forth- and Back-Isomerization. Optimized geometries of

DHP, CPD, and the corresponding transition state are shown
in Figure 1a. The isomerization between DHP and CPD mainly
involves the transannular bond length (highlighted by the
dotted red line in the geometry of transition state in Figure 1a).
As listed in Table 1, the transannular bond is found to be 1.55

Å in DHP and 2.74 Å in CPD, respectively, in comparison with
the value of 2.10 Å in the transition state. The results given here
are in good agreement with previous ones obtained from the
CASSCF method, in which the transannular bond was found to
be 1.57, 2.76, and 2.14 Å for DHP, CPD, and the transition
state, respectively.38 Only one imaginary frequency (−850
cm−1) is found for the transition state, which corresponds to
the stretching of the transannular bond.
TDDFT calculations were performed for DHP and CPD

molecules, and the energy levels are displayed in Figure 1b.
Combined with the PES of ground state and excited state as
shown in Figure 1c, the pathways for the forth- and back-
isomerization have been studied. For the photochemical
reaction process, we can see that DHP could be excited by a
photon at wavelength of 486 nm, and the isomerization from
DHP to CPD on the excited state is much easier compared to
the ground state. On the other hand, the back-isomerization
could also be realized under irradiation of a certain wavelength.
Since the lowest three excited states of the CPD molecule are
all dark states, the CPD molecule could be excited to a high
excited state by a light with short wavelength (as an example
265 nm used in the experiments43) and then relax to the dark
first excited state. The back-isomerization from CPD to DHP is
also found to be easier to happen on the excited state than on
the ground state, as shown in Figure 1c. For the thermal
reaction pathway, the calculated PES of ground state indicates
that the energy barrier for the back-isomerization (ΔB in Figure
1c) is 23.2 kcal/mol, which is in good agreement with the
previous DFT result at the UB3LYP/6-31G(d) level of 20.3
kcal/mol37 and the CASPT2 result of 21.9 kcal/mol.38 As a

result, the back-isomerization can automatically occur at room
temperature, which leads to the instability of CPD.
As mentioned above, the derivative of DHP/CPD isomers

(i.e., the DHP-I/CPD-I isomers was designed by Roldan et al.
to construct a molecular device).43 Our calculations show that
the substitution of hydrogen by pyridine and tert-butyl at the
side position does not change the geometries of the
photoswitchable center. The transannular bond lengths of
DHP-I, CPD-I, and the transition state listed in Table 1 are
almost the same as the ones of DHP, CPD and their transition
state, respectively. Our calculations show that both photo-
chemical and thermalchemical reactions between DHP-I and
CPD-I isomers in the gas phase are essentially the same as
those for DHP/CPD isomers, and the results are summarized
in Table 2. In particular, ΔB is found to be 23.2 kcal/mol,

which is also the same as the one for DHP/CPD isomers. Our
calculation verifies the instability of CPD-I, as observed
experimentally: the half time of CPD-I at 45 °C is about 3.8
h in solution.43

The effect of gold electrodes in junctions on the photo-
switchable molecule DHP-I/CPD-I has also been considered in
the present work. As listed in Table 1, the transannular bond
length of DHP-I in junctions remains the same as that in the
gas phase. However, the values for CPD-I and the TS state
decrease about 0.04 and 0.08 Å, respectively. In addition, the
calculated activation energies shown in the parentheses in
Table 2 imply that when locating between in two gold
electrodes, the ΔB and ΔF are decreased by 14.3 and 9.0 kcal/
mol, respectively, with respect to the ones in the gas phase. The
significant decrease of ΔB reveals that sandwiched between in
electrodes making the transition from CPD-I to DHP-I more
easily. This result agrees well with the experimental
observations, in which the ON state recovers completely
from the OFF state upon thermal activation at room
temperature during a waiting time of 45 min in the dark.43

Apparently, the thermal instability could hinder the
application of such photoswitchable devices. In order to
enhance the thermal stability, two other DHP/CPD derivatives
are designed and labeled as DHP-II/CPD-II and DHP-III/
CPD-III (shown in Scheme 1b). Our calculations indicate that
the substitution of the middle methyl group by the cyano group
and hydrogen atom changes the geometries and the isomer-
ization ability of the photoswitchable center. Specifically, the
transannular bond lengths of the transition state of DHP-II/
CPD-II and DHP-III/CPD-IIII isomers are found to be 2.05
and 2.02 Å (shown in Table 1, which are 0.04 and 0.07 Å
smaller than the value of the transition state of DHP-I/CPD-I,
respectively). Consequently, the ΔB is increased both in DHP-

Table 1. Transannular Bond Length in Å of DHP and CPD
Molecule As Well As the Transition State (TS) in Gas Phase
and in Junction Forma

gas junction

ON OFF TS freq ON OFF TS

DHP/CPD 1.55 2.74 2.10 −850
DHP-I/CPD-I 1.55 2.72 2.09 −831 1.54 2.66 2.01
DHP-II/CPD-
II

1.55 2.71 2.05 −806 1.55 2.66 2.04

DHP-III/
CPD-III

1.52 2.59 2.02 −1108 1.52 2.54 1.93

aThe imaginary frequencies (Freq.) of the transition state in gas phase
in cm−1 are also listed.

Table 2. Calculated Activation Energies in kcal/mol and
Required Excitation Wavelengths in Nanometers for Forth-
Isomerization ΔF and Back-Isomerization ΔB in Gas Phase
of DHP/CPD and Their Derivativesa

forth-isomerization back-isomerization

isomers ΔF excitation ΔB excitation

DHP/CPD 47.6 486 23.2 265
DHP-I/CPD-I 42.3(33.3) 527 23.2(8.9) 267
DHP-II/CPD-II 34.7(38.9) 514 28.7(28.4) 262
DHP-III/CPD-III 41.6(38.5) 544 26.1(18.2) 278

aThe numbers in parentheses are corresponding values for activation
energies when molecules sandwiched between in gold electrodes.
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II/CPD-II and DHP-III/CPD-III compared to that of DHP-I/
CPD-I isomers (5.5 and 2.9 kcal/mol, respectively, see Table 2
for details). This implies higher stability of the OFF state. Our
calculations prove that the value of ΔB depends on the relative
inductive effect of the substituted group. The bigger the group’s
electron-withdrawing ability, the higher the value of ΔB
becomes. In the present study, the electron-withdrawing ability
of the three used groups in increasing order follows: methyl <
hydrogen < cyano group. As a result, the ΔB also follows the
same order. This conclusion was also proven by the study of
Blattmann et al.,28 where the internal methyl groups were
changed to ethyl groups (a group with a bigger electron-
releasing ability relative to methyl), and the rate of thermal
reaction from CPD to DHP was increased about six times.
The effect of gold electrodes in junctions is also considered

for the thermal stability of either DHP-II/CPD-II or DHP-III/
CPD-III. The calculated results show that, comparing DHP-I/
CPD-I isomers, the ΔB is raised by 19.5 and 9.3 kcal/mol in
these two isomers, which is in accordance with the results in the
gas phase. Furthermore, the excitation wavelengths required for
the forth- and back-isomerization of the two derivatives are still
in the right energy regions, and the ON and OFF states could
be easily tuned. These two derivatives could be good candidates
for photoswitchable devices.
Charge Transport Properties. The actual ON/OFF

efficiency can only be determined by computing charge
transport properties of all derivatives. Here, the distance
between the two electrodes is set to be 12.5 and 15.0 Å, which
corresponds to the middle and low conducting situations,
respectively, during the mechanically control break junction
(MCBJ) experiments.43

Transmission spectra of the DHP-I/CPD-I molecular
junctions at zero bias are shown in Figure 2b. We can clearly
see that when the electrode distance is 12.5 Å, there is a
transmission peak locating at −0.17 eV in the transmission
spectrum of DHP-I, with an intensity of 0.80. However, in the
case of CPD-I, it moves to −0.59 eV, which is 0.42 eV further

away from the Fermi level (EF). Therefore, under a certain
range of bias voltage (roughly speaking, 0.17 eV < U < 0.59
eV), it exhibits an ON state for the DHP-I junction and
switches to the OFF state when forth-isomerization happens
under the UV irradiation, which is in good agreement with the
experimental observation.43 However, when the electrode
distance is stretched to 15.0 Å, the first transmission peak
below the EF for DHP-I and CPD-I both move further away
from the EF, which significantly decreases the conduction of the
junction. To be specific, the first transmission peak for DHP-I
mentioned above moves to −0.54 eV, and it moves to −0.94 eV
for CPD-I. It means that a larger bias voltage is needed to
utilize the switch function when the electrode distance is
enlarged. In addition, it is also observed that the intensity for
the first peak of DHP-I in the 12.5 Å junction is much larger
than that in the 15.0 Å junction (0.80 vs 0.57), leading to a high
ON/OFF ratio in the short junction. This result could be
attributed to the shorter Au−N bond length (2.4 Å vs 2.6 Å)
and the approaching of tert-butyl side groups to the electrodes
shown in Figure 2a. Our results nicely explain the experimental
observation43 that the switching characteristic changes during
the MCBJ process. That is to say, molecular junctions exhibit
the best switching property when the electrode distance is 12.5
Å, and the switching characteristic diminishes at a larger
electrode distance under the same voltage.
The switching characteristic of the DPH-I/CPD-I isomers

can be understood by a molecular orbital analysis. The
molecular eigenstates are investigated by diagonalizing the
molecular projected self-consistent Hamiltonian (MPSH) for
the whole junction. The results have shown that the MPSH
orbitals that are far away from the transmission peaks mostly
consist of the surface states (as shown in Figure 3, panels a and
c, the MPSH orbital at energy of 0.08 and −0.03 eV for DHP-I
and CPD-I junctions, respectively). On the other hand, the
MPSH orbitals which are close to the transmission peaks come
from the hybrids of molecular orbitals and surface states
(hereafter is shorted as hybrid orbitals). For instance, the
MPSH orbitals at an energy of −0.17 and −0.58 eV for DHP-I
and CPD-I junctions are shown in Figure 3 (panels b and d),
and they mostly contribute to the first peak under EF in the
electronic transmission spectra. From Figure 3 (panels b and
d), one can easily see that both MPSH orbitals are delocalized
over the molecules and electrodes, and also that there is strong
coupling between the DHP-I/CPD-I molecule and the
electrodes, which are the key factors to obtain a good electron
tunneling channel in molecular junctions. However, the energy
level alignment of the hybrid orbitals relative to the EF of the
electrodes largely depends on the geometry of the molecule.
When the central C−C bond forms [i.e., the DHP-I (ON)
state], one hybrid orbital lines up with the EF of the electrodes
(at energy of −0.17 eV), while the nearest hybrid orbital to EF
locates at −0.58 eV when the central C−C bond breaks in the
CPD-I (OFF) state. Although the energy level alignment varies
depending on the interelectrode distance, the position of the
hybrid orbitals of DHP-I is always much closer to the EF than
that of CPD-I, even if the interelectrode distance is stretched to
15.0 Å. Thus, we conclude that the switching feature of the
DPH-I/CPD-I molecular junctions could be attributed to the
different alignments of hybrid orbitals relative to the EF of the
electrodes.
As shown in Table 2, DHP-II/CPD-II and DHP-III/CPD-III

isomers are thermally more stable for the OFF state compared
with the DHP-I/CPD-I isomer in junction form. Therefore, it is

Figure 2. (a) Optimized geometries of DHP-I molecular junction
when the distance between the two electrodes is 12.5 and 15.0 Å and
(b) the corresponding electronic transmission spectra of the DHP-I
(blue line) and CPD-I (red line) at the two electrode distance.
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crucial to check whether the two conductance states, ON and
OFF, can be maintained after the group substitution. Figure 4
presents the calculated transmission spectra for DHP-II/CPD-
II and DHP-III/CPD-III isomers at zero bias voltage with the
interelectrode distance of 12.5 Å. These two derivatives exhibit
different switching properties. For DHP-II/CPD-II isomers, the
transmission spectra move downward in energy, resulting in the
first peak below EF for DHP-II to be located at −0.65 eV.
Meanwhile, the first peak above EF for CPD-II locates at 0.69
eV. This means there would be no distinct conductance
difference for the DHP-II/CPD-II isomer, although CPD-II has
a significantly higher thermal stability. On the contrary, the
transmission spectrum of DHP-III is nearly unchanged
compared to that of DHP-I. And for CPD-III, the first
transmission peak under EF moves 0.18 eV further away from
the EF with respect to the case of CPD-I. This suggests that the
conductance switching could be available in a much larger bias
voltage range. In addition, two transmission peaks appear for
DHP-III between the first transmission peak of CPD-III and
the EF, which would largely enhance the ON/OFF ratio. It is
clear that DHP-III/CPD-III derivatives are excellent candidate
for conductance switching molecular devices with both higher
thermal stability and a larger operating switch bias range.

■ CONCLUSION

In this paper, we have calculated the forth- and back-
isomerization of photoswitchable devices based on DHP/
CPD isomers. The experimentally used isomers DHP-I/CPD-I
are found to have low thermal barrier for back-isomerization in
the Au junction, which causes the automatic-destruct of the
OFF state. Our calculated results show that rationally designed
derivatives DHP-II/CPD-II and DHP-III/CPD-III can increase
the thermal barrier for back-isomerization in the junction to

stabilize the photochemical processes. Further investigations on
the charge transport reveal that the ON/OFF states could easily
be achieved for DHP-III/CPD-III but not for DHP-II/CPD-II
because of the better alignments between frontier molecular
orbitals and Fermi level of the electrodes. Our findings will help
to design photoswitchable electronic devices with better
thermal stability and higher performance.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: luo@kth.se.

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) van der Molen, S. J.; Liljeroth, P. Charge Transport Through
Molecular Switches. J. Phys.: Condens. Matter 2010, 22, 133001-1−
133001-30.
(2) Aviram, A.; Ratner, M. A. Molecular Rectifiers. Chem. Phys. Lett.
1974, 29, 277−283.
(3) Metzger, R. M. Unimolecular Electronics. J. Mater. Chem. 2008,
18, 4364−4396.
(4) Irie, M. Diarylethenes for Memories and Switches. Chem. Rev.
2000, 100, 1685−1716.
(5) Weibel, N.; Grunder, S.; Mayor, M. Functional Molecules in
Electronic Circuits. Org. Biomol. Chem. 2007, 5, 2343−2353.
(6) Stoddart, J. F.; Colquhoun, H. M. Big and Little Meccano.
Tetrahedron 2008, 64, 8231−8263.
(7) Eigler, D. M.; Lutz, C. P.; Rudge, W. E. An Atomic Switch
Realized with the Scanning Tunnelling Microscope. Nature 1991, 352,
600−603.
(8) Grunder, S.; Huber, R.; Horhoiu, V.; Gonzaĺez, M. T.;
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ABSTRACT: There is increasing evidence that surface plasmons could
catalyze photochemical reactions of organic molecules on metal surfaces.
However, due to the complex interactions among the substrate, the
adsorbate, the environment, and the incident light, the existence and the
underlying mechanism of such catalytic processes have been under intense
debate. Here we present a systematic first principles study on one of the most
studied and controversial systems, namely, p-aminobenzenethiol (PATP)
adsorbed on silver nanoparticles. Our calculations have confirmed that the
observed surface-enhanced Raman scattering (SERS) bands at 1142, 1391,
and 1440 cm−1 of PATP on silver surfaces belong to its coupling reaction
product, 4,4′-dimercaptoazobenzene (DMAB). It is found that the deprotonation or protonation of N atoms is the key initial
step for the transformations between PATP and DMAB. The photodecomposition reaction from DMAB to PATP can occur
only under the conditions that both proton transfer and plasmonic excitations have taken place. Moreover, in addition to the
widely suggested hot-electron injection mechanism of plasmon, a new photochemical channel has been revealed in the
decomposition of DMAB molecules under suitable incident light. This may open up an entire new type of chemical reaction in
surface chemistry that we call plasmonic photochemistry. Our theoretical calculations provide consistent interpretations for the
experimentally observed pH-, wavelength-, and electrode potential dependence of the SERS spectra of PATP/DMAB adsorbed
on silver surfaces. Our findings highlight the important role of theoretical investigations for better understanding of complex
processes involved in photochemical reaction of surface adsorbates.

■ INTRODUCTION
The huge field enhancement created by the localized surface
plasmon resonance (LSPR) in specific nanostructures led to the
discovery of several powerful surface-enhanced spectros-
copies,1−3 which have been widely applied in different fields
and become the standard analytic methods in surface
chemistry.4,5 Among them, the surface-enhanced Raman
scattering (SERS) has enjoyed most success in the detection
of surface adsorbates.6−9

Although the spectral sensibility of SERS is not questionable,
its reproducibility has become an issue in some cases. The hot
electron and strong enhanced local field generated by plasmon
could in principle trigger certain changes, or even chemical
reactions of molecular adsorbates, and consequently result in
the variation of the spectra. In this context, p-amino-
benzenethiol (PATP) molecule can serve as a perfect model
system to illustrate the complexity of the problems.
PATP has been one of the most popular probe molecules for

SERS measurements because of its high-quality signals and
good performance.10−15 However, it has recently become the
center of debate, in particular for PATP molecule adsorbed on

silver (Ag) surfaces. It was observed that for such a system
excited under the incident light with wavelength ≤632.8 nm,
new vibrational bands located around 1142, 1391, and 1440
cm−1, respectively, appear, in comparison with the normal
Raman spectrum of PATP.10 Moreover, the applied electrode
potential that produces the maximal SERS intensity of these
bands was linearly dependent on the incident photoenergy with
a slope of 1 V/eV.10 Based on these findings, it was suggested
that these new unexpected SERS bands should be assigned as
the corresponding weak b2 vibrational modes in free PATP
molecule, whose intensities could be borrowed vibronically
from the charge-transfer (CT) resonance.10 For the sake of
simplicity, we label the three new isolated bands at 1142, 1391,
and 1440 cm−1, respectively, as the “b2” bands, which have also
been observed in nanojunctions,11,12,15 even under the infrared
incident light of 1064 nm.13 The occurrence of the b2 bands has
then been used as a textbook example to demonstrate the
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existence of the chemical enhancement mechanism in the
SERS.14

A different story emerges from a theoretical study for Raman
spectra of PATP adsorbed on Ag surfaces by Wu et al.16 Their
calculations have surprisingly shown that no significant signals
can be responsible for the b2 bands especially for the double
bands around 1400 cm−1.16 Instead, the b2 bands were
reassigned as the ag modes of 4,4′-dimercaptoazobenzene
(DMAB), a product generated from photocatalytic coupling of
two PATPs, i.e., the so-called “azo” hypothesis.16,17 (However,
we keep the terminology of the b2 bands for the historical
reason in the following contents.) The experimental fact that
the b2 bands disappear at lower laser powers strongly suggests
that they are not an intrinsic property of the PATP
molecule.18,19 The azo hypothesis has gained more support
from the time-20−22 and temperature-dependent23 SERS
spectra, as well as negative ion mass spectra.17 The key
ingredient of the azo hypothesis is the hot-electron/hole
generated by the plasmon that triggers the dimerization
reaction.24

This long story does not end here. Several experimental
studies have later found that the b2 bands are pH dependent
and can be significantly suppressed by decreasing the pH value
of solutions.25−30 This indicates that the plasmon is at least not
the only decisive factor that determines the appearance of the
b2 bands. Moreover, this experimental finding has also been
used as the evidence to question the azo hypothesis and to
favor the CT mechanism.28 It is also not clear how the azo
hypothesis could explain the observed linear relationship
between the applied electrode potential for the maximal
spectral intensity of the b2 bands and the incident photo-
energy.10,31 Recently, the decomposition reaction from DMAB
to PATP has been found to occur under the incident laser of
514 nm.32,33 It is not clear if this reaction follows the same or
similar azo hypothesis.
To resolve these controversies, we have carried out first

principles calculations to address all possible effects on the
Raman spectra and the potential energy surfaces (PESs) of the
molecules on metal surfaces. The major conclusion that one
can draw from this systematic study is that the dimerization of
PATP is initiated by the deprotonation and controlled by the
plasmonic excitations. In certain cases, the strong plasmon
could do what a laser does in the photochemistry of molecules.
A combination of hot electron/hole transfer and strong field
excitations can lead to an exciting new area, named as
plasmonic photochemistry, that allows to utilize high efficient
photocatalytic reactions with well-designed nanostructures of
coinage or abundant metals.

■ COMPUTATIONAL DETAILS
We used the periodic condition boundary (PBC) model
implemented in the Vienna ab initio simulation package34 to
optimize the structure and calculate the density of state (DOS)
for the molecules adsorbed on Ag surfaces, while employing the
cluster model in the Gaussian35 suit of programs to simulate the
Raman spectra and PESs. The lattice constant for bulk Ag was
found to be 4.164 Å at the Perdew−Burke−Ernzerhof (PBE)36
functional level, which is in good agreement with the
experimental value of 4.086 Å.37 With the calculated lattice
constant, the Ag surfaces were constructed by slab models
containing five p(6 × 3) slab layers and some necessary
adatoms. These supercells are similar to the (2√3 × √3)
supercell that was observed for the PATP analogue 4-

methylbenzenethiol adsorbed on the Au(111) surface by
scanning tunneling microscope.38 Basically, our designed
supercell has enough surface area to accommodate the
adsorbed molecules under investigations. Adatoms with the
number from one to four were also considered to simulate the
roughness of Ag substrate.39

The simultaneous measurements of the conductance and
SERS spectra of PATP adsorbed in junctions showed that,
when the b2 bands emerge, the in situ conductance becomes
quite low.40 This implies that the substance responsible for the
b2 bands anchors only on one electrode of the junction.
Accordingly, we will then consider all the species adsorbed on
one surface with various roughnesses in our simulations.
Moreover, the hydrogen in the thiol group was removed in the
present simulations, following the experimental observations
that all adsorbates yielded from PATP are dissociatively
adsorbed on Ag surfaces with S−H bond cleavage.41

The structures of adsorption systems were optimized using
the PBC model with PBE36 functional. During the
optimization, the three bottom layers of the substrates were
fixed to mimic Ag bulk, while all the other atoms were allowed
to relax at all dimensions. The projector augmented-wave
pseudopotentials, which took the scalar relativistic corrections
into account, were used to represent the core electrons.42,43

The wave functions were expanded by plane-wave basis set with
the energy cutoff of 400 eV. For the charged systems, a
homogeneous background counter charge was used to
neutralize the supercell. The Methfessel and Paxton method
with a broadening factor of 0.1 eV was adopted for improving
convergence of the electronic structure calculations, and the
total energies were extrapolated to 0 K.44 For the k-point
sampling, a 3 × 6 × 1 mesh of the Monkhorst−Pack grid45 was
used, which generated 9 k points in the irreducible Brillouin
zone for the Brillouin zone integration. The force convergence
criterion was set to be 0.02 eV Å−1. Enough vacuum layer was
added along the z axis in the supercell, and the dipole
correction46,47 was used to avoid the artificial interactions
between the z axis for all neutral systems. The number of points
for the calculations of DOS was set to be 2000.
Based on the optimized structures from the PBC

calculations, certain clusters were taken out to perform
Raman spectra calculations. Here we kept all the adatoms
and the first slab layer of the supercell and then cut out a cluster
with a large enough area for adsorbates. For further
calculations, all the atoms of the substrates were fixed.
Analytical frequency and Raman calculations were performed
at hybrid B3LYP48 functional with 6-311++G(d,p)49 basis set
for the main elements and pseudo LANL2DA50 basis set for Ag
atoms. The Raman cross section was calculated by51
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where ε0 is the electric permittivity of free space, h is the Planck
constant, c is the speed of light in vacuum, kB is the Boltzmann
constant, T is the temperature, ν̃in is the incident light in
wavenumber, ν̃k is the corresponding frequency in wave-
number, and ak′ and γk′ are the derivatives of isotropic and
anisotropic polarizabilities with respect to the corresponding
normal coordinate which can be expressed as51
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Here the wavelength of the incident light and the temperature
were set to be 632.8 nm and 298.15 K, respectively. Meanwhile,
the calculated frequencies of all adsorbates except DMAB were
scaled by 0.985 to take the anharmonicity and other
environment effects into account.52 From the optimized
structure of DMAB adsorbed on Ag(111) surface, the N−N
bond length is 1.279 Å which is slightly longer than that in
previous theoretical studies, i.e., 1.273 Å.16 Therefore, a larger
scaling factor was expected. In the present work, the scaling
factor for DMAB was chosen to be 1.05. Moreover, all the
calculated Raman cross sections were expanded by a Lorentzian
function with the full width half-maximum of 10 cm−1 for
comparing with experimental spectra. It was found from our
test calculations that the further optimization did not have
noticeable effects on the profiles of the calculated Raman
spectra. Hence, all Raman calculations reported here were
directly performed on the cluster models extracted from PBC
models without further optimizations. We also tested the
performance of generalized gradient approximation functionals
(PBE36 and BP8653,54) that are known to be suitable for Raman
calculations of azo derivatives.16 We found that the calculated
Raman spectra from all functionals are almost identical. All
detailed results for validation of current method can be found
in the Supporting Information.
To investigate the reaction mechanisms, the PESs were

scanned at the ground state (GS) along one of the N−H bonds
for PATP and the N−N bond for 4,4′-dimercaptohydrazo-
benzene (DMHAB) and DMAB, respectively, at the hybrid
B3LYP48 functional level with 6-311++G(d,p)49 basis set.
During the scanning, the reaction coordinates were fixed while

all other degrees of freedom were optimized. Based on the
scanned structures, time-dependent density functional theory
(TD-DFT)55 calculations at the same computational level were
carried out to obtain the potential energy of the excited states
(ESs). For the deprotonation and protonation processes, the
reaction coordinates were chosen to be the bond length
between H in NHx (x = 1, 2) and O in hydroxide (OH−) and
the bond length between N and H in hydronium cation
(H3O

+), respectively.

■ RESULTS AND DISCUSSIONS
Electronic Structure and Raman Spectra. We have

considered different cases where PATP and DMAB are
adsorbed on Ag surface with various roughnesses. It is found
that only the DMAB adsorbed on the simplest flat Ag(111)
surface can reproduce the experimental observed b2 bands very
well (see Figures S1−S4 in the Supporting Information for the
details). The optimized structures of PATP, DMAB, as well as
an important derivative between them, i.e., DMHAB, adsorbed
on Ag(111) are depicted in Figure 1. All the thiol groups
adsorb on the quasi bridge site, which is consistent with
previous studies.56 The optimized structure shows that PATP
adopts a tilde configuration with an angle between S−C bond
and Ag surface to be around 30°. Because of the N−N bond
and the two anchored S atoms, DMHAB and DMAB have to
adsorb on the surface by the bending configuration with tilde
angle of 26° and 23°, respectively. Due to the spatial
distribution of the sp3 orbital, here we only consider the
isomer of DMHAB with two N−H bonds pointing against the
surface, since it is 0.21 eV more stable than the one with the
N−H bonds pointing toward the surface. Note, free DMHAB
and DMAB molecules have the bending angles around 22° and
0°, respectively. Consequently, only DMAB is highly con-
strained on the Ag surface due to the presence of two anchored
S atoms.
We have taken out a big cluster from the optimized surface

structures, as shown in Figure 1b, to calculate Raman spectra of
adsorbed molecules. The calculated results together with
experimental SERS of PATP,18 DMHAB,57 and DMAB17 are

Figure 1. (a) Optimized structures of PATP, DMHAB, and DMAB adsorbed on the Ag(111) surface in the PBC model. Only the topmost slab layer
of the substrate as well as all atoms of adsorbates in one supercell are depicted for clarity. (b) Extracted cluster models from optimized structures in
(a) for Raman calculations.
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plotted in Figure 2. In general, the selected cluster models can
reproduce the experimental SERS spectra very well. It can be

seen that the calculated spectra of PATP and DMHAB are
quite similar, which is also the case for their normal Raman
spectra.57 For these two molecules, two main spectral peaks
located around 1070 and 1600 cm−1 can be observed, which
belong to the a1 symmetry. All other bands have very weak
intensity. The calculated main peaks of DMAB located at 1132,
1395, and 1443 cm−1 are in good agreement with the
experimentally observed b2 bands. Here only the band of
1443 cm−1 is mainly contributed from the N−N stretching.
Noticeably, the relative intensity of the double peaks around
1400 cm−1 obtained from our calculations agrees very well with
its experimental counterpart. We have identified that the
relative intensity is sensitive to the configuration constraint of
DMAB molecule on the surface (see Figure S2 in the
Supporting Information for the details). This explains why all
previous theoretical Raman spectra of DMAB connected by
two Ag clusters fail to predict the correct relative
intensity.16,19,24,58 Our finding disqualifies the hypothesis that
the constrained DMAB cannot result in the b2 bands.59 To
conclude, only DMAB can give rise to the b2 bands as clearly
demonstrated in Figure 2. Moreover, the weak b2-alike bands in
the experimental spectra of DMHAB should be from DMAB
generated from DMHAB.
To discuss the effects of pH25,27−30 and derivative60 on the

Raman spectra, we have further considered protonated PATP
(PATPH+) and 4-(dimethylamino)benzenethiol (DMABT)
adsorbed on the Ag(111) surface. The optimized structures
as well as the calculated Raman spectra are given in Figure 3. It
can be seen that the optimized structure of the protonated
species is similar to the PATP adsorbed on the Ag(111) surface
with some noticeable changes, such as the tilde angle between
the S−C bond and the surface increases to 39°. In general, the
main spectral peak around 1070 cm−1 for both PATPH+ and
DMABT is also similar to that of PATP. For the calculated
Raman spectrum of PATPH+, more bands emerge around 1600
cm−1, which relate to the vibrations of the NH3

+ group. It is

noted that the band located at 1144 cm−1 is of a1 symmetry
rather than b2. By comparing the experimental and calculated
spectra in Figure 3, it is clear that the b2 bands could not be
generated from PATP and PATPH+. The experimental
observed b2 bands in base solutions28 have to be originated
from DMAB.
The calculated Raman spectrum of DMABT is almost

identical with that of PATP, which indicates that the b2 bands
for various PATP derivatives57 are also attributed to DMAB.
Moreover, the experimental ultraviolet resonance Raman10 and
theoretical preresonance ultraviolet Raman61 spectra both
showed that the PATP molecule does not possess noticeable
b2 bands even under the resonant condition. We can thus safely
conclude again that the b2 bands in the SERS of PATP on silver
surfaces are originated from its dimerization product, DMAB
molecules, adsorbed on the flat surface with a constrained
structure.
The molecule−substrate interaction can be revealed by the

calculated density-of-state (DOS). The calculated results for
PATP, DMHAB, and DMAB adsorbed on the Ag(111) surfaces
are depicted in Figure 4. The DOS of the adsorbates near the
Fermi level has quite a high value and appears as sharp peaks.
This indicates that these orbitals are not highly hybridized with
the Ag substrates. As a result, in the following investigation for
reaction mechanisms, the Ag substrates are not considered for
the sake of the simplification, since both hot electron injection
and photoexcitation relate the orbitals near the Fermi level. On
the other hand, the semiquantitative excitation energy for both
mechanisms can be obtained from the DOS in Figure 4.

Reaction Mechanisms for PATP to DMAB. In this
section, we focus on the mechanisms for the photoreaction
from PATP to DMAB. Apparently, the coupling of two PATPs
to yield DMAB should involve the breaking of the N−H bond
of PATP. A previously proposed mechanism is that PATP
transfers an electron to the substrates driven by the plasmonic
excitation and then breaks its N−H bond.24 However, from the
calculated DOS in Figure 4, it can be seen that the highest

Figure 2. Calculated Raman spectra of PATP, DMHAB, and DMAB
adsorbed on the Ag(111) surface (from top to bottom). The
experimental SERS spectra of PATP, DMHAB, and DMAB extracted
from refs 18, 57, and 17, respectively, are also included for comparison.

Figure 3. (a) Side view of optimized structures of protonated PATP
and DMABT adsorbed on the Ag(111) surface. (b) Top view of
extracted cluster models from (a). (c) Black, green, and red lines
represent the calculated Raman spectra of (b), experimental SERS
spectra of PATP extracted from ref 18, and experimental SERS spectra
of DMAB extracted from ref 17, respectively.
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occupied molecular orbital of PATP is the antibonding orbital
formed by the lone pair of amino group and the conjugate π
orbital located on benzene ring.24,61 Hence, the low-lying CT
states that involve the CT transition from molecule to metal
may lead to a slightly stronger N−H bond, disfavoring the
breaking of the N−H bond. The calculated results confirm such
conclusion showing that the bond-dissociation energy of N−H
bond in PATP+ is 6.0 kcal/mol higher than that of PATH.
The calculated PESs for the direct breaking N−H bond of

PATP are depicted in Figure 5a. One of the products is the
hydrogen atom. Here we consider the often suggested hot
electron injection mechanism and a possible photochemical
catalysis process, which are represented by the PES of anionic
GS and neutral ESσ*, respectively. Here the ESσ* is the lowest
excited state related to the breaking of the N−H bond, which
corresponds to the electron excited from the σN−H to the π* of
the benzene ring. As shown in Figure 4, the critical excited
energy for a hot electron injection is beyond 2.5 eV, which is
higher than the energy of incident light used in most SERS
experiments (632 nm, 1.96 eV). Noted that the point of zero
charge of Ag(111) is −0.69 V vs saturated calomel electrode
(SCE),62 and the b2 bands disappear when the potential is
more negative than −0.8 V vs SCE.10 We can conclude that the
hot electron injection is impossible even by applying the
negative potential in the SERS conditions. Regardless of the
excitation energy for a hot electron injection, to overcome the
reaction barrier and break the N−H bond of PATP at the
transient negative ion (TNI)63 state, it requires an energy larger
than 1.6 eV, which cannot be provided in the SERS conditions
since the in situ temperature was around 330 K.64 For the
photochemical process, the barrier for breaking N−H is
decreased to 0.5 eV. However, the critical excitation photo
energy of photochemical process is around 3.5 eV, which is
much higher than that used in the experiments (recall that even
at the laser of 1064 nm, i.e., 1.2 eV, the b2 bands were also
observed13). Therefore, the direct breaking N−H bond of

Figure 4. Calculated DOS of (a) PATP, (b) DMHAB, and (c) DMAB
adsorbed on the Ag(111) surface. The dashed lines, solid lines, and
dotted lines represent the DOS of the topmost Ag slab layer,
adsorbates, and the group contained N atom, respectively.

Figure 5. (a) Scanned potential energy surfaces of ground state (GS, solid lines) and the excited N−H breaking state (ESσ*, dotted line) along the
N−H bond length of PATP at neutral (blue lines) and anionic (red line) forms. The dots represent the calibrated energies along the minimum
energy path of the direct N−H breaking of PATP adsorbed on the Ag(111) surface at ground state. (b) Scanned potential energy surfaces of a OH−

approaches PATP, DMHAB, and deprotonated DMHAB (from top to bottom) along the O−H bond length.
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PATP is impossible under the experimental SERS conditions,
especially for the ones using incident lights with long
wavelength. It is noted that for incident lights with much
shorter wavelength, the photochemical process may become
possible since the barrier of ESσ* is lower.
We also calculated the minimum energy path for the direct

breaking of the N−H band of PATP adsorbed on the Ag(111)
surface. It shows that the optimized N−H bond for PATP
adsorbed on the Ag(111) surface is 0.1 Å shorter than that in
the vacuum and the rotation of the NH2 can result in the
energy increase of 0.55 eV. After calibrating against these
effects, we have found that the energy for the breaking of the
N−H bond on the Ag(111) surface is almost the same as that
without considering the Ag(111) surface, as marked in Figure
5a. This result is consistent with the fact that there is no
hybridization between the adsorbate and substrate orbitals
around the Fermi level as mentioned before.
If the direct N−H bond breaking of PATP is not possible,

one could expect the involvement of other chemical species to
facilitate the dimerization reaction. Under the experimental
SERS conditions, the most possible species could be OH− in
the solution and oxygen atoms adsorbed on the Ag substrates.
Here we consider the OH− assisted reaction as an example, and
the calculated PESs are depicted in Figure 5b. When OH−

approaches PATP, a water molecule and a deprotonated PATP
radical can be yielded without barrier. The driving force for this
process is around 0.46 eV. Naturally, two deprotonated PATP
radicals can be easily coupled with each other, producing
DMHAB. Furthermore, DMHAB or the deprotonated
DMHAB can react with OH−, which are also barrierless as
shown in Figure 5b. The corresponding driving forces are 0.73
and 0.63 eV, respectively. To conclude, the DMAB molecules
can be produced from PATP through the OH− assisted
reactions. This mechanism explains well the experimentally
observed pH dependence of the b2 bands.25−30,65,66 On the
other hand, the fact that a higher laser power can also yield the
b2 bands

18 may indicate the increased concentration of OH−

near the surface or enhanced oxygen adsorption on the metal
surfaces under the strong power of radiation.63,67

Reaction Mechanisms for DMAB to PATP. Usually, the
mechanism for reverse reactions of the photoassisted process is
different from that for forward reactions.68 As mentioned
before, the decomposition reaction from DMAB to PATP at
incident laser of 514.5 nm (2.4 eV) was reported recently.32,33

This transformation is the reverse reaction of PATP to DMAB.
A good understanding of it will certainly help us to clarify a few
issues related to the forward reaction.
Following the same procedure as for PATP to DMAB, we

first consider the direct breaking of the N−N bond in DMAB.
The calculated PESs for this process are plotted in Figure 6a.
Similar to the case in PATP, here the ESσ* state corresponds to
the electronic excitation from the σN−N to the π* of benzene
ring. Although anionic DMAB is 1.6 eV more stable than the
neutral form and the critical photoenergy for injecting a hot
electron is only around 1.0 eV (see Figure 4 for the details), the
anionic DMAB has a barrier with a value much larger than 2 eV
to break the N−N bond. This prohibits the direct breaking of
the N−N bond by the hot electron injection. On the other
hand, for the photochemical process, the critical photoenergy
for reaching ESσ* is around 7 eV, which is much higher than
that of the incident laser (2.4 eV). We should emphasize that
the DOS around 1.0 eV above the Fermi level for DMAB in
Figure 4 is the πN−N* state rather than the σN−N* state. The
predicted critical excitation energy for ESσ* of DMAB in Figure
4 is around 3.8 eV. Although this value is much lower than that
from cluster model, it is still much higher than that of incident
light (2.4 eV). Moreover, the ESσ* also has a barrier larger than
1.4 eV to breaking the N−N bond. Thus, the direct breaking of
the N−N bond in DMAB is impossible both by the hot
electron injection and photochemical process under the
conditions of available SERS experiments.
The natural assisting species for breaking the N−N bond in

DMAB is H3O
+. Moreover, because the critical photoenergy for

injecting a hot electron is around 1.0 eV as shown in Figure 4,
the anionic form of DMAB is also considered to react with

Figure 6. (a) Scanned potential energy surfaces of ground state (GS, solid lines) and the excited N−N breaking state (ESσ*, dotted line) along the
N−N bond length of DMAB at neutral (blue lines) and anionic (red line) forms. (b) Scanned potential energy surfaces of a H3O

+ approaches
DMAB and protonated DMAB (from top to bottom) along the N−H bond length at neutral (black lines) and anionic (red lines) ground states.
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H3O
+. The calculated PESs for this process are depicted in

Figure 6b. We find that both neutral and anionic DMAB can
react with H3O

+ step by step and finally yield DMHAB. All the
processes are barrierless. The driving forces of neutral DMAB
are 1.2 and 0.8 eV for the first step and second step,
respectively, while they are 1.7 and 1.9 eV for the anionic
DMAB. The larger driving forces for the anionic form should
be attributed to the electrostatic attraction between H3O

+ and
anionic DMAB. In light of the result that OH− can assist the
reaction from DMHAB to DMAB, we can conclude that there
is an equilibrium between DMAB and DMHAB in solutions. In
other words, the pH value can tune the concentrations of
DMAB and DMHAB. Notice that the b2 bands vanish in the
SERS spectra of DMHAB in Figure 2, and the formation of
DMHAB can explain the experimental observations that the b2
bands are suppressed at low pH solutions.25−30,65,66

Once DMHAB is generated, the hot electron injection and
photochemical process are both able to break the N−N bond as
indicated in Figure 7. The DMHAB at TNI state climbs a

barrier around 0.25 eV at the N−N bond length of 1.55 Å to
break the N−N bond. On the other hand, the ESσ* state of
DMHAB also has a barrier around 0.4 eV at the longer N−N
bond of 1.65 Å for the same process. Although the current

molecular model shows that the critical photoenergy for
reaching ESσ* is around 3.5 eV, the DOS shown in Figure 4
indicates that the energy can be around 2.8 eV, which is close to
what was used in the SERS experiments32,33 (around 2.4 eV).
As a result, the incident light in the SERS experiments has two
functions. One is to inject a hot electron to DMHAB, and the
other is to generate a ESσ*-like state. Both of them can break
the N−N bond in DMHAB, and then the NH radical can react
with other species to yield PATP. We should mention that the
reaction barriers in Figure 7 could be overestimated due to the
constrained searching for the optimized structures with the
fixed N−N bond. For example, the real calculated transition
barrier for breaking N−N bond of anionic DMHAB is 0.17 eV
at the same N−N bond length of 1.55 Å. Moreover, these
mechanisms also reveal that more negative electrode potential
applied with longer incident wavelength is required for the
dissociation of the adsorbed DMAB molecules. This shows that
the intensity decrease of b2 bands under negative electrode
potential10,31 can be attributed to the reduction of the adsorbed
DMAB. If we ignore the changes of the electronic state for the
adsorbates, the slope between the threshold electrode potential
for reducing DMAB and the energy of incident light should be
around 1 V/eV. This prediction is again consistent with the
observed potential-dependent SERS spectra with different
incident laser.10,31

The reaction mechanisms for the transformations between
DMAB and PATP under SERS conditions are summarized in
Scheme 1. From PATP to DMAB, the deprotonation by OH−

near the surface and/or the adsorbed oxygen is the driving
force in the first and last reaction steps. The laser with high
power can increase the concentration of the OH− near the
surface or enhance the oxygen adsorption, thus promoting the
generation of DMAB. On the other hand, from DMAB to
PATP, the first reaction step involves the protonation by H3O

+

to yield an important intermediate, DMHAB. Then, the
breaking of the N−N bond in DMHAB can be triggered by
the hot electron injection or photoexcitations with the incident
light larger than 2.4 eV. The third step of the reaction is the
protonation of the radical molecules and the eventual
production of the PATP.

■ CONCLUSIONS
In this work, we have theoretically investigated the PATP
adsorbed on Ag surfaces, which serves as a general example to
understand the surface plasmon-assisted catalysis. Compared to
the experimental SERS spectra, our calculated results have
confirmed that the b2 bands are always originated from the
DMAB adsorbed on the flat silver surfaces, but not from the
genuine CT chemically enhanced signals of the PATP. This
result strongly indicates that the surface reaction, i.e., from

Figure 7. Scanned potential energy surfaces of ground state (GS, solid
lines) and excited N−N breaking state (ESσ*, dotted line) along the
N−N bond length of DMHAB at neutral (blue lines) and anionic (red
line) forms.

Scheme 1. Summary of Transformations between PATH and DMAB on Ag Surfaces
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PATP to DMAB, indeed takes place under the SERS
conditions. Moreover, the reaction mechanisms of the forward
and backward transformations from PATP to DMAB have also
been studied in detail. We have found that the direct breaking
of the N−H bond in the PATP for the forward transformation,
as well as the direct breaking of the N−N bond in the DMAB
for the backward transformation, cannot be utilized by both hot
electron injection and photochemical process under the
reported experimental conditions. In fact, the deprotonation
plays a key role in the forward transformation, as the
protonation for the backward transformation. The plasmon
excitation has much stronger effects on the intermediate states
and the change of the environments. Our proposed
mechanisms have resolved the ongoing debate about the pH-,
wavelength-, and electrode potential-dependence of the SERS
spectra for the PATP/DMAB adsorbed on silver surfaces. This
highlights the important role of theoretical modeling on the
understanding of light-induced surface reaction processes.
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