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Abstract
In this thesis, we focus on theoretical investigations on metal interfaces where many
heterogeneous chemical reactions take place. Surface-enhanced Raman scattering
(SERS) spectroscopy and the modern electrochemical methods are important insitu techniques that have been widely employed for a variety of applications. Theoretical simulations have become an indispensable tool to infer the molecular details
of interfacial structures that are not directly accessible from experimental measurements. In this context, we have proposed several new theoretical models for both
SERS and interfacial electrochemistry, which allow us to provide molecular-level
understanding of the interfacial structures under the realistic experimental conditions.
The first part of the thesis has addressed the basic theory of SERS that offers
the vibrational structure of the interfacial molecules. It is well known that the
huge enhancement of Raman intensity in this technique can be attributed to two
independent factors, namely the physical and chemical enhancements. The former is resulted from the enhanced electromagnetic field induced by the plasmonic
excitations, while the latter comes from the changing of interaction between the
molecule and the surface. The interplay between these two enhancement factors,
which has long been an issue of debate, is revealed in this thesis. They are coupled
through molecular polarizability. A practical computational approach is proposed
and used to demonstrate the importance of the coupling on different molecular
systems. It is found that for certain systems the coupling factor can be as large as
106 . This finding is of great importance towards a comprehensive understanding
of the SERS mechanisms and a quantitative prediction of the enhancement factor.
The other part of the thesis is devoted to the theory of interfacial electrochemistry, in particular the effects of water solution. A novel protocol that combines
classical molecular dynamics (MD) and the first principles density functional theory (DFT) calculations is proposed to address the statistical behavior of interfacial
properties. Special attention has been paid to the work function of Pt(111) surface and CO adsorption energy on Pt(111) surface in aqueous solution. It has
been found that in this case the work function of Pt surface illustrates a surprisingly broad distribution under the room temperature, sheds new light on the
understanding of reaction activity of the surface. The proposed protocol is able
to provide results in very good agreement with experiments and should be applied
routinely in future studies.

v

vi

Preface
The work presented in this thesis was carried out at the Department of Theoretical
Chemistry, School of Biotechnology, Royal Institute of Technology, Stockholm,
Sweden and State Key Laboratory of Physical Chemistry of Solid Surfaces, College
of Chemistry and Chemical Engineering, Xiamen University, Xiamen, China.

List of papers included in the thesis
Paper I Sai Duan, De-Yin Wu, Xin Xu, Yi Luo, and Zhong-Qun Tian, Structures of Water Molecules Adsorbed on a Gold Electrode under Negative Potentials,
J. Phys. Chem. C, 114 (2010), 4051–4056.
Paper II Sai Duan, Ping-Ping Fang, Feng-Ru Fan, Ian Broadwell, Fang-Zu
Yang, De-Yin Wu, Bin Ren, Christian Amatore, Yi Luo, Xin Xu, and Zhong-Qun
Tian, A density functional theory approach to mushroom-like platinum clusters on
palladium-shell over Au core nanoparticles for high electrocatalytic activity, Phys.
Chem. Chem. Phys., 13 (2011), 5441–5449.
Paper III Sai Duan, Xin Xu, Yi Luo, and Zhong-Qun Tian, Molecular polarization bridging physical and chemical enhancements in surface enhanced Raman
scattering, Chem. Commun., 47 (2011), 11438–11440.
Paper IV Sai Duan, Xin Xu, Zhong-Qun Tian, and Yi Luo, A Hybrid Molecular Dynamics and First Principles Study on the Workfunction of a Pt(1 1 1)
Electrode Immersed in Aqueous Solution at Room Temperature, submitted to
Phys. Rev. B.
Paper V Sai Duan, Xin Xu, Zhong-Qun Tian, and Yi Luo, Thermal Effects on
Electronic Properties of CO/Pt(111) in Water, submitted to J. Phys. Chem. C.

List of papers not included in the thesis
Paper VI Sai Duan, Yongfei Ji, Ping-Ping Fang, Yan-Xia Chen, Xin Xu, Yi
Luo, and Zhong-Qun Tian, Adsorption of Formic Acid and its Decompositions on
the Mushroom-like Structure of Au@Pd@Pt Tri-Metallic Nanoparticles: Exploring
the High Electrocatalytic Activity by Density Functional Theory, submitted.

Paper VII Ping-Ping Fang, Sai Duan, Xiao-Dong Lin, Jason R. Anema, JianFeng Li, Olivier Buriez, Yong Ding, Feng-Ru Fan, De-Yin Wu, Bin Ren, Zhong
Lin Wang, Christian Amatore and Zhong-Qun Tian, Tailoring Au-core Pd-shell Ptcluster nanoparticles for enhanced electrocatalytic activity, Chem. Sci., 2 (2011),
531–539.
Paper VIII De-Yin Wu, Sai Duan, Xiu-Min Liu, Yong-Chun Xu, Yu-Xiong
Jiang, Bin Ren, Xin Xu, S. H. Lin, and Zhong-Qun Tian, Theoretical Study
of Binding Interactions and Vibrational Raman Spectra of Water in Hydrogen−
Bonded Anionic Complexes: (H2 O)−
n (n = 2 and 3), H2 O· · · X (X = F, Cl, Br,
and I), and H2 O· · · M− (M = Cu, Ag, and Au), J. Phys. Chem. A, 112 (2008),
1313–1321.
Paper IX De-Yin Wu, Sai Duan, Bin Ren and Zhong-Qun Tian, Density functional theory study of surface-enhanced Raman scattering spectra of pyridine adsorbed on noble and transition metal surfaces, J. Raman Spectrosc., 36 (2005),
533–540.

Comments on my contribution to the papers included
I was responsible for the formula derivation, calculation and writing of the manuscripts of papers I-V.

viii

Acknowledgments

Here is a great honor for me to express my acknowledgments to the people who
made this thesis possible.
First of all, I would like to give the deepest gratitude to my supervisor Prof.
Yi Luo. He brought the conceptual ideas and solid discussions as well as valuable
advices to make this thesis a reality. In other words, we finished this thesis together.
During this period, I have learnt not only the practical methods but also the way to
consider a phenomenon theoretically from him. These skills will definitely benefit
my whole career. On the other hand, he also cares about my everyday life. He
always tries his best to solve all my problems, which makes it a great time for me
in Stockholm. Meanwhile, he also encourages me and gives me the confidence to
face problems both in science and life.
Secondly, I would like to give my thanks to my supervisors in China, Prof.
Zhong-Qun Tian and Prof. Xin Xu. Prof. Tian introduced me to the research
fields of surface enhanced Raman spectroscopy and electrochemistry, the main
contents of this thesis. Prof. Xu opened the door of quantum chemistry for me
and brought me into such a fascinating research area. They also helped me to
build the practical model with their amazing intuition. Moreover, I thank them
for giving me the opportunity to study in Prof. Luo’s group.
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Chapter 1

Introduction

Interfacial chemistry has become one of the most important branches in modern chemistry since the strict definition of the interface given by J. W. Gibbs from
the viewpoint of thermodynamics. 1 It is prominent especially in catalytic chemistry
and electrochemistry, 2,3 simply due to the fact that the interface is the place where
chemical reactions take place. Recently, the importance of the interfacial chemistry
has also been demonstrated in some biological processes. 4 Interfacial chemistry is
a research field that has received great attentions not only in fundamental science
but also in traditional industry and newly raised nanotechnology. 2,5
The solid related interfaces, specifically the solid/liquid and solid/gas interfaces, have wide applications in both basic science and technology. Their importance have been highlighted by the Noble prize of chemistry in 2007 that was
awarded to Prof. G. Ertl “for his studies of chemical processes on solid surfaces”. 6
The focus of this thesis is also on the solid related interfaces, in particular molecules
on the metallic surfaces. It is known that the processes taking place on the solid related interfaces are quite complex. In general, these processes can be classified into
four categories, i.e. adsorption, desorption, reaction and diffusion. After molecule
adsorbs on the surface, some chemical bonds in the adsorbed molecule are usually
weakened which is the main reason of surface catalysis. 5 Hence, the adsorption is
the fundamental process and the main issue of this thesis.

1.1 Experimental Techniques
With the development of experimental techniques and theoretical models, considerable knowledge about interfaces has been accumulated over the years. However, a better understanding at molecular or atomic level is still required if one
wants to have a good control of interfacial properties for desirable applications.
1
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(a) UHV

(b) Solution

Figure 1.1: Schematic structure of CO adsorbed on a Pt(111) surface in (a) UHV
and (b) realistic solution conditions.

There are many technologies to investigate interfaces. Nowadays, the widely used
experimental methods are electron spectroscopy, electron as probe technologies
such as low-energy electron diffraction (LEED), 7 microscopies, like scanning tunneling microscope (STM) 8 and atomic force microscopy (AFM) 9,10 , surface vibrational spectroscopies, such as sum-frequency generation (SFG) 11 and surface
enhanced Raman spectroscopy (SERS) 12–15 , just to name a few.
Ex-situ ultra high vacuum (UHV) conditions are widely used to simplify the
system under the investigation in experiments. It allows to provide detailed information about the structure of the interface. For instance, results of electron
spectroscopy revealed that bilayer water molecules adsorb with a planar structure on the Pt(111) surfaces, 16 while STM images indicated that bilayer water
molecules also adopt a planar configuration on the Pd(111) surfaces 17 under low
temperature in UHV. However, such ex-situ technologies have obvious weakness in
comparison with the systems under ambient conditions. For the latter, the effects
of the solvent, the pressure and the temperature become significant. Apparently,
even for a simple system, the results obtained under the UHV could differ from
those under the ambient conditions. For example, as shown in Fig. 1.1, the structure of CO adsorbed on a Pt(111) surface in UHV is quite different from that in
aqueous solution.
Obviously for practical applications, in-situ technologies have to be developed. Unfortunately, because of the complication accompanied with, it is still a
great challenge to obtain directly the surface structures in in-situ systems. 18,19 Although in-situ electron spectroscopies, like the surface X-ray diffraction (SXRD) 20
and STM 21 , have received more and more attentions, surface vibrational spectro2
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scopies are the most powerful methods to investigate surface structures due to the
characterized vibrational “fingerprints”. 22 In general, the spectral signal from the
low amount of surface adsorbates is overwhelmed by the huge signal from the bulk
and extra technologies should thus be developed to single out or highlight the surface vibrations. One logical way to do it is to decrease the bulk signals. By taking
advantage of the fact that the second hyperpolarizability of a centra-symmetric
system is vanished, the sum-frequency generation (SFG) technique is found to be
perfect for this purpose. In this case, the SFG signals can only come from the
interfaces, 11 whereas the bulk gives no contributions at all. Another approach is
to enhance the surface signals that surpass the signals from the bulk. SERS is
such a kind of technology that works for substances adsorbed on metal surface or
nano particles. In this context, the enhancements induced by the surface plasmon
and the chemical modification make it possible. 23–25
It should be mentioned that the conventional electrochemical technologies
can always provide in-situ measurements of the interfaces. 3 It gives macroscopic
properties, such as current, electrode potential, capacitance and others, that can
sometimes to relate to the surface structures. However, such a connection is more
of speculation that could cause controversial debates. 18,19

1.2 General Theoretical Considerations
It is very difficult, if not impossible, to directly construct three dimensional
atomic structures of complex interfaces from experimental results. 9 Theoretical
modelings are certainly highly desirable. With the current computational power,
it is still not possible to simulate the whole experimental systems without any
compromising. The basis of a practical simulation procedure is to build a relatively
“simple” model first to mimic the essential part of the “real” system and then
calculating some properties of this model. If the theoretical predicted properties
agree well with the experimental observations, we can conclude that the “simple”
model contains at least all important characters of the “real” system. Since all
first principles methods are natively at atomic level, the “real” atomic structure of
the interface can be deduced from the “simple” model. From this point of view,
two factors are important for the theoretical simulations. One is that theoretical
methods employed are capable of calculating different properties and another is
that the “simple” model should contain as many key characters of the “real” system
as possible.
To simulate the solid related interfaces, two computational approaches, i.e.
the cluster model and the periodic boundary conditions (PBC) model, are widely
3
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(a) Atom

(b) Cluster

(c) Crystal

Figure 1.2: Schematic bottom up growth steps from atom to crystal. The cluster
is a natural intermediate between them. The image of Pt single crystal is reprinted
from Ref. 26, Copyright (1990), with permission from Elsevier.
used. A brief introduction of both models is given below.
Cluster model, as the name stated, is to use a suitable cluster to mimic the
surface. Cluster is a natural intermediate between the atom and the crystal as
schematically showed in Fig. 1.2, and a large enough cluster could be a good
approximation to model the realistic surface. 27 In reality, due to the limitation of
the computational capacity, the center issue of the cluster model is to build a finite
cluster that has not many atoms, but resembles well the realistic surface. Besides
this simple bare/saturated cluster model, some advanced cluster models were also
proposed. For instance, the so-called dipped cluster model takes electron exchange
between cluster and bulk into account 28,29 and the embedded model counts for the
effects of the surrounding charges 30 . In this thesis, the widely used bare cluster
model is adopted. There are some basic principles to follow when building up a
cluster:
1. Lowest Energy Principle.
Since the large cluster can eventually converge to the real surface, the finite
Mn cluster with global minimum energy is the most suitable one to mimic
the realistic surface.
2. Lowest Spin Principle.
In non-ferromagnetic metals, all electrons are paired. In accordance with this
fact, the lowest spin state should be chosen during Mn clusters calculations
for non-ferromagnetic materials.
3. Bond Prepared Principle. 31,32
The excitation energy between the ground state and the higher excited states,
which is involved in the bonding preparation state, can be neglected for a
4
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Figure 1.3: Illustration for the atomic structure part in PBC.
finite surface. In order to calculate the adsorption energy, the bond prepared
state of the Mn clusters should be adopted.
4. Metallic State Principle. 33
In this method, basis sets for metallic atoms are modified to generate the
“metallic state” for the Mn clusters. In such states, the electronic structure
of the cluster is similar to that of the bulk.
In the present works, the lowest energy and spin principles were adopted for
all calculations, which can be easily handled in practical simulations. The most
important advantage of the cluster model is the possibility of using sophisticated
electronic structures methods to calculate various properties and spectroscopies.
Its obvious drawback is that the obtained energy level is always discrete, which
can not properly describe the band structure of the surface. One way to overcome
it is to use a slab model with PBC.
The essential difference between cluster and PBC model is the translation symmetry. In principle, PBC model describes an infinite system while cluster model
depicts a finite system. In PBC, two parts are related to atomic and electronic
structures respectively. 34,35
The atomic structure part of PBC is generated by the strict copy of the atomic
configuration along periodic conditions and obeys two basic rules. 34
1. Particle Conservation.
This means that the overflowed particle should return back to the supercell
5
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on the other side, which is illustrated as the red part in Fig. 1.3. As a result,
the number of each particle in a supercell remains constant in the simulation.
2. Minimum Image Effect.
For the short-range interactions which decrease with distance quicker than
r−3 , the interactions between two particles only exist between the image pairs
with the shortest distance. This effect is represented by the blue arrows in
Fig. 1.3.
In the classical molecular dynamics (MD) simulations, the electronic potentials are described by potential functions 36 and only the atomic structure part is
needed. In contrast, the first principles calculations require both the atomic the
electronic structure parts in PBC method. Because of the translation symmetry,
the wave function can be written as Bloch wave 35,37
ψi,k (r) = exp (ık · r) ui,k (r),

(1.1)

where the function ui,k (r) has the same periodicity of the supercell, i.e.
ui,k (r + a) = ui,k (r) .

(1.2)

Here a represents the primitive vector of the supercell, i the band index, k wave
vector defined by
X
k=
xα bα
(1.3)
α

with the relationship
aα · bβ = 2πδαβ .

(1.4)

As a result, the single-electron Schrödinger equation can be written as
Hψi,k (r) = i,k ψi,k (r),

(1.5)

which shows that the eigenvalue is a function of wave vector k. In other words,
Eq. 1.5 reveals the band structure naturally.
The essential issue of electronic structure calculations is to determine the ui,k
in Eq. 1.1 with different k and i. Owing to the periodicity in Eq. 1.2, the ui,k can
be expanded as 35,37
X
ui,k =
Ci,Gm +k exp (ıGm · r) ,
(1.6)
m

where
Gm =

X

mα bα

(mα integral).

α

6
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Figure 1.4: The main framework of this thesis.
As a result, the plane wave basis sets are widely used in popular softwares for
PBC calculations. Nevertheless, some methods based on atomic centered basis
sets have also been developed, such as the methods used in ADF, 38 Crystal, 39
Gaussian, 40 and Siesta 41 . In this thesis, all electronic calculations for PBC systems
were performed by VASP based on the plane wave basis sets. 42
1.3 Main Contents of the thesis
There are two parts, i.e. SERS and electrochemistry, related to the interfacial
chemistry in the thesis and the main framework is depicted in Fig. 1.4.
In the part related to SERS, it is shown by several cases how to obtain the interfacial structure (adsorption configuration and surface structure) from the modeling of SERS spectra. A coupled mechanism for the enhancement of SERS is
proposed, which bridges the two popular enhancement mechanisms (physical and
chemical) through molecular polarizations.
For electrochemical systems, a hybrid method that combines classical MD and
density functional theory (DFT) is used to study electronic properties of the metal
surface and surface adsorbates. The effects of the thermal motions of the water
molecules have been highlighted. The statistic distribution of the properties has
also been emphasized.
7
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Theoretical Background

All the calculations in this thesis are in the framework of the Born-Oppenheimer
(BO) approximation, meanwhile, the relativistic effects are completely neglected.
Considering the non-relativistic effect, the total Hamiltonian of a N -electron system in the atomic unit can be written as 43
Ht = −

M
X

N
M
N
N M
X
X
1
1 2 X X ZA X 1
ZA ZB
∇2A −
∇i −
+
+
,
2M
2
r
r
R
A
iA
ij
AB
i<j
i=1
i=1 A=1
A=1
A<B

(2.1)

where M and Z represent the mass and charge of nuclei respectively; R, riA and
rij the distance between nucleus-nucleus, nucleus-electron, and electron-electron.
The BO approximation considers the fact that MA > 103 . 44 As a result, the effect
applied on a nucleus from electrons can be treated as a mean field. Mathematically,
the BO approximation can be expressed as 43–45
a,ν
a
Ψa,ν
t (R, r) = Ψn (R)Ψe (R, r)

He |Ψae (R, r)i = Eea (R) |Ψae (R, r)i

(2.2)

a,ν
a,ν
(Tn + Eea (R)) |Ψa,ν
n (R)i = Et |Ψn (R)i ,

where R and r are the coordinates of nuclei and electrons; subscripts t, e, n
represent the total system, the electronic part and the nuclear part, superscripts
a, ν the quantum number of electronic and nuclear motions respectively. Here Tn
is the first term in Eq. 2.1 and He all the rest terms. Conveniently, considering
that the nuclear repulsion is just a constant, the He can also be rewritten as
He = −

N
X
1
i=1

2

∇2i

−

N X
M
X
ZA
i=1

9

riA
A=1

N
X
1
+
.
r
ij
i<j

(2.3)
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2.1 Energy Calculations
Energy is the most important physical quantity. Obtaining the electronic
energy, i.e. Eea in Eq. 2.2, is the center issue in quantum chemistry. In the following,
we just consider the electronic energy in the ground state. Hence, the subscript
and superscript of the energy are removed hereafter.
Electron is a kind of Fermion and its wave function should satisfy the Pauli
exclusion principle, i.e. anti-symmetric for electron exchange. 43,46–50 The most
convenient way to fulfill this property is the Slater determinant which can be
expressed as 51
φ1 (r1 ) φ2 (r1 )
1 φ1 (r2 ) φ2 (r2 )
Ψ(r1 , r2 , . . . , rN ) = √
..
..
N!
.
.
φ1 (rN ) φ2 (rN )

···
···
..
.

φN (r1 )
φN (r2 )
,
..
.

···

φN (rN )

(2.4)

where {φ} are one-electron orbitals with orthonormal relationship
hφi |φj i = δij .

(2.5)

In the framework of single Slater determinant, according to the variational
principle, the energy minimum of Hamiltonian He in Eq. 2.3 can be achieved by
solving the single-electron Schrödinger equation 47,50
fˆi |φi i = i |φi i,

(2.6)

where the Fock operator is
fˆi ≡ hi +

N
X
j=1

(Jj − Kj )


Z ∗
M
N Z
φ∗j (r2 )φj (r2 )
φj (r2 )φi (r2 )
φj (r1 )
1 2 X ZA X
+
dτ2 −
dτ2 .
= − ∇i −
2
riA j=1
r12
φi (r1 )
r12
A=1
(2.7)
Here J is the Coulomb interaction between electrons and K the exchange interaction. Eq. 2.6 is known as canonical Hartree-Fock (HF) equation.
Although the philosophy is quite different from the HF method, 52 DFT also
obtains the analog Kohn-Sham (KS) equation of Eq. 2.6. 53 The only difference is
that, in KS equation, the definition of fˆi is 54
M
N Z
1 2 X ZA X φ∗j (r2 )φj (r2 )
ˆ
fi = − ∇ i −
+
dτ2 + vxc ,
(2.8)
2
riA j=1
r12
A=1
10
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where the exchange-correlation potential is defined as
vxc ≡

δExc [ρ]
.
δρ

(2.9)

Here the definition of exchange-correlation energy is
Exc [ρ] ≡ (Vee [ρ] − J[ρ]) + (T [ρ] − Ts [ρ]) ,

(2.10)

where Vee is the exact electron-electron interaction energy, J the Coulomb repulsion
energy defined in Eq. 2.7, T the exact kinetic energy, and Ts the kinetic energy of
the non-interaction reference system calculated by
Ts [ρ] = −

1
φi ∇2i φi .
2

(2.11)

Comparing Eq. 2.7 and Eq. 2.8, a general single-electron Schrödinger equation
from single Slater determinant can be written as 55


1 2
ˆ
fi |φi i = − ∇i + veff |φi i = i |φi i ,
(2.12)
2
where the effective single-particle potential is defined by
Z
ρ(r2 )
dτ2 + vext + vxc .
veff =
r12

(2.13)

Here vext is the external potential defined as the second term in Eq. 2.7 and Eq. 2.8,
and the exchange-correlation potential in the HF method only contains the exchange term, i.e.
N
X
HF
vxc
= −K = −
Kj .
(2.14)
j=1

Usually, φ can be expanded by a set of basis set χ as 56
|φi i =

m
X

χµ cµi ,

(2.15)

µ=1

where m is the number of basis set, c the corresponding coefficients. Applying
Eq. 2.15, the matrix form of Eq. 2.12 becomes the well-known Hartree-FockRoothaan (HFR) equation expressed as 57
fC = SC,

(2.16)

in which the matrix element definitions are
fνµ = hχν |fˆ|χµ i

Sνµ = hχν |χµ i.
11

(2.17)

CHAPTER 2. THEORY

Using the definitions
1

C0 = S 2 C

1

1

f 0 = S− 2 fS− 2 ,

(2.18)

Eq. 2.16 can be converted to a standard eigen problem equation as 47,50,57
f 0 C0 = C0 .

(2.19)

Although standard processes are available to solve Eq. 2.19, the fact that fˆ operator contains c makes the iteration process, i.e. the self-consistent field method
(SCF), necessary.
Once Eq. 2.19 is solved, using Eq. 2.18, Eq. 2.15, and Eq. 2.4, the wave
function is obtained. Expectation value of Hamiltonian is the HF energy, which
can be written as 47,50
E=

X

Pµν hµν +

µν

1X
1X
Pµν Pσλ hµσ|νλi −
Pµν Pσλ hµσ|λνi,
2 µνσλ
2 µνσλ

(2.20)

where h is one-electron operator defined in Eq. 2.7, P the density matrix defined
as
N
X
Pµν =
c∗µi cνi ,
(2.21)
i=1

and the notation for two-electron integrals is
Z
1
hµσ|νλi = µ(r1 )∗ σ(r2 )∗ ν(r1 )λ(r2 )dτ1 dτ2 .
r12

(2.22)

As pointed out previously, the philosophy of DFT is different from HF. The basic
idea for energy calculation in DFT is 52–54
E[ρ] = Ts [ρ] + Eext [ρ] + J[ρ] + Exc [ρ].

(2.23)

As a result, the energy can be calculated by
E=

X
µν

Pµν hµν +

1X
Pµν Pσλ hµσ|νλi + Exc [ρ].
2 µνσλ

(2.24)

Comparing Eq. 2.20 and Eq. 2.24, we can conclude that Eq. 2.24 is a general form
for the energy calculation with single Slater determinant method if defining that 55
HF
Exc
≡ EK = −

1X
Pµν Pσλ hµσ|λνi.
2 µνσλ
12

(2.25)
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2.2 The First Derivative of Energy
From the theoretical point of view, some properties of a given system can be
calculated as an expectation value of the wave function. Moreover, most properties
of a system can also be calculated from the energy derivative of the system. For
instance, the electric dipole moment can be calculated as the expectation value of
the electron position, expressed as 47,49,50
µe = hΨ|

N
X
i=1

−eri |Ψi

(2.26)

and the first derivative respect to the external electric field, i.e. 58
µe,i = −

∂E
.
∂Fi

(2.27)

To calculate the derivative of the energy analytically, two terms are required.
One is the derivative of the operator in the energy expression 59 and the other is
of the wave function 60,61 . In most cases, the former is simple and straightforward.
Meanwhile, the derivative of the wave function is usually divided into two parts:
the straightforward derivative of basis set and the difficult derivative of coefficients
or eigenvalues. In practical approaches, the difficult derivative is circumvented as
much as possible in modern algorithms. 62,63
According to the normalization condition (Eq. 2.5) and HFR equation (Eq. 2.16),
a relationship between the derivative of the density matrix with respect to the variable a and the overlap can be expressed as 64
X
µν

(a)
Pµν
fµν = −

X

(a)
Wµν Sµν
,

(2.28)

µν

where
Wµν =

N
X

i c∗µi cνi

(2.29)

i

is the energy weighted density matrix. Using Eq. 2.28, the derivative of the density
matrix, which is the equivalence of the derivative of coefficients, can be circum(a)
vented by calculating the simple one Sµν .
Furthermore, we have
(a)
Exc
=

X
µν

(a)
Pµν
hµ|vxc |νi +

13

X
µν

Pµν hµ|vxc |νi{a} ,

(2.30)
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where the superscript {· · · } means that the derivative can only be calculated explicitly. Therefore, the direct derivative of the general form of the energy in Eq. 2.24
can be written as 55
E (a) =

X

Pµν h(a)
µν +

µν

X
1X
{a}
(a)
Pµν Pσλ hµσ|νλi(a) + Exc
−
Wµν Sµν
2 µνσλ
µν

(2.31)

{a}

by using the relationship in Eq. 2.28. Here Exc is the second term in Eq. 2.30.
All terms in Eq. 2.31 can be calculated straightforward and do not involve in the
derivative of the coefficients.
The first term in Eq. 2.31 is the so-called the Hellmann-Feynman term and all
the other terms are the basis set correction. 60,61,63 The latter is expected to vanish
when using a (almost) completed basis set 62 or a basis set that does not contain
the differential variable explicitly. However, in practical calculations, the basis set
correction needs to be taken into account. 60,61,63
When a = RA , i.e. the nuclear coordinates, then −E (a) is the force applied
on the nucleus, which can be used to search for stationary points. 60,61 Another
example is the electric dipole moment where the differential variable is the electric
field, i.e. a = Fi . Because regular basis sets do not contain Fi , the basis set
correction vanishes. As a result, the definition of Eq. 2.27 is equivalent to the
expectation value calculated by Eq. 2.26.

2.3 The Second Derivative of Energy
Directly differentiate of Eq. 2.31 can obtain the second derivative of the energy
as

55,65

E (ab) =

X
1X
{ab}
(ab)
Pµν Pσλ hµσ|νλi(ab) + Exc
−
Wµν Sµν
2
µν
µν
µνσλ
X
X
X
(b) (a)
(b)
(a)
{a}[b]
(b) (a)
+
Pµν hµν +
Pµν Pσλ hµσ|νλi + Exc −
Wµν
Sµν ,

X

Pµν h(ab)
µν +

µν

(2.32)

µν

µνσλ

where the superscript [· · · ] represents only the implicit differentiating, i.e. the
derivatives related to the MO coefficients and eigenvalues as well as vxc . The first
four terms in Eq. 2.32 can be calculated straightforwardly, while the last four are
complicated since they contain both the derivatives of the density matrix and MO
eigenvalues. To calculate the last four terms in Eq. 2.32, the coupled perturbed
(CP) equation should be solved. 55,62,63
14
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Introducing 55,62,64
C(b) = C(0) U(b)
F (b) = C(0)† f (b)C(0)

(2.33)

O(b) = C(0)† S(b)C(0) ,
the matrix form of CP equation can be expressed as 64
(I − A) B = B0 ,

(2.34)

where
(qj)

Api,qj =

(jq)

Gpi + Gpi
(0)

(0)

i − p

(1)

Bqj = uqj
B0,pi =

(2.35)

(1)

Qpi

(0)

(0)

i − p

.

Here i, j, k, . . . and p, q, r, . . . represent the occupied and unoccupied MO orbitals
respectively, and the definition
X (jk) (1)
(1) (0)
{1}
(1)
(1)
(2.36)
Gpi Ojk ,
Qpi = Hpi + Gpi − Opi i −
jk

where H and G are the wave function independent and dependent operators in F
(Eq. 2.33) respectively, and
X ∂Gab
(cd)
(0)
Gab =
c(0)∗
(2.37)
µc cνd
∂P
µν
µν
with the notation a, b, c, d, . . . are all MO orbitals. Hence, all the elements of A
and B0 can be calculated, and finally the B should be solved by Eq. 2.34.
(1)

Once the element uqj is obtained, all the derivatives of Fab defined in Eq. 2.33
can be written as 62
X (ij) (1) X (pi) (1)∗ X (ip) (1)
(1)
(1)
{1}
Fab = Hab + Gab −
Gab Oij +
Gab upi +
Gab upi .
(2.38)
ij

ip

ip

Thus, derivatives of eigenvalues can be expressed as
(1)
(1) (0)
(1)
a = Faa − Oaa a ,

(2.39)

derivatives of off-diagonal elements for U are
(1)

(1)

uab =

(1) (0)

Fab − Oab b
(0)

(0)

b − a
15

,

(2.40)
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and of diagonal elements
1 (1)
u(1)
aa = − Oaa .
2

(2.41)

Finally the derivatives of MO coefficients can be calculated by Eq. 2.33, and the
second order derivatives of the energy are acquired from Eq. 2.32. 55,62–64
Molecules properties, such as polarizabilities, harmonic frequencies, and infrared (IR) intensities, are related to the second order derivatives. 66 For instance,
harmonic frequencies and normal coordinates can be calculated from the eigenvalues and eigenvectors of the mass-weighted Hessian matrix, related to 22,58
E ab =

∂ 2E
.
∂Ra ∂Rb

(2.42)

Another example is the IR intensities that related to the derivative 58
E ab = −

∂ 2E
.
∂Fa ∂Rb

(2.43)

∂E
∂E
Actually, the derivatives ∂R
and ∂F
can be calculated directly by Eq. 2.31. Hence,
a
a
∂C
Eq. 2.42 and Eq. 2.43 can share the derivatives of MO coefficients, i.e. ∂R
. As a reb
sult, an analytical frequencies calculation can give the IR intensities automatically
without additional cost. 67

2.4 The Third Derivative of Energy
Molecules properties such as hyper-polarizabilities, Raman intensities, and
anharmonicities are related to the third derivatives of the energy. 66 For example,
Raman intensities can be calculated from 58
E abc = −

∂ 3E
.
∂Ra ∂Fb ∂Fc

(2.44)

Analytical calculation of Eq. 2.44 needs the second derivatives of MO coefficients
and eigenvalues derived from the second order CP equation. 68 Because of the relative high computational cost, the practical way to calculate the third derivatives is
numerical differentiating based on the analytical second derivatives. For instance,
2E
to solve the Eq. 2.44, analytical − ∂R∂a ∂F
are calculated under six different Fc perb
turbations along three Cartesian axes (both positive and negative sign). 69 The
computational cost for this method is only approximatively six times more than
that for the frequency calculation. 67
16
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2.5 Statistical Properties
In principle, all the properties calculated from previous methods are restricted
at 0 K. However, most investigated systems involve in a finite temperature. According to the definition of temperature 34,70




1
∂ ln Ω(N, V, E)
∂S
= kB
=
,
(2.45)
T
∂E
∂E N,V
N,V
the properties under a finite temperature should be calculated by statistical methods. Here kB is the Boltzmann constant, Ω the number of microstates, N the
number of particles, V the boundary conditions of system, E the energy of system, and S the entropy defined as
S(N, V, E) = kB ln Ω(N, V, E).

(2.46)

In this thesis, we only consider the canonical ensemble, i.e. N , V , and T of
the system are constants. Owing to the Boltzmann distribution, the probability
of a microstate |ii is 34,70
exp (−βi )
Pi = X
,
(2.47)
exp (−βj )
j

where
β=

1
kB T

(2.48)

and  is the energy of the microstate. Hence, the average value of an observable A
in canonical ensemble can be written as 34,70,71
P
X
exp (−βi ) hi|Â|ii
hAiN V T =
Pi Aii = i
,
(2.49)
Q
i
where Q is the partition function defined as
Q(N, V, T ) =

X
i



exp (−βi ) = Tr exp −β Ĥ .

(2.50)

Using continuous basis set |pN i, which are the eigenfunctions of the momentum
operator P̂ 72,73 and the classical limit approximation, i.e. ~ → 0, 34 the trace in
Eq. 2.50 can be recalculated as 34,70
Z

1
Q(N, V, T ) = 3N
exp −β(T (pN ) + V (rN ) dpN drN ,
(2.51)
h N!
17
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where N ! is introduced to take the identical particle effect into account. The multidimension space spanned by rN and pN is called the phase space. 74 In the phase
space, Eq. 2.49 can be rewritten as 34,70
Z

exp −β(T (pN ) + V (rN ) A(pN , rN )dpN drN
Z
hAiN V T =
.
(2.52)

exp −β(T (pN ) + V (rN ) dpN drN
MD method consider the statistical properties in this thesis under the ergodic
hypothesis. 75 The essential task of MD is to calculate the system evolution with
time. For this purpose, the position of particles can be written as 76
r(t + ∆t) = r(t) + ṙ(t)∆t +
where
˙=

d
,
dt

¨=

1
1 ...
r̈(t)∆t2 + r (t)∆t3 + · · · ,
2!
3!

(2.53)

d2
,
dt2

(2.54)

...

=

d3
,
dt3

and so on. Newton equation 77
f (t) = −∇U (r(t)) = mr̈(t) = mv̇(t)

(2.55)

is used to calculate the position evolution. f can be calculated from first principles
methods, e.g. Eq. 2.31, or much cheaper approach, i.e. from force fields, 36 in which
the energy can be expressed as 78
U (r1 , r2 , · · · , rN ) = Uintra + Uinter + UMetal + Uextn + Uc .

(2.56)

Here, Uintra represents the intramolecular energy, Uinter the intermolecular energy,
UMetal the N -body metallic potential, and Uc the long range Coulomb energy.
Simply truncating the terms beyond ∆t2 in Eq. 2.53, i.e. the Euler algorithm,
is not recommended since it is not reversible and will lead to an energy drift. 34 To
circumvent this problem, the Verlet method 34,36,78 and high order methods, such
as Runge-Kutta methods, 79 are widely used in practical calculations. In all these
methods, the energy conservation condition is kept. Hence, the MD simulation is
naturally microcanonical ensemble, i.e. N , V , and E of the system are constants.
To covert microcanonical ensemble into canonical ensemble, an extended Lagrangian is introduced as 80
LNose =

N
X
mi
i=1

2

s2 ṙ2i − V (rN ) +
18

m∗ 2 L
ṡ − ln s,
2
β

(2.57)
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where s is an additional coordinate associated with effective mass m∗ . According
to the mathematical relationship 72
δ(f (x)) =

δ(x − x0 )
,
|f 0 (x0 )|

the microcanonical partition function can be calculated by 34,80
Z
1
QNose =
δ(E − HNose )dpN dps drN ds
N!


Z
C
3N + 1
0N
N
βH(p , r ) dp0N drN ,
=
exp −
N!
L

(2.58)

(2.59)

where HNose can be deduced from Eq. 2.57 as
HNose

N
X
p2s
L
p2i
=
+
+ V (rN ) + ln s,
2
∗
2mi s
2m
β
i=1

(2.60)

and

r


3N + 1
pi
1
2πm∗ βL
= ,
C=
exp
βE .
s
N !L 3N + 1
L
According to the ergodic hypothesis, we have
 N

Z
1 τ
p (t) N
hAiNose,t = lim
A
, r (t) dt,
τ →∞ τ 0
s(t)
p0i

(2.61)

(2.62)

where the t means that the extended system evolves with (virtual) time t. Furthermore, Eq. 2.62 can be written as


Z
3N + 1
0N
N
βH(p , r ) A(p0N , rN )dp0N drN
exp −
L


Z
hAiNose,t =
.
(2.63)
3N + 1
0N
N
0N
N
exp −
βH(p , r ) dp dr
L
Comparing Eq. 2.63 and Eq. 2.52, we find that hAiNose,t is the same as hAiN V T
when L = 3N + 1. This result indicates that the microcanonical ensemble of the
extended system as expressed in Eq. 2.57 can be converted to the “real” canonical
ensemble with the “real” momentum p0N . Here we summarize the relationship
between “real” and “virtual” variables which are represented with and without
prime, respectively, as 34,80
r0 = r
p0 = p/s
s0 = s
∆t0 = ∆t/s.
19

(2.64)
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Therefore, if we simulate extended system with “virtual” time as in Eq. 2.62, the
“real” time step will fluctuate during simulations.
“Real” time step is conveniently considered in the practical simulation, i.e.
calculating the quantity 34

Z 0  N 0
1 τ
p (t ) N 0
hAiNose,t0 = lim
A
, r (t ) dt0
τ 0 →∞ τ 0 0
s(t0 )
(2.65)
hA/siNose,t
=
.
h1/siNose,t
Following the same processes of deducing Eq. 2.63, we have 34


Z
3N
0N
N
βH(p , r ) A(p0N , rN )dp0N drN
exp −
L


Z
hAiNose,t0 =
.
3N
0N
N
0N
N
exp −
βH(p , r ) dp dr
L

(2.66)

Consequently, hAiNose,t0 is equivalence to hAiN V T with L = 3N .
The equations of motion can only be deduced from Eq. 2.60 with “virtual”
variables as 34
∂HNose
pi
dri
=
=
dt
∂pi
mi s2
V (rN )
dpi
∂HNose
=−
=−
dt
∂ri
∂ri
ds
ps
∂HNose
= ∗
=
dt
∂ps
m
!
dps
∂HNose
1 X p2i
L
=−
=
−
.
dt
∂s
s
mi s2 β
i

(2.67)

As a result, the equations of motion for the “real” variables can be calculated by
using Eq. 2.67 and the chain rule. In fact, in the equations of motion for the “real”
0 0
variables, the quantities smp∗s can always be associated. Thus, we have 34,81
dr0i
p0i
=
dt0
mi
0
dpi
V (r0N )
=
−
− ξ 0 p0i
dt0
∂r0i
!
dξ 0
1 X p02
L
i
= ∗
−
dt0
m
m
β
i
i
1 ds0
= ξ0,
s0 dt0
20

(2.68)
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where

s0 p0s
.
(2.69)
m∗
Eq. 2.68 is the Nosé-Hoover thermostat which is implemented in the practical MD
codes. Evolving Eq. 2.68 with “real” time and L = 3N , we can calculated the
microcanonical ensemble average for the observable A by Eq. 2.65.
ξ0 =

21

22

Chapter 3

Surface Enhanced Raman Spectroscopy

As pointed out in chapter 1, vibrational spectrum is a “fingerprint” to detect
the molecular structure. 22 To avoid interferences from bulk signal, an alternative
way is to employ surface enhanced spectroscopies. 82 Among them, SERS may be
the most powerful one that has been widely used 12–15 since its first successful application for the pyridine molecule adsorbed on the roughed silver electrode 23 . SERS
has many advantages compared with other surface enhanced spectroscopies. The
most attractive one is the huge signal enhancement. 83 To quantitatively consider
the enhancement, the enhancement factor is introduced, which is defined as 84
G=

ISERS /NSERS
.
Ifree /Nfree

(3.1)

Here ISERS and Ifree represent the intensities of SERS and normal Raman signals
from free molecules, respectively, NSERS and Nfree are corresponding molecular
numbers. Under specific conditions, the value of G will reach up to 1014 , which is
sensitive enough for single molecule detection. 12–15,83
However, earlier investigations of SERS showed that there are three main
defects that prevent SERS from being widely used. 85
1. Large enhancement factor can only be observed on the Au, Ag, and Cu
substrates.
2. Roughed surfaces are required for detectable SERS signals.
3. The mechanism of SERS is still controversy.
Significant progress has been made to overcome the first two defects in experiments. For instance, suitable electrochemical rough methods have been applied on the electrocatalytic transition metals, such as Pt, Pd, etc., to obtained
23
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SERS signals. 85,86 Recently, a strategy of “borrowing” high SERS activity from
Au core has been developed for extending SERS substrates to transition metals. 87
Meanwhile, the tip-enhanced Raman spectroscopy (TERS) used in the general
substrates circumvent the first two defects in SERS, 88,89 except for difficult insitu applications, which can be solved by the shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) method 90 .
On the other hand, the SERS mechanism is also important for the SERS
application since the theoretical calculations are highly necessary and a routine way
to connect the “fingerprint” spectra and the corresponding molecular structures.

3.1 Raman Intensity
According to the classical electrodynamic theory, an oscillating point dipole
can be a point light source. In the far field, i.e. the distance between the observer
and the point dipole r is much larger than the radiant wavelength λ, the radiant
intensity (SI units: Js−1 sr−1 ) can be written as 91

I=

dP
π 2 cν̃ 4 |p0 |2 sin2 θ
=
,
dΩ
20

(3.2)

where P is radiation power, Ω the solid angle, c the speed of light, ν̃ the wavenumber, |p0 | the amplitude of oscillating dipole, θ the angle between point dipole p
and observed direction, 0 dielectric constant of vacuum.
Usually, the quantum effect of electromagnetic field can be ignored. 92 As a
result, the dipole moment of a free molecule in an electromagnetic field can be
expressed as 93
µ(t) = µ0 + p0 cos ωt,

(3.3)

where ω is the frequency of the incident light, µ0 the permanent dipole moment
of the molecule, and 58
p 0 = α · F0 .

(3.4)

Here α is the polarizability of the molecule and F0 the amplitude of electric field of
the incident light. The second term in Eq. 3.3 is an oscillating dipole. Therefore,
the molecule can be treated as a light source with the radiant intensity calculated
by Eq. 3.2.
24
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ωin
ωout
ωin

ωout

ωout

ωin

|i + 1i
|ii

(a)

(b)

(c)

Figure 3.1: Schematic figure of the quantum processes for scattering. (a):
Rayleigh scattering, and (b) Stokes and (c) anti-Stokes Raman scattering. i represents the quantum number of vibrational state, ωin and ωout denote the frequencies
of incident and radiant lights respectively.
Owing to the free rotation, the spatial average of polarizability components is
given by 22,93,94
γ2
(i 6= j)
15
45a2 + 4γ 2
,
hαii2 i =
45

2
hαij
i=

where i, j are Cartesian directions (x, y, z), and
1X
αii
a=
3 i

1X
2
γ2 =
3αij
− αii αjj .
2 ij

(3.5)

(3.6)

As a result, the strongest I can be observed from the experimental setup where
the observation direction is perpendicular to not only the electric field but also the
propagation direction of the incident light. 22 Following this experimental setup,
we have
 π  π 2 cν̃ 4 F 2 hα2 i + hα2 i
s 0
yy
zy
I
=
2
20
(3.7)
π 2 ν̃s4 45a2 + 7γ 2
I0 ,
= 2
0
45
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where ν̃s is the wavenumber of radiant light and I0 the irradiance of the incident
light (SI unit: Js−1 m−2 ) defined by
1
I0 = 0 c|F0 |2 .
2

(3.8)

The quantum treatment is necessary for calculating the polarizability α. The
quantum description of scattering processes is depicted in Fig. 3.1. Here we only
consider the electronic ground state. Using the BO approximation (Eq. 2.2), the
molecular polarizability can be calculated as 93,95
X ∂ ᾱ0,pq
αpq,if = ᾱ0,pq hi|f i +
hi|Qk |f i,
(3.9)
∂Qk
k
where p, q represent x, y, z axes, i, f the initial and final vibrational states, Qk the
normal mode, and ᾱ0,pq the electronic polarizability calculated by 58
ᾱ0,pq = −

∂ 2E
∂Fp ∂Fq

(3.10)

as shown in Section 2.3. Meanwhile, according to the harmonic approximation,
the integral involving Qk can be calculated as 59
 √
 √i + 1bk if f = i + 1
hi|Qk |f i =
(3.11)
ibk
if f = i − 1

0
otherwise
with the constant

h
~
= 2 .
2ωk
8π cν̃k
On the other hand, with the Boltzmann distribution, we also have 93
X
Ni = Ntot
b2k =

(3.12)

i

X

iNi =

i

X
(i + 1)Ni =
i

Ntot
exp (βhcν̃) − 1

(3.13)

Ntot
,
1 − exp (−βhcν̃)

where Ntot is the total number of molecules, Ni the number of molecules at vibrational state |ii.
Three scattering processes in Fig. 3.1 can be generally treated by Eq. 3.9 and
Eq. 3.7. When f = i, only the first term in Eq. 3.9 exists. As a result, the radiant
intensity of Rayleigh scattering can be written as 96
D  π E
π 2 ν̃04 Ntot 45ā20 + 7γ̄02
(3.14)
I
=
I0 ,
2 Ray
20
45
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where ν̃0 is the wavenumber of the incident light, ā0 and γ̄0 are the electronic parts
of Eq. 3.6. When f = i + 1, the radiant intensity of Stokes Raman scattering can
be calculated as 93
D  π E
02
Ntot
h 45ā02
π 2 (ν̃0 − ν̃k )4
k + 7γ̄k
I
I0 , (3.15)
=
2 k,Stokes
20
1 − exp (−βhcν̃k ) 8π 2 cν̃k
45
where ν̃k is the wavenumber of a specific vibrational mode calculated from massweighted Hessian matrix, and
1X 0
ā0k =
ᾱ
3 i ii,k
(3.16)

1X
02
0
0
02
3ᾱij,k − ᾱii,k ᾱjj,k
γ̄k =
2 ij
with
0
ᾱij,k
=

∂ 3E
∂ ᾱij
=−
.
∂Qk
∂Qk ∂Fi ∂Fj

(3.17)

Under the situation of f = i − 1, the radiant intensity of anti-Stokes Raman
scattering can be expressed as 93
D  π E
02
π 2 (ν̃0 + ν̃k )4
Ntot
h 45ā02
k + 7γ̄k
I
=
I0 .
2 k,Anti-S
20
exp (βhcν̃k ) − 1 8π 2 cν̃k
45

(3.18)

Since the radiant intensity of the Stokes line is much stronger than that of the
anti-Stokes line, its expression Eq. 3.15 will be mainly discussed in the following
context.
3.2 Bond Displacement Vector Method
Usually, only one vibrational mode is involved in the interesting region of a
surface spectrum, One example is the use of CO as a probe molecule to detect the
surface structure. In such a case, the frequency of the CO stretching mode significantly varies from different adsorption sites and adsorption substrates. Moreover,
the CO molecule is often perpendicularly adsorbed on many surfaces.
As a result, the Raman radiant intensity can be simplified as 58
Ik ∝

∂α
∂Qk

2

.

(3.19)

lik qi ,

(3.20)

Generally, we have 22
Qk =

X
i
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where
qi =

X
√
mi ∆xi =
lik Qk

(3.21)

k

since l is an orthogonal matrix. According to the chain rule, Eq. 3.19 can be
further simplified as
X lik ∂α
Ik ∝
√
mi ∂∆xi
i

2

X ~lik ∂α
=
√
mi ∂∆Si
i

2

.

(3.22)

In Eq. 3.22, the Cartesian displacement ∆x is transformed to the bond displacement ∆S where ~l is the corresponding displacement vector. The benefit of this
∂α
transformation is that, at the same substrate, ∂∆S
for a specific bond can be api
proximately treated as the same. Thus, for CO adsorbed on different substrates
we can calculate the Raman radiant intensity as
X λk~lik
Ik ∝
√
mi
i

2

,

(3.23)

where the effect from different substrates has been taken by expression of λk into
account.
Since the mass weights of carbon and oxygen are similar to each other, Eq. 3.23
can be further simplified for the CO stretching. Using Eq. 3.23, the relative Raman
intensities of adsorbed CO can be calculated, which can be helpful to determine
the surface structure. 97
3.3 Physical and Chemical Enhancements
As shown in Eq. 3.15, there are four ways to enhance the observed Raman
signals.
1. Increasing the number of molecules Ntot term.
2. Increasing the incident energy corresponding to the (ν̃0 − ν̃k )4 term.
3. Increasing the incident irradiance I0 term.
4. Increasing the scattering factor (or Raman activity) defined as
02
Sk = 45ā02
k + 7γ̄k ,

where ā0k and γ̄k0 are calculated by Eq. 3.16.
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ǫ1
z

ǫ2
R0

F0

Figure 3.2: A spherics nano particle with the dielectric constant 2 and radius
R0 in a uniform electric field. The dielectric constant of surrounding is 1 .
Here we assume that ν̃k  ν̃0 .
According to the definition of the enhancement factor (Eq. 3.1), to increase
the number of molecules and the incident wavenumber (ultraviolet SERS) 98,99 can
not affect much the value of G due to the small change of ν̃k . However, for a
specific structure, the in-situ applied electric field on molecules F i can be enhanced
because of the physical enhancement mechanism. 14,100,101 On the other hand, the
difference of Sk between in-situ SERS environments and free conditions can result
in the chemical enhancement. 102–104
Traditionally, physical enhancements focus on the electromagnetic (EM) field
distribution. Hence, it is also referred as the EM mechanism. For example, considering a particle with radius R0  λ0 in an incident light as shown in Fig. 3.2, the
electrostatic approximation is used. As a result, the electric field of the incident
light can be treated as a uniform electric field and the static electric field equilibrium is reached. 84,105 Therefore, the local field at the position of the interface
where r̂ = ẑ can be calculated as 91,106
Floc =

32
F0 ẑ,
2 + 21

(3.25)

where “ˆ” represents the direction of corresponding vector. The Floc reaches the
maximum when Re(2 ) = −21 and then we have
Iloc
|Floc |2
3621
=
=
9
+
.
I0
|F0 |2
Im(2 )2

(3.26)

Therefore, we can conclude that when Re(2 ) = −21 and Im(2 ) is small, the
electric field can be enhanced significantly by a small nanoparticle and so does
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the situation for Raman radiant intensities from adsorbed molecules. This well
explains why Au, Ag, and Cu substrates have large enhancement factors. 100
No matter how complicated the realistic situation is, regardless of the sophisticated methods, the essential physics of the EM mechanism is the same as revealed
by this simple model. In general, to calculate the electric field distribution, the
Maxwell’s equations expressed as 91,106
∇ · D = ρf
∇·B=0

∇ × H = Jf +

∂D
∂t

(3.27)

∂B
∂t
should be solved with the boundary conditions
∇×E=−

n̂ × (E2 − E1 ) = 0

n̂ × (H2 − H1 ) = jf

n̂ · (D2 − D1 ) = σf

(3.28)

n̂ · (B2 − B1 ) = 0,

where D, B, H, and E are the electric displacement field, magnetic field, magnetizing field, and electric field, Jf , ρf , jf and σf are the free current density,
free charge density, surface free current density, and surface free charge density,
respectively. Here n̂ is the unit vector of the normal.
Generalized Mie theory can analytically solve the Maxwell’s equations for
single sphere, 84,96,107,108 N spheres, 109 and even ellipsoid or cylinder particles. 110
For particles with arbitrary shape, grid methods are used to solve the Maxwell’s
equations. Two popular grid methods, i.e. the discrete dipole approximation
(DDA) 111,112 and the finite difference time domain (FDTD) 113 , are used in practical
calculations. The former method treats one spatial grid as a point dipole, while the
latter treats the grid as a finite differential grid. Then, the electric field distribution
can be solved eventually.
Overall, the essential issue of physical enhancement mechanism is to calculate
the Floc . However, Floc only affects the Iloc part in Eq. 3.15. Therefore, the physical enhancement mechanisms hardly change the relative intensities of different
frequencies. This conclusion is conflicting with experimental measurements both
on the relative intensities changes and the occurrence of new vibrational frequencies. 23
Another enhancement mechanism, i.e. chemical enhanced mechanism, focused
on the changes of Sk defined in Eq. 3.24, is naturally related to the relative Raman
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intensities. Therefore, from the viewpoint of surface structural prediction, the
chemical enhancement mechanism is somehow more important than the physical
enhancement mechanism, although the latter one provides major enhancement
factor and makes interfacial Raman signals detectable. 103,104
Primarily, there are three effects that can influence the Sk . 84
1. Adsorbed molecules may form a new surface coordination complex.
2. Chemical bonds between adsorbed molecules and substrates.
3. Possible light-induced charge transfer processes.
Herein, the first one is different from the original free molecule, and it is not
satisfied with the implied condition in Eq. 3.1. To take the second effect into account, the quasi-static model (Eq. 3.17) is usually used, with computational details
for Raman intensities in Section 2.4. By this approach, both the frequencies shift
and the redistribution of Raman intensities have been considered. Consequently,
adsorption configurations can be determined by comparing theoretical prediction
Raman spectra with experimental SERS spectra. 114
The third effect is more like resonance Raman if considering adsorbed molecules
and substrates as a whole system. Albrecht’s Raman theory with BO approximation should replace the quasi-static model in such a situation, which can be
expressed as 115,116
(αρσ ) = A + B + C,
(3.29)
where
X

hG|ρ|RihR|σ|Gi
hG|σ|RihR|ρ|Gi
+
ER,r − EG,i − Ω − ıΓR,r
ER,r − EG,f + Ω + ıΓR,r



hf |rihr|ii
X  hG|ρ|SihS|hk |RihR|σ|Gi hG|σ|SihS|hk |RihR|ρ|Gi  hf |Qk |rihr|ii
+
B=
ER,r − EG,i − Ω − ıΓR,r
ER,r − EG,f + Ω + ıΓR,r
ER − ES


k
k
hG|ρ|RihR|h |SihS|σ|Gi hG|σ|RihR|h |SihS|ρ|Gi hf |rihr|Qk |ii
+
+
(3.30)
ER,r − EG,i − Ω − ıΓR,r
ER,r − EG,f + Ω + ıΓR,r
ER − ES
X  hG|hk |T ihT |ρ|RihR|σ|Gi hG|hk |T ihT |σ|RihR|ρ|Gi  hf |Qk |rihr|ii
C=
+
ER,r − EG,i − Ω − ıΓR,r
ER,r − EG,f + Ω + ıΓR,r
EG − ET


k
k
hG|ρ|RihR|σ|T ihT |h |Gi hG|σ|RihR|ρ|T ihT |h |Gi hf |rihr|Qk |ii
+
+
.
ER,r − EG,i − Ω − ıΓR,r
ER,r − EG,f + Ω + ıΓR,r
EG − ET
A=

Here E and Ω are energies of the system and the photon, Γ is the lifetime and
hk =

∂He
.
∂Qk
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Meanwhile, the uppercase and lowercase letters represent the electronic and vibrational quantum states. Notably, |Gi is the electronic ground state. All summations
in Eq. 3.30 run over all the electronic and vibrational quantum states except initial
state |G, ii with the conditions of |R, ri =
6 |G, ii, |Si =
6 |Ri, and |T i =
6 |Gi. 93 One
way to calculate Eq. 3.30 for SERS is the time-dependent DFT method with small
cluster model. 102,117 An alternative way is to insert the metal conduction bands
into the Albrecht’s Raman terms. 104,118 However, to treat the light-induced charge
transfer process is beyond the scope of this thesis and may be considered in the
further studies. 119

3.4 The Coupled Enhancement Mechanism
Conventionally, the physical and chemical enhancement mechanisms are considered separately for simplification. 101,103 However, as shown in Eq. 3.15, there is
a multiplication between these two mechanisms, implying that we should consider
the two mechanisms simultaneously. Considering an extreme example that if the
chemical enhancement is zero, the total Raman intensity is zero regardless of how
large the physical enhancement is. On the other hand, the chemical enhancement
is intrinsically related to Qk , which is important to determine the surface structures
by SERS.
Back to Eq. 3.15, two important terms need to be calculated, which are the
actual electric field (Fi ) applied on SERS molecules and the in-situ polarizability (αi ) of SERS molecules. According to the reaction field theory, Fi can be
influenced by the molecule itself, meanwhile, αi is also influenced by surrounding
nanostructure and the incident light. 120
Generally, in the reaction field theory, the actual electric field of the incident
light can be calculated as 120,121
Fi = I − f R αi

−1

FP ,

(3.32)

where FP is the electric field in the nanostructure without molecules and f R the
reaction field factor matrix with the relationship
FR = f R µ.

(3.33)

Here FR is the reaction field. Besides, the in-situ polarizability can be written
as 120,121
αi = (I − f R α0 )−1 α0 ,
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Figure 3.3: Calculated average polarizabilities hαi = 13 (αxx + αyy + αzz ) of pyridine in bohr3 respect to semi-classic method (blue line) and exact SCRF method
(black line) with different cavity diameters at B3LYP/Sadlej pVTZ level. The dielectric constant of environment was 6.9. Reproduced from Ref. 126 by permission
of The Royal Society of Chemistry 2011.
where α0 is the molecular polarizability in vacuum. Owing to Eq. 3.34 and the
Clausius-Mossotti equation 120,122
=

1+
1−

8π
Nα
3
,
4π
Nα
3

(3.35)

we can conclude that the in-situ dielectric constant i is different from the dielectric
constant in bulk. Here N is the molecular density. As a result, the uniform
dielectric constant in the physical enhancement mechanism is not suitable.
Along this line, Tomasi and Corni employed the polarized continuum model
(PCM) and time-dependent Hartree-Fock (TDHF) method to calculate the polarizabilities and their numerical derivatives of adsorbed molecules. 123–125 Nevertheless,
only the physisorption is valid in their model 125 , and this does not satisfy the situation of most SERS experiments. Moreover, the uniform dielectric constant is used
in their model, 125 indicating the actual electric field is not calculated properly.
To overcome both weaknesses, we proposed a coupled mechanism. 126 In this
mechanism, the chemical bond effect for molecular polarizability can be considered
by the decomposing energy scheme, which is important for the case of chemical
adsorption. Generally, the total energy of metal molecule complex cluster system
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can be decomposed as 126
E(tot) = EMetal + EMol + EInt ,

(3.36)

where EMetal and EMol are energies of individual metal cluster and molecule, respectively, EInt is the short interaction, i.e. mostly the chemical bond effect included in
metal molecule complex cluster models. Owing to the definition in the quasi-static
model, i.e. Eq. 3.10, the polarizability of the whole system can be written as 58
αab = −

∂ 2 E(tot)
Mol
Metal
,
+ αab
= αab
∂Fa ∂Fb

(3.37)

where
Metal
αab
Mol
αab

∂ 2 EMetal 1 ∂ 2 E Int
=−
−
∂Fa ∂Fb
2 ∂Fa ∂Fb
∂ 2 EMol
1 ∂ 2 EInt
=−
−
.
∂Fa ∂Fb 2 ∂Fa ∂Fb

(3.38)

Mol
Loc
αab
is also labeled as αab
hereafter since it contains local interaction effects. If
Metal
we consider that Qk only involves the motion of molecular nuclei, i.e. ∂E∂Q
=
k
∂EInt
= 0, the relationship exists as
∂Qk
Loc0
0
αab,k
= αab,k
.

(3.39)

Here the notation “ 0k ” has the same meaning as in Eq. 3.17 which represents
the derivative respects to Qk . Eq. 3.39 indicates that the SkLoc is the same as Sk
calculated from metal molecule complex cluster model widely used in literatures.
Loc
term already contains the chemical bond effect, it can substitute
Since the αab
the α0,ab term in Eq. 3.34 to take the short range interaction into account. Thus,
in-situ molecular polarizability in SERS can be calculated as 120,121

αi = (I − f R αLoc )−1 αLoc .

(3.40)

Here f R is related to the nanostructure and the frequency of the incident light.
According to Eq. 3.32, the actual electric field applied on SERS molecules, which
relates to the physical enhancement mechanism, can be expressed as 120,121
Fzi = I − f R αi

−1
zz

FzP ,

(3.41)

where only the electric field perpendicular to the metal surface is considered for
simplification. The accuracy of Eq. 3.40 compared to the results of exact Onsager
self-consistent reaction field (SCRF) is shown in Fig. 3.3. Since the results from
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both methods are almost equivalent, the further derivatives of Eq. 3.40 can be
trusted, which is expressed by 127
−1 Loc0
−1 Loc
−1 R Loc0
αk .
α + I − f R αLoc
I − f R αLoc
f αk
αi0k = I − f R αLoc
(3.42)
R0
Here we use the fact that fk = 0 since it only relates to the nanostructure and
frequency of the incident light. Meanwhile, Ski is also calculated, which is related
to the chemical environment mechanisms.
To summarize, the computational steps for the coupled mechanism of SERS
are shown as following:
1. Calculating the electric field distribution in the case of no adsorbed molecules
or using the uniform dielectric constant by standard electromagnetic field
codes. By definition, we obtain FP . Thus the conventional physical enhancement factor can be calculated as
GPhys
0

|FP |2
=
,
|F0 |2

(3.43)

where F0 is the electric field of incident in free space. This step is not included
in this thesis.
2. Building a suitable metal molecular complex cluster model. Based on the
optimized structure, frequencies, normal modes and α0 are calculated by
electronic structure codes. Meanwhile, using Eq. 3.37 and Eq. 3.39, αLoc
and αLoc0 are obtained. Furthermore, SkLoc is calculated from αLoc0 and then
conventional chemical enhancement factor can be written as
GChem
=
0,k

SkLoc
,
S0,k

(3.44)

where S0,k is the scattering factor of free molecule corresponding to Qk .
3. Using αLoc calculated from step 2 and Eq. 3.40, the in-situ molecular polarizability αi in SERS environment is then calculated. This is the key step of
the coupled mechanism. According to the definition, we calculate physical
enhancement factor as
GPhys =

|Fi |2
|Fi |2 |FP |2
Phys
=
·
= GPhys
,
Coup · G0
|F0 |2
|FP |2 |F0 |2

(3.45)

where Fi can be simplified from Eq. 3.41 and then
GPhys
Coup

|Fi |2
= P 2 =
|F |
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4. Using αLoc and αLoc0 calculated from step 2 and Eq. 3.42, αi0 and Ski can be
calculated. Then, the chemical enhancement factor can be expressed as
GChem
=
k

Ski
Ski SkLoc
Chem
= Loc
= GChem
·
Coup,k · G0,k ,
S0
S0,k
Sk

(3.47)

Ski
.
SkLoc

(3.48)

where
GChem
Coup,k =

5. Finally, the total enhancement factor can be calculated by
Chem
Gk = GPhys · GChem
= GPhys
· GPhys
· GChem
0
k
Coup,k
Coup · G0,k

= GPhys
· GChem
· GCoup,k ,
0
0,k

(3.49)

where
Chem
GCoup,k = GPhys
Coup · GCoup,k .

(3.50)

The coupled mechanism is equivalent to previous SERS mechanisms which
also considered the reaction field theory one way or another. 128–132 For instance, in
two discrete dipole system, the induced dipole moment of a molecule under electric
field F0 can be written as 133
p(1) = (1 − α̃M · Λ · α̃P · Λ)−1 · α̃M · (1 + Λ · α̃P ) · F0 ,

(3.51)

where α̃M and α̃P are polarizabilities of the molecule and the nanoparticle respectively. Notice that the term (1 + Λ · α̃P ) · F0 represents the field without the
molecule, i.e. FP by definition. Introducing that Λ · α̃P · Λ = f R , Eq. 3.51 can be
rewritten as
−1 P
p(1) = α̃M · 1 − α̃M · f R
· F = α̃M · Fi
(3.52)
when α̃M = αi , then the last step can be deduced by Eq. 3.32.
In principle, αi can be rigorously calculated from many-body electronic structure method. 133 However, due to the computational cost, SCRF method is a practical and simplified choice. On the other hand, in a unified treatment of fluorescence
and Raman scattering method, the decay rate of molecular spontaneous emission
near metallic particles can be written as 134,135
ΓMetal = |Md (ω)|2 Γfree ,

(3.53)

where Γfree is the decay rate in free space and |Md (ω)|2 is the ratio between the
power of molecular emission in SERS environments and free space. In this sense,
Eq. 3.53 has the same physical meaning of Eq. 3.40. 136
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Although the SCRF and equivalent methods are widely used in earlier SERS
theories, to comprehensively consider SERS mechanism by combining the reaction
field theory and the stat-of-art DFT method is first described in this thesis. 126
We should emphasize that, the quasi-static model used here is just a practical
treatment, not a principle required for the coupled mechanism. It should be noted
that the coupled mechanism can be easily extended to the resonance situation if
the αLoc and αLoc0 are obtained in this case.
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38

Chapter 4

Liquid/Metal Interfaces in Ambient Conditions

4.1 Background
Electrochemistry is an important branch of modern chemistry, 3 which is found
to play an indispensable role in industry 5 and some biological processes 137 . Actually, many electrochemical reactions take place in the liquid/metal interface that
is related to the so-called electric double layer (EDL) in the electrochemistry. 3,5,138
However, experimental predictions of EDL structure from conventional in-situ electrochemical methods are still not straightforward and uncontroversial. 18,19 Therefore, theoretical considerations are highly required in this field.
Since the first and simplest Helmholtz model 139 proposed for EDL structure
in 1985, many models based on statistics and phenomenology have been proposed.
The historical keystone models 140–145 shown in Fig. 4.1 reveal that detailed structures of EDL at the atomic level have attracted more attention. Explicit particle
positions at the molecular level can compensate the main defect of all phenomenological models. For instance, the outer Helmholtz plane (OHP) 144 that represents
the outer equipotential plane in solution can not be strictly defined and it should
be a statistical average value caused by the thermal motion of the electrolytes and
solvents.
The most important property calculated from the EDL model is the potential
distribution. For instance, in the Grahame’s model with a z-z type electrolyte, the
distribution of potential in diffuse layer, i.e. in range [do , ∞), should be 146
ϕ(x) =

4RT
tanh−1 (p exp (−κ(x − do ))) ,
zF

(4.1)

where the reference potential of ϕ is the potential at infinity distance, do is the
OHP position related to the metal surface, R the idea gas constant, F the Faraday
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Figure 4.1: Historically developed models of the electric double layer. (a)
The earliest Helmholtz model, (b) Gouy-Chapman model, (c) Stern’s model
combining (a) and (b), (d) Grahame’s model, and (e) Bockris, Devanathan
and Muller’s model by considering presence and orientation of solvent dipoles.
All figures are copied by permission from the “Electrochemistry Encyclopedia”
(http://electrochem.cwru.edu/encycl/) on 04/13/2012. The original material is
subject to periodical changes and updates.
constant, T the temperature, and


zF ϕo
p = tanh
4RT

r
κ=

8πz 2 F 2 c0
.
RT

(4.2)

Here  is the dielectric constant of solution, c0 the ion concentration at infinite
distance, and ϕo the potential at OHP with the expression of 146
!
2RT
σM + σS
ϕo =
sinh−1 p
,
(4.3)
zF
2RT c0 /π
where σM and σS are the free charge density of metal surface and charge density
of specific adsorbates. The potential distribution in inner range, i.e. in the range
of [0, do ) which contains the compact layer, is linear with two equipotential planes.
One of them is the potential at inner Helmholtz plane (IHP) 146
ϕi = ϕo +

4π(σM + σS ) o
(d − di ),
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where di represents the position of IHP related to the metal surface. The other
one is the potential of metal surface which can be written as 146
ϕ0 = ϕo +

4πσM i 4π(σM + σS ) o
4πσM i
d +
(d − di ) = ϕi +
d.




(4.5)

From the potential distribution, we can deduce that the electric field in the
compact layer and the inside area of the diffuse layer is as high as 108 –109 Vm−1 .
With such large electric field, the solvent dipole is highly arranged, which is the
main improvement of the Bockris, Devanathan and Muller’s (BDM) model, 145
indicating that the water-metal interaction plays a key role for EDL structures.
The simplest case in EDL is the situation when σM = 0, which corresponds to
the potential of zero free charge (PZFC). 3,146–148 It is also the critical point for the
sign of surface free charge. Thus, the PZFC is proposed as the reference electrode
potential. With this definition, the electrode potential is often called the rational
potential. 146
4.2 Molecule/Metal Interfaces
To investigate the EDL structure, in-situ spectroscopies are widely used. However, because of the complexity in EDL, the “direct” observation of in-situ EDL
structure is still a challenge. 149 Usually, the reduced systems which only contain
(sub)monolayer water molecules in UHV conditions under relative low temperature are used as an analog model for EDL. 150–157 Although reduced systems may
give an unambiguous structure, the different conditions between the reduced systems and in-situ systems bring a gap for interpretations between their results. For
instance, “H-up”158 and “H-down”16,159 configurations of the water monolayer adsorbed on Pt(111) surfaces are determined. However, none of them can predict
correct properties of Pt(111) electrode at room temperature. For example, the calculated work function (WF) drops for the “H-up” and the “H-down” configurations
are 2.34 and 0.22 eV respectively, 160 which are both far from the experimental
value of 1.2 eV 161,162 . Recent studies showed that the discrepancy is not much
improved even taking dispersion interactions into account. 163
This gap also exists in most theoretical simulations. 159,164,165 Optimized structures are used in conventional simulations for predicting the EDL structures. These
methods may consistent with the systems in UHV conditions under low temperature but different from “realistic” systems. On the other hand, owing to use the
PBC model for band structures, charged systems should be neutralized in practical calculations to avoid the energy divergence with respect to the system volume. 106,166,167 Therefore, how to extract the energies in charged systems has been
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developed by modern electrochemical methods. Neurock and co-workers have proposed a double reference method to extract the real energy of the charged PBC
systems with homogeneous counter charge distributions. 168,169 In this method, the
energy of a pure charged system can be calculated as 169
Z q
E = ESCF +
hṼ idQ + µq,
(4.6)
0

where q is the net charge of the system, ESCF the energy of whole neutralized
system, µ the Fermi level of the charged system in absolute energy scale, hṼ i the
volume averaged electrostatic potential defined as 169
hṼ i =

Z
Ω

Ṽ (r)
dr.
Ω

(4.7)

In Eq. 4.6, the integral term is usually calculated by finite technique. The double
reference method is based on the fact that the net charge always localizes on the
electrode surface. As a result, by comparing the electrostatic potentials of neutral
with charged systems, µ can be easily determined.
In light of the double reference method, pure energies of charged systems with
Gaussian counter charged sheet and even arbitrary shape of counter charge are
also calculated. 170,171 However, for non-homogeneous counter charge distributions,
the calculated force is not the same as pure charged systems, which is not suitable
to search stationary structures.
To consider a system under the specific electrode potential, Lozovoi and coworkers have proposed a method for the charged PBC slab model at constant
chemical potential. 172 In SCF iterations, electrons are filled in all KS orbitals
whose eigenvalue is less than a given µ. Therefore, the number of electrons of such
system is not a constant but an average value of the grand-canonical ensemble.
The simpler version of this method is the algorithm by explicitly shifting Fermi
energies in simulations. 173,174
The simplest method to take the charged PCB into account is to add some
explicit counter ions into the system. In this method, through thermodynamics
equilibrium, electrodes under different potentials are simulated. 175,176 However, it
is obvious that in this method electrode potentials are discrete because the number
of counter ions can only be integer.
Another subject that modern theoretical electrochemistry considers is the implicit diffuse layer. 171,177 For the low concentrations of electrolytes, the effective
length of diffuse layer, i.e. κ−1 calculated from Eq. 4.2, can be at the scale of
100 Å. 177 A PCM-like model for the PBC system was proposed to consider the
42

4.3. LIQUID/METAL

whole diffuse layer. In this model, an extra potential generated by solvation, i.e.
φsolv (r), should be applied on the system. φsolv can be iteratively solved by KS
equation and modified Poisson-Boltzmann equation. 177
All the methods mentioned above are implemented for 0 K. Thus, to investigate the EDL structures at room temperature, statistical methods should be
employed. Molecular dynamics is an alternative method for this purpose since it
can consider the effects of thermal motions on the structures with time.
4.3 Liquid/Metal Interfaces
Classical MD method can be used to investigate the EDL structure at the
room temperature. There are two advantages for the classical MD. One is that
the computational cost is quite low since the potential energies are calculated
from the force fields expressed in Eq. 2.56. Therefore, large supercells and long
simulation time can be adopted in classical MD simulations. The former can
avoid the artificial mirror interaction between two nearest supercells occurred in
small supercells, while the latter guarantees the correct convergence. The second
advantage is that the classical MD can reduce possible errors for the structural
properties of liquid water from the first principles MD. 178
In force field, interactions involving metal atoms should be specially treated
since many-body nature is important for metal bondings. 160 Thus, the N -body
long range potential, i.e. Sutton-Chen potential, 179 is employed in our simulations
for metal atoms. In Sutton-Chen potential, interactions between metal atoms can
be written as 179
" N 
#
n
N
X
1 X σpp
1/2
USC = pp
− cpp ρi
,
(4.8)
2
r
ij
i=1
j6=i
where rij represents the distance between the metal atom i and j, pp the energy
parameter, σpp the lattice constant, cpp a dimensionless parameter, and ρi is defined
by
m
N 
1 X σpp
ρi =
(4.9)
2 j6=i rij
with integers n > m. Apparently, the first term in Eq. 4.8 is the two-body repulsion
interaction and the second term represents the many-body attraction. SuttonChen potential is widely used for condensed metal systems in previous studies. 180
Another interaction involving metal atoms is the interaction between metal
atoms and solution molecules. The interaction of chemical bond between them
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can be easily described as the Uintra term in Eq. 2.56, such as the harmonic potential. For physisorptions, the interaction between adsorbates and condensed metal
atoms can be categorized into the Uinter term in Eq. 2.56 with effective parameters
of metal atoms. 181 One way to take many-body nature into account in effective
parameters is fitting forces of Sutton-Chen potential with the force from LennardJones potential. Forces of Sutton-Chen potential can be written as 181
 
n
  σ m  1
σpp
cpp m  −1/2
pp
−1/2
FSC = pp n
−
ρi
+ ρj
,
(4.10)
rij
2
rij
rij
while the force calculated from Lennard-Jones potential is 34
"  
 6 #
12
1
σ
σ
.
FLJ = 4 12
−6
rij
rij
rij

(4.11)

At specific temperature, averaged FSC at the same rij can be calculated from MD
simulations. And then, fitting averaged FSC by Eq. 4.11 can obtain the effective
parameters  and σ of Lennard-Jones potential. 181 Thus, effective Lennard-Jones
parameters can be used for calculating interactions between physisorptions and
condensed metal atoms by Lorentz-Berthelot mixing rules as 36
ij =

√

i j ,

σij =

σi + σj
.
2

(4.12)

This method is also widely used in previous simulations. 182,183 All other interactions can be calculated by conventional force field potentials implemented in most
MD codes.
In summary, we can reliably treat all interactions in EDL systems for structural evolution by the force fields. In this thesis, canonical ensemble, i.e. equation
of motion Eq. 2.68, is considered. Although the structures calculated from MD
are reliable, the electronic properties should be calculated at the first principles
level. 184 Therefore, DFT method was used for calculating the properties of configurations from MD trajectories within even time interval. This protocol guarantees
that the effect of finite temperature is included in the calculated properties since
configurations are evenly selected from MD trajectories.
Two electronic properties are considered here. One is the work function and
another one is the adsorption energy for specific adsorbates. The work function can
be calculated by the difference between the energy of Fermi level and electrostatic
potential in vacuum at infinite distance, i.e. 185
WF = Ev − Ef .
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Figure 4.2: Electrostatic potential profile averaged within the x-y plane for a
typical conformation from molecular dynamic trajectories (blue line). The red
dashed line represents the energy level of Fermi level. The background figure shows
the structure in one supercell of the corresponding conformation.
In principle, the electrostatic potential φ(r) can be calculated as 106
Z
X ZA
ρ(r0 )
0
dr
−
φ(r) =
|r − r0 |
|r − rA |
A
with the relationship

(4.14)

R

φ(r)dxdy
R
.
(4.15)
z→±∞
dxdy
Here ZA represents the nuclear charge of atom A. Owing to the PBC, two work
functions are calculated spontaneously at one configuration with two Ev as showed
in Fig. 4.2. In the classical electrodynamics, the potential drop of crossing the
surface from net surface dipole can be calculated as 106,177
µz
∆φ = −
,
(4.16)
0 S
Ev = lim

where S is the surface area, 0 the dielectric constant in vacuum, µz the surface
dipole calculated by 177
Z
X
µz = − ρ(r)zdr +
ZA zA .
(4.17)
A

Based on this, variations of the work function caused by thermal motions of solvents are analyzed. Meanwhile, the averaged work function and the statistical
distribution of work function are also obtained.
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For specific adsorbates, the adiabatic adsorption energy can be calculated as
AE = −

Etot − EMetal − nEads
,
n

(4.18)

where Etot , EMetal and Eads are energies of total system, individual condense metal,
and individual adsorption, respectively, and n is the number of adsorbates.
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Summary of Included Papers

5.1 Paper I: Structures of Interfacial Water under Negative Potentials
Paper I is an example of the configuration determination for interfacial adsorbates by SERS with the aid of theoretical calculations. 114 Experimental SERS
spectra for water on Au electrodes under the negative potential demonstrated that
in the bending region one could observe no frequency shift but large intensity enhancement, whereas the red shift and small enhancement occurred in the stretching
region. 186
To determine the structures of interfacial water molecules under the negative
potential, [(H2 O)6 Au9 ]δ clusters with δ equal to −1 and −2 were used to mimic the
interface. It is noted that the Au9 cluster has the enough area to accommodate
the water hexamer cluster. Two stable configurations have been identified for
these clusters at B3LYP/Sadlej pVTZ/Lanl2dz level, as depicted in Fig. 5.1a.
The structure, labeled as F-Type, has four free OH bonds of the water molecules
pointing to the gold surface and these free OH bonds remain to be stable even
the potential turns to more negative values. The other one, labeled as S-Type,
initially has five free OH bonds pointing towards to the gold electrode and it can
be changed to six such free OH bonds at higher negative potentials.
At the same theoretical level, analytical vibration frequencies and Raman
intensities for both F-Type and S-Type [(H2 O)6 Au9 ]δ clusters are obtained. Calculated Raman spectra with scaled frequencies and suitable broadening of F-Type
and S-Type configurations are shown in Fig. 5.1b. Spectral features of S-Type configurations are in accordance with overall experimental observations, whereas the
F-Type does not. This result should be attributed to the effects of the frequency
shifts and the redistribution of Raman intensities. In conclusion, the S-Type configuration should be favorable on the negative charged gold surfaces.
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Figure 5.1: (a) Optimized structures and HOMOs of [(H2 O)6 Au9 ]δ with
δ = −1 , −2 at the B3LYP/Sadlej pVTZ/Lanl2dz level. (b) Calculated Raman
spectra of corresponding [(H2 O)6 Au9 ]δ clusters in bending and stretching vibration regions. All theoretical spectra have been broadened with a full width at the
half-maximum (fwhm) of 100 cm−1 in the bending and of 600 cm−1 in the stretching regions with scaling factors of 0.96 and 0.90, respectively, for the frequency.
Reprinted with permission from Ref. 114. Copyright 2010 American Chemical
Society.
The calculated highest occupied molecular orbitals (HOMOs) of the F-Type
and S-Type configurations are also depicted in Fig. 5.1a, which reveal that both the
F-Type and S-Type resemble the dipole bounded electron system since the excess
electrons are all localized on the gold surface. 187 Therefore, the dominant driving
force of both configurations are interactions between the water cluster fragment
and excess electrons. As a result, we deduce that the structures of water cluster
in S-Type configuration could also exist on other negative charged surfaces. This
anticipation is supported by experimental SERS spectra on electrodes such as Pt
and Pd at negative potentials, since the spectral features on these electrodes are
similar to that of gold electrode. 186

5.2 Paper II: New Growth Mode of Pt Deposition
Paper II is an example of surface structure determination by SERS spectra of
probing molecules. 97 The tri-metallic nanoparticles (NPs) have extensive poten48
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Figure 5.2: (a)-(c): Topview (upper) and sideview (bottom) of the calculated
configurations used to simulate CO adsorbed on Au@2Pd@xPt NPs of different
stoichiometric Pt coverage θPt equal to 39%, 47%, and 58%, respectively. Yellow,
dark blue and white balls represent Au, Pd and Pt atoms respectively. Black-red
spots represent the topview of CO molecules. In the sideview, CO molecules are
blanked for the purpose to clearly show the mushroom growth mode. (d) Calculated Raman spectra of CO adsorbed on mushroom growth Au@2Pd@xPt NPs of
different θPt . The calculated frequencies are scaled by a factor of 1.023 and relative
intensities are calculated by the bond displacement vector method. The numbers
given in each line indicate the corresponding peak positions. Reproduced from Ref.
97 by permission of the PCCP Owner Societies 2011.
tial applications because of the inclusion of more tunable factors. 188 For instance,
experimental results showed that, toward formic acid (HCOOH) oxidation, the
Au@Pd@Pt NP which has two layers of Pd shell and half monolayer of stoichiometric Pt cluster, displays the highest electrocatalytic activity among the NPs
with various thickness of the Pd shell and the loading of the Pt clusters. 189 This
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indicates that Au@Pd@Pt NPs may have some unique features in their surface
structures.
To explore the surface structures of Au@Pd@Pt NPs, carbon monoxide (CO)
was used as a probing molecule. SERS spectra of adsorbed CO molecules in the
saturated condition show that the frequency of bridge-bonded CO on Pd surfaces
red-shifts from 1963 to 1938 cm−1 as the coverage of Pt increases from 0.3 to
1.0. 189 Meanwhile, for CO adsorbed on the atop site of Pt surfaces, first red and
then blue shifts are observed with increasing the Pt coverage. 189 In order to connect
the experimental spectral features and the surface structures, Raman spectra were
calculated by means of the bond displacement vector method (see Section 3.2). We
found that the calculated Raman spectra from island-like structure of Pt, which
followed the traditional Volmer-Weber growth mode, deviate from the experimental observations. For instance, the red-shift of bridge-bonded CO is much faster
than that in experiments when the Pt coverage increases. This phenomenon is
attributed to the fact that the Pt islands block the dipole-dipole coupling between
adsorbed CO molecules on the Pd surfaces. Hence, a series mushroom-like structures of Pt that depicted in Fig. 5.2a-c were proposed. It is clearly shown that
the real coverage (contact between surfaces) of Pt is almost the same at different stoichiometric Pt coverages, which avoids the unexpected blocking process of
dipole-dipole coupling. As we expected, the calculated Raman spectra are in good
agreement with the experiments, as shown in Fig. 5.2d. Such unique mushroomlike structures should be attributed to the large cohesive energy of Pt. 190

5.3 Paper III: Coupled Mechanism for SERS
Paper III describes the coupled mechanism for SERS with the principles mentioned in Section 3.4. 126 Here the coupled mechanism is illustrated by examples of
chemisorption (pyridine) and physisorption (benzene) on the “hot-spot”191 under
different incident lights. Several typical SERS substrates, i.e. Au, Ag, and Cu, are
considered.
For simplicity, the “hot-spot” between two nanoparticles can be described as
an ellipsoidal cavity. This analogy is illustrated in Fig. 5.3a-b. Therefore, the
general Onsager model can be used to calculate all the terms in the reaction field
theory. As a result, elements of the reaction field factor matrix f R in Eq. 3.33 can
be written as 120
R
fmn
=

3 κm (1 − κm ) (2 − 1 )
δmn ,
ax ay az 2 + (1 − 2 ) κm
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Figure 5.3: (a) Schematic figure of the “hot-spot” in SERS. (b) A general Onsager
model for “hot-spot”. 1 and 2 are dielectric constants corresponding to the solution and the metal substrates, respectively. Red spot represents the SERS molecule.
(c) Logarithm GCoup of ring breathing mode for pyridine (top) and benzene (bottom) adsorbed on gold, silver, and copper substrates from left to right. Excitation
wavelength from 200 to 800 nm and distance between two nanoparticles from 4 to
10 Å are considered. Reproduced from Ref. 126 by permission of The Royal Society
of Chemistry 2011.
where ax , ay , and az represent the principal axes of the ellipsoidal cavity, 1 and
2 are the dielectric constants of the solution around molecules and bulk metal at
the incident light wavelength, δmn is the delta function, and κm is defined as
Z
− 1
−1
ax ay az ∞ 
κm =
(s + ax )2 + (s + ax )2 + (s + ax )2 2 s + a2m
ds.
(5.2)
2
0
Here experimental dielectric constants of bulk metal under the wavelength of incident light and permittivity of vacuum are used.
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The logarithm of GCoup defined in Eq. 3.50 are depicted in Fig. 5.3. First of
all, it is noticed that, the GCoup approaches to unity at large distance between two
,
nanoparticles. This result indicates that simply multiplication of GPhys
and GChem
0
0
which is the conventional treatment of SERS enhancement factors, is acceptable
at this condition. However, at certain conditions, the GCoup can be as large as 106 ,
which has the non-ignorable contribution to the total enhancement factors.
Generally, the distance between two nanoparticles of the maximum GCoup for
chemisorption is smaller than that for physisorption. This can explain that why
the SERS spectra from chemisorption is easily observable than the one from physisorption. 192 The GCoup shows a wide range enhancement on the Ag substrate
with the wavelengths of incident light from 400 to 800 nm, which reveals that Ag
is always the excellent substrate for SERS in visible region. This result agrees with
experimental results. 85,86 On the other hand, there is a “cut-off” in the excitation
energy for GCoup . For instance, GCoup is dramatically decreased when the wavelength of the light is shorter than 550 nm for Au substrates. Moreover, for Ag,
the GCoup is reduced to less than 1 when wavelength shorter than 350 nm, which
indicates that Ag is not a good choice for SERS in the ultraviolet region. This
finding is also confirmed by experiments. 98
Overall, the calculated results from the coupled mechanism with the general
Onsager model are in good agreement with major experimental facts of SERS.
Hence, although present examples are restricted in non-resonant situation, the important concept in SERS, i.e. GCoup , which bridges the conventional physical and
chemical enhancement mechanisms by molecular polarization, has been proposed.
Furthermore, in the coupled mechanism, relative Raman intensities of different
vibration modes are also taken into account, which is important to predict the
surface structures from the theoretical perspective.
5.4 Paper IV: Work Function of Pt(111) Electrode at Room Temperature
Paper IV is related to the theoretical calculation of the work function for
water/Pt(111) system at room temperature by the method described in Section 4.3.
The water/Pt(111) system was represented by a supercell containing 72 water
molecules added on top of three p(5×5) Pt(111) surface layers. A typical snapshot
during MD simulations at room temperature is depicted in Fig. 5.4a. Both force
fields, i.e. SPC 193 and TIP3P/Fw 194 , generate similar results. Owing to the
N −body Sutton-Chen potential 179 used for Pt atoms, the condensed Pt electrode
was kept during the MD simulations. In addition, all water molecules concentrate
in the liquid phase and do not evaporate into vacuum. Meanwhile, the density of
52

5.5. PAPER V

(a)

(b)
20

T = 298 K

Counts / %

SPC & TIP3P/Fw

15
10
5

3

4

5

6

Work Function / eV

Figure 5.4: (a) A typical configuration of a supercell from the MD trajectory for
water/Pt(111). (b) Statistic histogram for the calculated work function of the water/Pt(111) system with two different force fields of water molecules, i.e. SPC and
TIP3P/Fw, at the room temperature. The longer arrow indicates the experimental
work function as the average value of two results from Ref. 195 and Ref. 196 for
the water/Pt(111) interface. The shorter arrow marks the averaged experimental
work function extracted from Ref. 195 for the pure Pt(111) surface.
outer layer converges to the experimental value indicating that the number of water
molecules is sufficient. These results show that the structures of MD trajectories
are reliable for the calculations of electronic properties at room temperature.
In Fig. 5.4b, we show the calculated distributions of work function at first
principles level. The difference between the maximum of distribution and experimental work function 195,196 is around 0.25 eV, which is exactly equal to that of the
other side, i.e. the pure Pt(111) surface. Therefore, thermal average is necessary to
calculate the work function of electrode at room temperature. The quasi-Gaussian
profiles with a wide full width at the half-maximum (fwhm) around 0.6 eV show
that the fluctuations of work function may play a key role in electrocatalysis at
least for nano-electrodes. Detailed analysis show that this fluctuation is caused by
thermal motions of the dipolar solvent molecules.
5.5 Paper V: CO Adsorbed on Pt(111) Electrode at Room Temperature
Paper V investigated the water/CO/Pt(111) system with different coverages
of the specific adsorbate CO by the same method in paper IV. To mimic this
system, a quasi-random distribution of CO patterns with the coverage varying
from 4% to 100% on the three layers of p(5 × 5) Pt(111) slab were simulated. On
the top of such CO/Pt(111) system, 72 water molecules with SPC force field 193
were added to represent the solvent.
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Figure 5.5: Calculated work functions (a) and adsorption energies (b) at different
CO coverages. Red square, black circle, and blue circle lines represent results in
vacuum, thermal averaged results in EDL, and experimental as well as literature
results, respectively. Here experimental work function of water/CO/Pt(111) interfaces are extracted from Ref. 198, while theoretical adsorption energies in vacuum
from Ref. 199.

As the same processes of paper IV, the calculated work functions and adiabatic adsorption energies defined by Eq. 4.18 at different CO coverages θ are
plotted in Fig. 5.5. The calculated work functions in vacuum show that the largest
decrease is 0.21 eV at coverage of 50% and then it increases to that of the pure
Pt(111) surface at coverage of 100%. This result is in good agreement with experimental observations in vacuum 197 but in contrast with water/CO/Pt(111) system
under 110 K which showed that the work functions monotonously increase when
θ increased to 50% 198 . Although the values are not exactly the same, the trend of
thermal averaged work functions with increased θ agrees well with experimental
observations, which indicates that the thermal averaged approach is necessary for
theoretical predictions for the corresponding properties of EDL. The calculated
work functions of water/CO/Pt(111) systems at higher θ, i.e. θ equals to 80%
and 100%, is equivalent with that of CO/Pt(111), which can be attributed to the
non-wetting situation at higher θ.
The calculated slope of the adsorption energies for CO/Pt(111) systems is similar to previous theoretical results, 199 although there is a systematic error between
them generated from different functionals. Such systematic error can be eliminated
by carefully choosing the parameters of Pt-CO force field at water/CO/Pt(111)
systems. 200 The decreasing of adsorption energies of water/CO/Pt(111) systems
at lower θ, i.e. 4% or 20%, should be attributed to the wetting situation where
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the surrounding water molecules screen the dipole-dipole interactions between adsorbed CO molecules. 199
The statistic behaviors of the calculated work functions and adsorption energies of water/CO/Pt(111) systems are also obtained. For the work function, the
standard errors are all around 0.6 eV at all coverages, while, for the adsorption energy, decreased from 1.29 to 0.05 eV as the coverage increased from 4% to 100%.
The decreasing should be attributed to the cancellation of the thermal motion
between different adsorbed CO molecules.
To sum up, the microscopic understandings of EDL for the Pt electrode at
room temperature in paper IV and V should be helpful for the design of the
electrochemical catalysts. We also expect that this hybrid method can be applied
to investigate other metal interfaces at finite temperature.
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