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Abstract

The works of this thesis present a series of studies focusing on the surface-
enhanced Raman spectroscopy (SERS) measurement, spectral analysis, and density
functional theory (DFT)-based SERS simulation of lanthanide (Ln)—citrate complexes.
Due to their unique 4f electronic configurations, Ln** ions exhibit exceptional physical
properties, such as luminescence and magnetism. Thus, they are important in functional
material field. However, their chemical properties remain extremely similar, making
their identification and classification challenging. This difficulty highlights the need for
advanced spectroscopic techniques, which forms the core motivation of this thesis.

To address this issue, a stable SERS measurement method was first developed
using citrate capped silver nanoparticles (citrate@AgNPs), enabling the detection of
Ln-citrate complexes at concentrations as low as 10~* M. Simultaneously, we optimized
a DFT-based approach for simulating SERS spectra and assigning vibrational modes.
Using this integrated method, we systematically studied the SERS spectral features of
seven representative Ln-citrate complexes (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd) and
proposed possible mechanisms for the observed spectral variations. To our knowledge,
this is the first systematic SERS investigation of Ln-molecular complexes.

In the initial study, La-citrate and Gd-citrate complexes were measured and
compared. Although both exhibited similar SERS peak positions, The relative
intensities of peaks around 1065, 1315 and 1495 cm™! were differed significantly. DFT
simulations revealed that these SERS signals from vibrational modes localized in the

coordination region. The intensity ratio of the peaks around 1065 and 1315 cm
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(Ii06s/11315) was found to be approximately 1 for La*" and around 0.55 for Gd*,
providing a qualitative means of distinguishing the two ions.

Further, the SERS spectra of all seven Ln-citrate complexes (Ln = La, Ce, Pr, Nd,
Sm, Eu, Gd) were collected under 488, 532, and 660 nm excitations. All showed three
prominent peaks near 1065, 1315, and 1485 cm™'. The intensity ratios Ii0es/I131s and
T4gs/I1315 varied systematically with the Ln** species, but remained nearly constant
across excitation wavelengths. DFT results indicated that as the number of unpaired 4f
electrons increases, the attraction between Ln*" and oxygen strengthens, reducing the
dipole moment and vibrational symmetry of the C—O bonds. These insights provide a
theoretical foundation for understanding the indirectly influence of 4f electronic
configurations on SERS spectral behavior.

In the appendix, we describe preliminary results from a complementary spin-based
study using nitrogen-vacancy (NV) centers in diamond to measure the T: relaxation
times of La-citrate and Gd-citrate complexes. Significant T: shortening was observed
in Gd**-coated regions due to magnetic fluctuations from its seven unpaired 4f electrons,
while La**-coated regions showed minimal change, consistent with its non-magnetic
41° configuration. This provides experimental validation of their distinct spin properties.

Final, these findings in above works contribute a novel approach for some Ln**
identification based on vibrational and spin characteristics and also laying the
groundwork for future Ln-selective detection and studies of SERS variations response

to Ln’".
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Chapter 1: General Introduction

1.1 Research background and academic significance

Lanthanide (Ln) elements, comprising 15 elements from La to Lu, possess highly
similar chemical properties and unique physical characteristics such as spectral and
magnetic behaviors[1]. These arise from their distinctive 4f electronic configurations.

For trivalent lanthanide ions (Ln"), the electronic configuration is [Xe]4f" (n = 0-14)[2].
Electronic configuration of Ln3* (n=0-14)

1522522p®3s23p°®3d1%°4s24p®4d1%°4f"5525p"

\ ) |_][_;
' Y
Electronic configuration of Xe

Figure 1.1. Electronic configuration of Ln**

Due to the shielding effect of the outer Sp and Ss orbitals, the 4f orbitals are not
directly involved in chemical bonding, rendering the physical properties of Ln*" ions
relatively insensitive to environmental changes[1]. This stability contributes to the
difficulty of separating lanthanides while enabling their widespread use in magnetic
and luminescent materials, especially in biomedical applications such as magnetic
resonance imaging (MRI) contrast agents[2] and fluorescent probes[4-6].

However, the toxicity and residue issues of such materials pose challenges for their
detection, highlighting the urgent need for ultrasensitive and non-destructive analytical
techniques for lanthanides. Raman spectroscopy is a non-destructive method that

provides stable molecular fingerprint information. When target molecules are adsorbed
10



onto noble metal nanostructures, their Raman signals can be significantly enhanced—
a phenomenon known as surface-enhanced Raman scattering (SERS)[7,8]. The SERS
enhancement arises mainly from electromagnetic (EM) enhancement[7,8] and chemical
enhancement mechanisms, such as charge transfer (CT)[7-9]. The synergy of these

mechanisms enables SERS to reach single-molecule detection sensitivity[7,8].

0. _0
Ln-citrate :r
\l/ 0
0~ W \f
W ;
o L.

Incident light Lns*

i Surface
| . enhanced Raman
scattered light

AgNP (diameter:
40 nm) Hotspot

Figure 1.2. SERS measurement of Ln-citrate

To address the challenge of detecting and classifying chemically similar Ln** ions,
we first developed a stable SERS measurement method using citrate capped silver
nanoparticles (citrate@AgNPs), which enabled the detection of Ln-citrate complexes
at concentrations as low as 10* M. In parallel, a DFT-based computational approach
was optimized to simulate SERS spectra and assign vibrational modes. By combining
experimental and theoretical techniques, we systematically investigated the SERS
spectral features of seven representative Ln-citrate complexes (Ln = La, Ce, Pr, Nd, Sm,
Eu, and Gd), and proposed possible mechanisms underlying the observed spectral
variations. This work represents the first systematic SERS investigation of Ln-
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molecular complexes, providing new insights into their vibrational behavior and
coordination-dependent enhancement effects. In addition, to experimentally validate
the spin differences of Ln®" ions, we performed preliminary T; relaxation time
measurements of La-citrate and Gd-citrate complexes using nitrogen-vacancy (NV)

centers in diamond [10] in appendix section.

1.2 Innovative aspects and structure of this thesis

This thesis systematically investigates the SERS signatures of seven prototypical
Ln-citrate complexes (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd) and proposes mechanisms that
explain their spectral differences. The results suggest a new strategy for detecting
otherwise hard-to-distinguish Ln*" ions and open the door to SERS studies on a wide
range of Ln-molecular complexes. The innovations of this work can be distilled into
four major contributions:

The first innovation is the creation of a robust experimental platform: citrate
capped silver-nanoparticle colloids that yield highly reproducible SERS spectra for
lanthanide—citrate complexes at concentrations as low as 10 M. This platform
overcomes long-standing instability problems and provides the solid experimental
footing on which all later discoveries rest.

The second innovation is an integrated theory—experiment framework. A
optimized DFT simulation method employing effective-core potentials(ECP) was
developed to simulate the SERS spectra of Ln-citrate, assign vibrational modes to help
the analysis of experimental SERS spectra.

The third innovation is the systematically investigates the SERS signatures of
12



seven prototypical Ln-citrate complexes. The results demonstration that SERS can
serve as a practical tool for ion classification. Using the new platform, La*" and Gd**
were distinguished by the relative intensities of their coordination-region SERS peaks.
Extending this approach to seven ions (La, Ce, Pr, Nd, Sm, Eu, Gd) revealed SERS
relative intensity ratios that track the growing number of unpaired 4f electrons, thereby
exposing a indirect link between electronic configurations and SERS variations.

The fourth innovation brings experimental spin response data to support the
theoretical spin-state of Ln-citrate. Preliminary NV center measurements of T
relaxation times showed dramatic shortening for Gd-citrate films but no significant
change for La-citrate, providing a spin-difference confirmation of Ln-citrate complexes.

The structure of this thesis is organized to logically guide the reader from the
research motivation and theoretical background to experimental implementation,
analysis, and future perspectives.

Chapter 1 outlines the research background, objectives, and highlights the key
innovations that motivated this work—particularly the need for sensitive and selective
detection methods for chemically similar lanthanide ions.

Chapter 2 introduces the theoretical foundation necessary to understand the study.
It covers the fundamentals of lanthanide chemistry, principles of Raman and SERS, as
well as the methodologies and limitations of DFT calculations. Additional sections
describe supplementary spectroscopic techniques and data processing methods used
throughout the thesis.

Chapter 3 presents the development of a stable SERS detection method for La*"
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and Gd** citrate complexes. It includes experimental design, spectral reproducibility
verification, DFT-based spectral simulations, vibrational mode assignments, and an
analysis of spectral differences. A qualitative classification scheme based on SERS
features is proposed, along with a mechanistic interpretation of the observed trends.

Chapter 4 expands the study to a broader range of lanthanide ions, analyzing seven
Ln-citrate complexes in total. This chapter explores the dependence of SERS spectral
characteristics on the type of Ln*" ion, supported by improved DFT simulations.
Potential enhancement mechanisms are discussed, offering insight into how 4f electron
configurations influence vibrational signatures.

Chapter 5 summarizes the major findings of the thesis and discusses the broader
implications of the research. It also outlines future directions for extending SERS-based
techniques to other lanthanide systems and exploring new applications in analytical and
materials chemistry.

Appendix introduces a complementary spin-sensitive approach by applying NV
centers in diamond to characterize the spin states of lanthanide complexes. Preliminary
T: relaxation measurements of La-citrate and Gd-citrate films are reported, providing
experimental evidence that supports the spin-based differentiation of lanthanide ions.

As the experimental work presented in this dissertation was conducted over the
period from 2022 to 2025, the focus and content of each research phase varied
accordingly. To ensure completeness and clarity, each chapter is written as a self-
contained unit, with full explanations of terminology, experimental procedures, and
relevant references provided independently within each chapter.
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Chapter 2: Background and
Methodological Overview

2.1 Introduction to rare earth elements and
lanthanide’s properties

Rare earth (RE) elements refer to a group of 17 elements, including 15 lanthanides
(atomic numbers 57-71) and two transition metals: scandium (Sc, atomic number 21)

and yttrium (Y, atomic number 39) [1-3].

H Periodic table of elements He
Li Be B C N 0 F Ne
Ma | Mg Al i F 5 Cl | Ar

K |Ca|S | Ti|WV |Cr Mn|Fe|Co|MNi | CuflZn|Ga|Ge| As | Se | Br | Kr

Rb | S | ¥ | Zr ([Nb |Mo| Tc [Ru [Rh ([ Pb | Ag | Cd | In | 5n | Sb | Te | | Xe

Cs |Ba|Ln [Hf [ Ta | W |Re | Os | Ir [Pt |Au | Hg | Tl |Pb | Bi | Po | At | Rn

Fr [Ra |An | Rf |Db | Sg |Bh [Hs | Mt [ Ds | Rg [ Cn | Nh | FI |Mc| Lv | Ts | Cg

Lanthanide La | Ce | Pr [Nd |Pm |Sm | Eu | Gd | Tb [ Dy [Ho | Er | Tm | Yb | Lu

Actinide | Ac | Th | Pa | U | Mp | Pu | Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr

Figure 2.1 Rare earth element in periodic table.

The discovery of RE elements began in the late 18th century. It took nearly 150
years to complete the identification of all RE elements, with promethium (Pm, atomic
number 61) being the last one isolated in the 1940s from spent nuclear fuel [1-3].

Among RE elements, the lanthanide (Ln) elements are the most important group.
Their physical and chemical properties are largely determined by their special 4f

electronic configurations. The atomic and ionic electronic configurations of lanthanides
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in different valence states are shown in Table 2.1 [1-3].

Table 2.1. The atomic and ionic electronic configurations of lanthanides in different
valence states

Lanthanide Atom Ln?* Ln3* Ln**
La [Xe]5d!6s? [Xe]

Ce [Xe]4f!5d'6s> [Xe]4f! [Xe]
Pr [Xe]4£36s? [Xe]4f? [Xe]4f!
Nd [Xe]4f*6s2 [Xe]4f* [Xe]4f [Xc]4f2
Pm [Xe]4f6s? [Xe]4f*

Sm [Xe]4f%6s? [Xe]4f® [Xe]4f

Eu [Xe]417652 [Xe]4f [Xe]4ff

Gd [XeJ4f75d'6s2 [Xe]4f

Tb [Xe]412652 [Xe]4f* [Xc]4f"
Dy [Xe]4fl%6s?  [Xe]4f'0 [Xe]4f? [Xe]4f*
Ho [Xe]4f!1652 [Xe]4£

Er [Xe]4f!26s? [Xe]4f!!

Tm [Xe]4f6s2  [Xe]4f [Xe]4f'

Yb [Xel4f'%6s2  [Xe]4f' [Xe]4f

Lu [Xe]4f'*5d' 65 [Xel4f'

According to Table 2.1, the 4f orbitals are gradually filled from lanthanum (La) to
lutetium (Lu). The most common oxidation state is +3, and only a few lanthanides form
stable +2 or +4 ions. The 4f orbitals are located inside the 5s and 5p shells and are

shielded by the outer 6s and 5d orbitals. Therefore, 4f electrons have low chemical
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reactivity, and their participation in bonding is limited. This leads to very similar
chemical properties among lanthanides and makes them difficult to separate [1-3].
Additionally, due to the localized nature of the 4f orbitals and weak coupling with
external ligand fields, their spectroscopic and magnetic properties are generally stable
[1-3].

The atomic masses [4], atomic radii [1], and ionic radii [1] of lanthanides are
summarized in Table 2.2. Except for europium (Eu) and ytterbium (Yb), the atomic
radii decrease gradually from La to Lu. The sudden increase in radius for Eu and Yb is
due to their half-filled and fully filled 4f electronic configurations. These configurations
are energetically stable and provide stronger shielding of the nuclear charge, resulting
in reduced effective nuclear charge and increased atomic radius. For trivalent lanthanide
ions (Ln®*'), as the atomic number increases, the nuclear charge increases and the
attraction to 4f electrons becomes stronger. Because the shielding between 4f electrons
is weak, the effective nuclear charge increases, causing a gradual decrease in ionic
radius. This phenomenon is known as the lanthanide contraction [1-3]. Some Ln*" ions
have very similar electronic configurations and ionic radii. For example, Pr** and Nd**
differ in atomic mass by 3.3, but their ionic radii differ by only 0.7 pm. Considering
that the mass of electrons is negligible, the mass of Ln** ions is almost equal to the
atomic mass of the corresponding neutral atoms. Therefore, detection methods that are
sensitive to mass differences may offer potential for distinguishing between different

Ln®*" ions.
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Table 2.2. Basic information of lanthanides

Lnatom Atomic mass Atomic radii (pm)  Ln*" ion Ionic radii (pm)
La 138.9 187.7 La* 103.2
Ce 140.1 182.5 Ce** 101.0
Pr 140.9 182.8 Pr** 99.0
Nd 144.2 182.1 Nd** 98.3
Pm 145 181.0 Pm** 97.0
Sm 150.4 180.2 Sm** 95.8
Eu 152 204.2 Eu** 94.7
Gd 157.3 180.2 Gd** 93.8
Tb 158.9 178.2 Tb** 92.3
Dy 162.5 177.3 Dy** 91.2
Ho 164.9 176.6 Ho** 90.1
Er 167.3 175.7 Er’” 89.0
Tm 168.9 174.6 Tm3* 88.0
Yb 173 194.0 Yb** 86.8
Lu 175 173.4 Lu®* 86.1

2.2 Quantum numbers and energy levels of

lanthanide ions

The unique 4f electronic structures of lanthanides also determine their optical and
magnetic properties. In a multi-electron atom, each electron is defined by four quantum
numbers:

e Principal quantum number n: determines energy level (for 4f orbitals, n=4);

e Angular momentum quantum number /: defines orbital type (/=3 for f orbitals);

e  Magnetic quantum number my: ranges from —/ to +/, giving 2/+1 = 7 orientations;
e  Spin quantum number ms: +1/2.

The total quantum numbers of lanthanide ions can be calculated based on the
Russell-Saunders coupling scheme [5]. Their total orbital angular momentum L, total
spin S, and total angular momentum J, as well as the ground-state spectroscopic

term?S*1Ly, are determined by the number of 4f electrons [2], as shown in Table 2.3.
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Based on Table 1.3, a plot of S, L, J, and the number of 4f electrons is shown in Figure

2.2.

Number of 4f electrons
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 L] ] 1 Ll T 1 Ll ) I 1 1 ]

e S
_..._._J
6 -
v
=
g4
2 -

a’ Ce” Pr* Nd" Pm”"Sm”Eu” Gd* Tb” Dy” Ho™ Er” Tm” Yb"* Lu™
Ln*

Figure 2.2. L, S, J, and the number of 4f electrons of Ln*"

Figure 2.2 illustrates the variation trends of the total spin quantum number S, total
orbital angular momentum quantum number L, and total angular momentum quantum
number J of Ln** ions as a function of the number of 4f electrons.

The total spin quantum number S increases with the number of unpaired 4f
electrons and reaches a maximum at Gd**(4f7), where the 4f orbital is half-filled.
Specifically, from La**(4f%) to Gd**(4f”), the number of unpaired electrons increases,
resulting in an increasing trend in S. From Gd*'(4f") to Lu**(4f'%), the number of
unpaired electrons decreases, leading to a decrease in S. L exhibit a periodic variation
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with two symmetric peaks centered around Gd**. This reflects the symmetry of electron
filling around the half-filled 4f shell. For J, the coupling rule follows J=L+S when the
number of 4f electrons is less than 7, and J=L—S when the number is equal to or greater
than 7. As a result, the transition point between the two peaks of J lies in Eu**(4£%).
The patterns of quantum numbers shown in Table 2.3 and Figure 2.2 explain the
trends in spectroscopic, magnetic, and chemical properties of lanthanides. They also
lead to the complex energy level structures of these ions, as illustrated in the well-

known Dieke diagram [6], as shown in Figure 2.3.
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Table 2.3 L, S, J information of Ln3"

Ln*"ion  Atomic number Number of 4f Number of magnetic quantum number in 4f orbital L S J BHL,
electrons 3 2 1 0 -1 -2 -3
La** 57 0 0 0 0 IS
ce’’ 58 1 1 3 12 5/2 2Fs))
Pt 59 2 1 1 5 1 4 H,
Nd** 60 3 1 1 1 6 3/2 9/2 o
Pm>* 61 4 1 1 1 1 6 2 4 51y
Sm>" 62 5 1 1 1 1 1 5 5/2 5/2 6Hs),
Eu®’ 63 6 1 1 1 1 1 1 3 3 0 7F,
Gd** 64 7 1 1 1 1 1 1 1 0 72 72 8S71
Tb> 65 8 Tl 1 1 1 1 1 1 3 3 6 TFe
Dy 66 9 Tl Tl 1 1 1 1 1 5 512 15/2 SHs)»
Ho** 67 10 Tl Tl Tt 1 1 1 6 2 8 5T
Ert 68 11 Tl Tl [ 1 1 6 3/2 152 “Hisp
Tm>" 69 12 Tl Tl (R N A | 1 5 1 6 3Hs
Yb** 70 13 T T [ T N T N | 3 12 72 2Fy)
Lu?? 71 14 T T L R N A RS 0 0 0 1Sy
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2.3 Applications and problems of lanthanide

Because of these special properties, lanthanide elements are widely used in the
design of functional materials [7-12]. In biomedical fields, they are applied in
fluorescent probes [7-9], magnetic resonance imaging (MRI) contrast agents [10-12],
photothermal therapy nanomedicines [13-15], and scintillators in medical devices [16].
In the energy sector, they are used in phosphors [17] and solid-state hydrogen storage
materials [ 18]. In emerging fields, they also show potential in quantum computing [19].

However, their similar chemical properties make it very difficult to separate them.
In biomedical applications, detecting residual Ln*" ions and studying their toxicity has
become increasingly important [20,21]. Therefore, there is a growing need to develop
highly sensitive detection methods that can identify individual lanthanide ions based on
their unique characteristics. Ln** have rich energy levels, which give them many
absorption and emission lines. This makes them useful in functional materials,
especially in luminescent applications. However, it also creates problems for their
detection. For example, some Ln®" ions have overlapping absorption spectra, making
them difficult to distinguish, especially at high concentrations. In other cases, their
fluorescence emission ranges overlap, which makes classification based on
fluorescence spectra challenging. Moreover, some Ln*>* ions, such as La*" and Gd**, do
not exhibit any optical signals in the visible range. As a result, it is difficult to collect
characteristic signals for all Ln** ions using fluorescence or absorption spectroscopy
alone. It is valuable for developing sensitive vibrational spectroscopy-based techniques

for detecting the spectral characteristics of different Ln*" ions.
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24 Raman and surface-enhanced Raman
spectroscopy (SERS)

To address the issue in detection of Ln**. We started the new detection method
development based on Raman spectroscopy. Raman spectroscopy is one type of
vibrational spectroscopy based on light scattering. When photons interact with
molecules, most undergo elastic scattering (Rayleigh scattering), while a small portion
couples with molecular vibrations and undergoes energy exchange, resulting in photons
with slightly different energies. This inelastic scattering is called Raman scattering [22].

The energy difference corresponds to the vibrational energy levels of the molecule
and is expressed as the Raman shift in wavenumbers (cm™). When the scattered photon
loses energy, it is called Stokes scattering; when it gains energy, it is called anti-Stokes
scattering. Figure 2.4 shows the different types of scattering processes.

(a) uibratiﬁnﬁ cealas Raman scattarin
Light

EE—— — Rayleigh scattering

\\"" Anti-Stokes Raman s

cattering

(b) wvitwal Zzzzzzzoo-zoozzaco
energy states
Vibrational %
energy states 0

A B C
Figure 2.4. (a)Schematic of different scattering processes; (b)schematic of different

scattering processes. A: Rayleigh scattering; B: Stokes Raman scattering; C: Anti-
Stokes Raman scattering.
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In classical mechanics, Raman scattering is explained as an inelastic light
scattering process caused by the time-dependent variation of the induced electric dipole
moment under an external electromagnetic field[22]. When a molecule is irradiated by
an incident laser field E, the electronic cloud is distorted, resulting in an induced dipole
moment y, which is proportional to the molecular polarizability a. It is expressed as:

u=akE (2.1)
During molecular vibration, the polarizability a changes with the vibrational coordinate

Q, which can be expressed as:

a=a+(5)Q (2.2)

dQ

Where a, is the non-vibrational polarizability. Thus, according to equation,
Raman scattering occurs only when the derivative (Z—g) # 0, which constitutes the
fundamental condition for Raman activity. The intensity of scattered light is
proportional to the square of the second time derivative of the dipole moment. Therefore,
the Raman scattering intensity is proportional to the square of (Z—g):

Iraman < (22) (2.3)

Quantum mechanically, Raman scattering involves a two-photon process where a
molecule is first excited to a virtual energy level and then returns to a vibrational excited
state, emitting a scattered photon with shifted energy. The Raman scattering intensity

I, corresponding to the transition from state m to state n, is described by the following

equations[22-24]:

__ 12875

Imn ~ T9ct (Vi i an)41i chr |(apa)mn

2
| (2.4)
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Where, I; is the intensity of the incident light with frequency v;. v,,,represents
the Raman shift. a,,denotes the component poof the Raman scattering tensor. The
summation e includes all quantum mechanical eigenstates of the molecule. v,,, and
v,y are the transition frequencies from state m to e and from state e to n, respectively.
The terms (m|ug|e), (e|up|n), (m|up|e) and (e|uy,|n) represent the components
of the transition electric dipole moment. p, and u, are the electric dipole moment
operators in the o (Raman excitation) and p (Raman scattering) direction,
respectively. I, denotes the damping constant of the state. Equation (2.4) indicates that
the Raman scattering intensity is proportional to the fourth power of the scattered light
frequency v; + v, . As v; > vy, , the Raman scattering intensity is considered
proportional to the fourth power of the incident light frequency v;.

When the excitation light frequency is close to or matches an electronic transition
of the molecule, the Raman signal is strongly enhanced. This is called resonance Raman
scattering[22].

Generally, Raman scattering is a weak effect, making molecular Raman signals
challenging to detect. However, when molecules are adsorbed onto the surface of
nanostructured noble metals, the Raman signal can be significantly enhanced[25-27].
This phenomenon is called surface-enhanced Raman scattering (SERS), first reported
in 1974 by Fleischmann[28].This enhancement is primarily attributed to two
mechanisms:

e [Electromagnetic enhancement: due to the local field enhancement caused by
28



localized surface plasmon resonance (LSPR)[25,26];
e Chemical enhancement: caused by resonance effect, charge transfer (CT)

effect, and adsorption effect between the molecule and the metal surface[25,26].

Target molecule

Silver

nanoaggregate' Hotspot
(diameter: 40nm)

Figure 2.5 SERS process

SERS is a powerful spectroscopic technique capable of detecting Raman signals
from low-concentration analytes, even down to the single-molecule level[27]. This
remarkable sensitivity arises primarily from the electromagnetic (EM) enhancement
mechanism, which is dominant in most SERS systems[25,26]. The EM effect originates
from the LSPR generated in nanoscale regions of intense electromagnetic field,
commonly referred to as “hot spots”, formed by the aggregation or specific geometry

of metal nanoparticles[25,26].
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Figure 2.6. Simulation of hotspot

According to previous studies by Itoh et al[26,29]., the strength and spatial
distribution of LSPR, and thus the EM enhancement are governed by several key factors,
including the size, shape, and dielectric properties of the metal nanostructures, as well
as the refractive index of the surrounding medium[30]. The SERS spectral profile is
strongly influenced by the spatial overlap between the LSPR distribution and the region
of molecular adsorption: only in areas of high plasmonic intensity do significant SERS
signals emerge[25-27,29]. Notably, the position of the LSPR peak remains relatively
fixed, while the position of the Raman scattering depends on the excitation laser
wavelength[26,29]. This mismatch can lead to observable variations in the SERS
spectral shape when tuning the excitation wavelength.

In addition to EM enhancement, SERS also involves a more complex chemical
enhancement (CE) mechanism, which comprises three major contributions[26]:

(a) enhancement due to ground-state chemical interactions between the adsorbed
molecule and the nanoparticle, independent of photon excitation;

(b) resonance Raman enhancement arising from molecular electronic transitions; and
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(c) charge-transfer (CT) resonance enhancement involving electronic transitions
between the nanoparticle and the molecule.

The CT mechanism can induce a shift from non-resonant to resonant Raman
behavior through the formation of CT complexes[26]. This effect introduces vibronic
coupling which are absent in conventional non-resonant Raman spectra[31]. These
features provide unique spectroscopic fingerprints that reflect the molecule—substrate
interaction at the electronic level[25,26].

Although it has been shown that SERS can be used for detecting Ln*" ions,
achieving this in early experiments was very difficult. Because vibrational spectroscopy
relies on the vibrations of chemical bonds, individual ions or atoms cannot be directly
detected. At first, we tried to adsorb Ln—DTPA complexes onto the surface of AgNPs,
but this approach failed. The reason was that the surface of AgNPs was already coated
with citrate, and Ln—DTPA could not replace it.

Later, we considered that citrate contains carboxyl and hydroxyl groups, which
can coordinate with Ln** ions. Therefore, we directly added Ln** ions into the AgNP
colloid. As the citrate on the surface coordinated with the Ln*" ions, Ln-citrate
complexes were formed in situ on the surface of AgNPs. This allowed us to detect the
SERS signals of Ln-citrate complexes and investigate the effects of different Ln>" ions
through their spectral features. Using this idea, we conducted the first systematic SERS
study of seven Ln—citrate complexes, where Ln** ions range from La to Gd (excluding
Pm). In this series, the spin quantum number (S) of Ln*" ions increases gradually from
0 to 7/2, showing a regular trend. The details of this investigation are discussed in
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Chapters 3 and 4.

2.5 DFT calculations and Raman spectrum

simulation

Assigning peaks in experimental Raman and SERS spectra is challenging. To
assist in peak assignment, quantum chemical simulation methods have been widely
employed, with density functional theory (DFT) being one of the most commonly used
approaches[32]. DFT is a first-principles method for calculating ground-state properties
of multi-electron systems. It can simulate vibrational spectra[32-35], including Raman
and infrared (IR) spectra, and provide insight into electronic structures and related
physical parameters.

The theoretical model for Raman simulations using DFT is based on the approach
proposed by P. L. Polavarapu [36]. In this model, polarizability tensors are calculated
under static electric fields [36], which differ from the dynamic electromagnetic nature
of incident light [22-26,29,30]. Since Raman intensity is proportional to the square of
the change in polarizability with respect to the normal mode displacement[22-24], the
relative intensities of simulated spectra often differ from experimental results.
Furthermore, the simulated Raman intensity / should be converted from the Raman
scattering activity of each vibrational mode using the following equation [37].

_ C(vo—

v*s;, B, =1—exp (_ M) (2.6)

I
t kgT

VB
where i is the vibrational mode, C is the normalization factor that can be arbitrarily

chosen, v is the vibrational frequency, vy is the frequency of incident light. S is Raman

activity calculated by quantum chemistry packages, e.g., Gaussian 16. h, c, kg, and T
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are Planck constant, light speed, Boltzmann constant, and temperature, respectively. In
the present work, the values of vop and T were chosen to be 532 nm and 298.15K,
respectively, to match the experimental conditions.

DFT calculations of vibrational frequencies are performed under the harmonic
oscillator approximation[33], which neglects real molecular effects such as
anharmonicity, solvent interactions, functional limitations, and basis set
incompleteness[32-35]. As a result, DFT-predicted frequencies are typically higher than
experimental values. To address this, scaling factors are commonly applied to the
calculated frequencies[33-35]. The appropriate scaling factor depends on the chosen
functional and basis set[33-35].

Reliable simulations require the careful selection of functionals, basis sets, and
solvent models [33-35]. In particular, polarizability calculations demand basis sets that
include diffuse functions [38]. For certain metal elements such as lanthanides,
additional considerations are required due to relativistic effects[2], multiple spin
states[1-3], and the strongly localized nature of 4f orbitals[ 1-3].

The results of DFT calculations can be visualized as 3D molecular structures. In
this thesis, these 3D structures are presented as 2D projections from specific viewing
angles. It is important to note that due to the projection from 3D to 2D, the scale bar in
the 2D images cannot accurately represent the full dimensions of the original 3D
structure. Therefore, in this thesis, the scale bars for the structural illustrations are
defined based on constant reference distances. For the structures used in SERS

simulations, where most silver atoms in the Ag cluster are fixed at specific intervals,
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the scale bar is set using the distance between two adjacent Ag atoms. In contrast, for
the spin population analysis of the Ln-citrate complexes, the scale bar is defined using
the bond length between the oxygen atom of a hydroxyl group and the coordinated Ln**

ion.

2.6 Basis sets and pseudopotentials for lanthanide
10ns
DFT simulations of lanthanides are challenging for several reasons[1-3,39]:
1. Strong relativistic effects: Lanthanides exhibit significant scalar and spin-
orbit relativistic interactions.
2. Highly localized 4f orbitals: These orbitals contribute minimally to bonding
but significantly to magnetic and optical properties.
3. Complex multi-electron states: Multiple low-lying spin states complicate

convergence and accuracy.

Electron shell Atomic nucleus

& *
L4 *

All-electron basis Small-core ECP  Large-core ECP
set + Valence basis  + Valence basis
set set

Figure 2.7. Different basis sets for Ln**
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Lanthanides have multiple options for basis sets and core electron treatment[39]:

e All-electron basis sets: Treat all electrons explicitly. These are accurate but
computationally expensive and are not available for all lanthanides. They are
suitable for high-precision studies of energy levels and spectroscopic transitions.

e Small-core pseudopotentials: Replace inner core electrons (e.g., 1s-3d) by
effective core potentials (ECP), retaining 4f, 5s, 5p, 5d, and 6s as valence
electrons. This method balances accuracy and efficiency and is suitable for
structure optimization and vibrational simulations.

e Large-core pseudopotentials: Even 1s-4f electrons are replaced by ECPs, and
only 5s, 5p, 6s, and higher are treated explicitly. These are computationally
efficient but unsuitable for 4f electron-based studies, as they ignore the
influence of 4f orbitals.

In principle, all-electron methods provide the most accurate description. However,
due to limitations in computational cost and availability, different pseudopotentials (or
called as ECPs) combined with triple-zeta basis sets are typically used for lanthanide-

related simulations in this work.

2.7 Limitations of SERS simulations

As shown in Figure 2.8, small molecule-metal cluster adsorption models are used to

approximate molecule—metal interactions in SERS simulations.
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Figure 2.8 SERS simulation method

However, due to the limited size of the metal clusters, plasmonic effects cannot be
directly represented. As a result, DFT-based SERS simulations reflect only chemical
enhancement mechanisms, and discrepancies in spectral intensity compared to
experimental results are also observed. Nevertheless, after applying frequency
corrections, DFT-calculated spectra remain highly valuable for peak assignment and
vibrational mode interpretation, both of which are essential for understanding how

different lanthanide ions influence SERS signals.

2.8 Other spectroscopic methods and data

preprocessing
In addition to Raman and SERS spectra, UV-Vis absorption and extinction
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spectroscopy[40] were also employed in this study. These techniques provide insight
into the electronic transitions and resonance regions of Ln-molecule complexes,
assisting in the selection of appropriate excitation wavelengths for SERS and in the
interpretation of possible enhancement mechanisms. A brief explanation is provided

here.

(a) UV-Vis absorption spectroscopy

Incident intensity Transmitted intensity

~ /

. | I
[ Light } 0 Detector
source Light Light

Sample solution L Cuvette

(molecule etc.)

(b) UV-Vis extinction spectroscopy

[ Light }
source Light/bﬂht

AgNP solution L Cuvette

Detector

A

Extinction = Absorption + Scattering

Figure 2.9 (a)UV-Vis absorption spectroscopy;(b)UV-Vis extinction spectroscopy

The UV-Vis absorption spectrum reflects how a sample absorbs incident light
across the ultraviolet—visible range (200—800 nm), and is commonly used to investigate
electronic transitions within molecules[40,41]. In contrast, the UV-Vis extinction
spectrum measures the total loss of light energy as it passes through a sample, which
includes both absorption and scattering[40]. For SERS samples, strong absorption and

scattering are typically caused by LSPR[25]. Therefore, the UV-Vis extinction spectrum
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serves as an important tool for characterizing the LSPR features of SERS samples.

Raman and SERS spectra are influenced by various sources of interference,
including instrumental noise, baseline drift, fluorescence background, laser instability,
and sample inhomogeneity. These factors degrade the signal-to-noise ratio (SNR),
distort spectral features, and hinder accurate peak identification.

To ensure reliable qualitative and quantitative analysis, raw spectral data must
undergo appropriate preprocessing. In this study, the preprocessing steps are as follow:
First, baseline correction was carried out manually to achieve precise removal of
background drift, which is caused by fluorescence or instrument instability. Next, noise
reduction was performed using the Savitzky—Golay (SG) method[42]. This smoothing
technique fits successive subsets of adjacent data points with low-degree polynomials,
effectively eliminating high-frequency noise while maintaining the original shape and
position of spectral peaks. This is particularly important for SERS spectra, where small
peak differences are critical for ion classification. After noise reduction, the spectra
were normalized to minimize signal variations caused by differences among
measurement points. Normalization was performed using characteristic peak intensity
ratios, which helped ensure consistent comparison across different measurements.
Finally, to evaluate reproducibility and detect meaningful spectral variations,
comparisons were made across multiple independent measurements under the same
experimental conditions. This step confirmed the stability of the peak positions and
intensity ratios, which are essential for subsequent analysis of lanthanide-specific SERS
features. Raman shifts of all spectra were fixed by indene to avoid errors from the
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instrument.
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Chapter 3: SERS-Based classification of
La*" and Gd** Ions

3.1 Chapter overview

In this study, surface-enhanced Raman scattering (SERS) spectra of different
lanthanide (Ln) ion-citrate complexes were investigated for the first time for the
qualitative classification of Ln*" ions. With the addition of Ln*" ions to citrate-capped
silver nanoparticles in aqueous solutions, the Raman signals of Ln-citrate complexes
were enhanced, and characteristic peaks appeared near 1065 cm™ and 1315 cm™. The
Lioss/T1315 ratios of La-citrate and Gd-citrate were approximately 1 and 0.55, respectively.
Thus, different Ln*" ions were classified based on the ratio of characteristic SERS peaks
near 1065 cm™! and 1315 cm'. In addition, the effects of Ln*" ions in the Ln-citrate
complexes were analyzed based on density functional theory (DFT) calculations.
Calculation results show that these characteristic peaks are attributed to the
coordination of the C-O bond and COO" groups of citrates with the Ln*" ions, suggesting

that these are spin-state-related bands of these two Ln-citrate complexes.

3.2 Background and research objectives

Owing to their unique 4f electronic configuration, lanthanide (Ln) elements show
similar chemical properties, although they have unique physical properties, e.g. spin,
electric, and optical characteristics [1]. When Ln*" ions are combined with small
molecules to form complexes, these complexes also exhibit such properties, showing

differences in luminescence [2-4] and magnetism [3-4], therefore, Ln*" ion-molecule
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complexes have a wide range of applications such as phosphors[5], contrast agents[6],
single-molecule magnets[7], and bio-probes for theranostics [8]. They can also be used
to produce light-matter interfaces at the quantum level to archive quantum
calculations[9]. Standard analytical techniques like NMR spectroscopy, ESR
spectroscopy, fluorescence spectroscopy, and multi-modality theranostics are powerful
methods for studying the function and action of Ln*" ion-molecule complexes[2-10];
however, these methods are inextricably linked to complex sample preparation
processes and it is difficult to measure specific characteristic signals when the sample
is mixed with different Ln*" ions[10]. Raman spectroscopy is a nondestructive
analytical detection technique by which one can obtain stable molecular fingerprint
features, such as molecular structure information[ 11] and spin information[12][13]. The
use of noble metal nanostructures as Raman substrates significantly enhances the
Raman signal, enabling the detection of analytes at low concentrations (<10°M) even
in single-molecule detection in aqueous solutions[14]. This phenomenon is called
surface-enhanced Raman scattering (SERS)[15-17]. In the SERS process, the
enhancement of the Raman signal is mainly due to localized surface plasmon resonance
(LSPR), which is generated by collective oscillations of conduction electrons in noble
metal nanoparticles[ 18][19]. Furthermore, charge transfer between the noble metal and
molecules attached to the metal is also an important mechanism of SERS enhancement,
known as the chemical mechanism[20]. Thus, SERS has the potential to be used to
study Ln-molecule complex systems in terms of Ln®" ion detection, functional
characterization of complexes, and optical signal modulation.
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However, SERS studies of Ln>" ions remain challenging because of the similarities
in the chemical properties of Ln>" ions. Researches on Ln** ions in the field of SERS
have focused on studying the effects of individual Ln*>" ions rather than identifying Ln
elements, such as adding Nd** ions to study the enhancement mechanism of
semiconductor SERS substrates[21], fabricating Gd-fluorescent complexes for MRI-
SERS multimodal detection[22], and exploring the fluorescence enhancement
mechanisms of individual Ln elements[23][24]. SERS studies of Ln’s effect remain
limited owing to the difficulty of Ln*" ion measurements; for example, the addition of
Gd** ions to the SERS substrate produces a stronger SERS signal[25], but it is not
certain whether the addition of other Ln®" ions also results in a stronger SERS signal.
Moreover, the fluorescence background of some Ln** ions e.g. Pr**, Sm**, and Eu®*
[26], may interfere with the SERS signals; therefore, extracting the characteristic
signals which are related to the special physical properties of Ln*" ions from the SERS
spectra of Ln-molecule complexes is also challenging. Moreover, the mechanism by
which spin-state differences affect the SERS spectra is not clear. Although some
previous studies [12][13] have achieved building the spin-state effects model for
SERS/Raman of metmyoglobin complex including Fe*" or Fe*" ions, this process
appears to be influenced by the coordination conditions of the ligand and metmyoglobin,
therefore, the core mechanisms underlying the spin-state properties should be further
investigated.

In this study, we selected two non-fluorescent Ln*" ions, La** and Gd**, to

investigate the spin-state effect of Ln®>" ions on the enhancement and characteristic
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differences of SERS spectra. The advantage of this Ln-citrate system is that La*" and
Gd*" do not exhibit absorption and fluorescence in the visible light region[26],enabling
us to realize conventional SERS effect, not surface-enhanced resonance Raman
scattering (SERRS). Ln-citrate complexes were evaluated by SERS using citrate-
capped silver nanoparticles (citrate@AgNPs), which are well-known SERS substrates
for application in the visible-light region[27] then we found the SERS spectral
differences that enabled the identification of La®>" and Gd*'. These differences in SERS
spectra may be attributed to the spin state differences of La*" and Gd*" because the
chemical properties of La*>" and Gd*" are similar but La*" has no spin, and Gd*" has the
highest spin state due to their special 4f electronic configurations, i.e., 0 and 7 electrons
in 4f orbital, respectively. These results will be beneficial for future studies on the
identification of Ln elements by SERS, and potentially provide new insights into the

effect of 4f electronic configuration differences in Ln elements on SERS spectra.

3.3 Experimental and computational methods

Solvent and chemicals. Ultrapure water produced on a Direct-Q® UV 3 system
(Millipore, USA) was used as the solvent. A HNOs (1.38g/mL, Kanto Chemical Co.,
Inc, Japan) solution was used to prepare 1 M HNOjs solution. 0.2 M Ln(NO3)3 (Ln: La,
Gd) solutions were obtained by dissolving an appropriate amount of Ln oxides, i.e.,
La>0O3 and Gd203 (299.9%, FUJIFILM Wako Pure Chemical Corporation, Japan) using
1 M HNOs solution by heating at 100 °C, and 2x10°M Ln(NOs); solutions were
obtained by diluting 0.2 M Ln(NOs)3 solutions with ultrapure water. Citrate@AgNPs

were prepared using the Lee & Meisel method[28] with slight improvements. Briefly,
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0.03 g of silver nitrate (FUJIFILM Wako Pure Chemical Corporation, Japan) and 0.03
g of trisodium citrate (FUJIFILM Wako Pure Chemical Corporation, Japan) were added
to 150 mL of boiling ultrapure water, heated, and stirred at 150 °C in the oil bath for an
hour. When the solution turned gray-green, heating was stopped, and the solution was
allowed to cool naturally to room temperature to obtain a solution of citrate@AgNPs.
The citrate@AgNPs solution was stored away from light in a refrigerator at 4°C.

Characterization. Raman samples were prepared by heating and dissolving 0.01
g of trisodium citrate in 50 mL of water, and then mixing trisodium citrate solution (7.75
x10M, 1 mL), and Ln(NO3)3 solution (2x 10 M, 50 uL) to prepare a 10 M Ln-citrate
solution. Samples for SERS measurements were obtained by adding 50 uL of 2x10°M
Ln(NO3)3 solutions to separate 1 mL solutions of citrate@AgNPs. The concentrations
of Ln-citrate complexes were 1 x 10*M for each Ln-citrate@AgNPs sample. The
original citrate@AgNP colloidal solution without any ions or salt addition was also
used for the SERS measurement as a blank experiment to analyze the potential effect
of Ln*" ions on the SERS substrate. Note that the original citrate@AgNP solution is
considered to contain independent AgNPs without aggregations, therefore SERS signal
obtained was weaker than other samples due to the lack of SERS hotspots. All samples’
pH was measured using pH test strips (REF 92150 and REF 92140; MACHERY-
NAGEL, USA), and their pH was approximately 7.0. All sample solutions were stored
at room temperature for 12 hours prior to spectroscopic measurements.

For UV-Vis measurements, ultrapure water was added to each SERS sample to

obtain a 10-fold dilution of the sample solutions then the UV-Vis measurements were
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performed using a V-770 spectrometer (JASCO, Japan) with a polystyrene cuvette
having a light path of 1 cm. Ultrapure water was used as the blank to measure the UV-
Vis spectra.

For Raman and SERS measurements, a clean soda glass capillary was used to
hold the sample solution for Raman and SERS spectroscopic measurements which were
performed using a T64000 Raman spectrometer (Horiba Scientific, Japan). Under this
process, the measurements were conducted on multiple AgNPs, i.e., multi-particle
SERS. The consistency of the SERS measurements at each measuring point was
checked by comparing three independent SERS measurements. All Raman and SERS
spectra were collected using lasers at wavelengths of 488 nm and 532 nm with a power
level of 50 mW and a 90x objective (0.75 N.A.) that when characterizing the samples
with 488 nm and 532 nm lasers, the energy powers at the sampling point were 101 and
85 mW pm, respectively. To avoid damage to the sample by high-power laser exposure
and to obtain reproducible spectra, the exposure time of Raman and SERS
measurements was 30 seconds and the accumulation was 2. Raman shift was corrected
by indene.

To perform spectra fitting and baseline subtraction for all experimental spectra,
the OriginPro 2022 (OriginLab Corporation, Northampton, MA, USA.) software was
used. First, a cubic function was employed for the baseline subtraction process. After
baseline subtraction, the Savitzky-Golay method was used for noise reduction twice
with setting as 11 points of windows and polynomial order was 1. After completing the
noise reduction, we removed the baseline again using minimum constant mode from
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the denoised data.
Computational Methods and Details The SERS simulations of Ln-citrate complexes
on the silver surface were performed using the following simplified model: according
to Ref 29, the structures of Ln-citrate complexes were modeled as LnCit™ based on the
structure of trisodium citrate which was downloaded from the Cambridge
Crystallographic Data Centre (CCDC, http://www.ccdc.cam.ac.uk). An appropriate-
sized Ag surface formed by 11 Ag atoms was cut from a bulk Ag crystal along the (111)
plane[30] to mimic the facets of the silver surface, whose size is close to LnCit".
Further, geometry optimization and vibrational spectra calculations were
performed based on density functional theory (DFT) using Gaussian 16 software
(Revision C.01, Gaussian, Inc., Wallingford CT, USA). The commonly used B3LYP
functional is not suitable for describing transition metals[31]. Therefore, the PBEO
functional[32] was used with the addition of DFT-D3(BJ) dispersion correction[33] for
all calculations to better describe the 4f electronic configuration of Ln elements[34][35].
The solvent was considered as water using SMD model to match the experimental
parameters. The aug-cc-pvdz [36] basis set was adopted C, H, O, and Na. In contrast,
Ag and Ln elements were described by the def2svpd[37] and def2tzvpd[38][39] basis
sets, respectively, and all were associated by relativistic pseudopotentials[40] to correct
relativistic effect during calculations. The scaling factors for PBE0-D3(BJ)/aug-cc-
pvdz and PBEO-D3(BJ)/def2tzvpd; were 0.956 and 0.971, respectively, as obtained
from the literatures[41][42]. The calculation results of SERS spectra in the region of

1000 — 1700 cm™ were scaled by scaling factor 0.956 and in the region of 1000 — 1250
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cm’!, spectra were scaled by scaling factor 0.971 again to scale Ln®" ions’ effect. The
widths of all simulated SERS spectra were set to 50 cm™ to approximate the
experimental spectra. All energy calculations of the Ln-citrate complexes were
performed at the PBEO-D3(BJ)/def2tzvpp[43] level. All calculation results were
analyzed using the Multimfn software[44], including Raman analysis and spin analysis.
Gaussian 16 directly calculates the Raman activity of each vibrational mode. The
distribution of unpaired electrons can be described by spin population analysis by using
Multimfn. The Visual Molecular Dynamics (VMD) software [45] was used to observe

the structure and spin distribution.

3.4 Data processing of experimental and simulated

results

For the spectral fitting and baseline subtraction of all experimental spectra, we
systematically utilized OriginPro 2022 software from OriginLab Corporation, U.S.A.
Initially, we removed the baseline from the raw experimental data, then performed noise
reduction and finally removed the baseline again. For the first baseline removal, we
manually selected appropriate points to ensure that the starting and ending points of all
broadband spectra were at a consistently relative intensity, as shown in Figure 3.1(a). A
cubic function was chosen for the baseline subtraction process. To reduce noise, we
applied the Savitzky-Golay smoothing method twice, using a 11-point window and a 1-
order polynomial. After the noise reduction, we removed the baseline again using the

minimum constant mode from the denoised data as required, as shown in Figure 3.1(b).
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Then, Raman shifts of all spectra were fixed by indene.
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Figure 3.1. (a) Raw spectrum of Gd-citrate (black line), its baseline (red line) and Gd-
citrate spectrum after noise reduction (blue line). The orange stars are manually
selected as the minimum points of the spectrum used for creating the baseline. (b)
Smoothed spectrum of Gd-citrate and baseline in the minimum constant mode.
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3.5 Trial of improving the quality of the spectra

In our present study, the low signal-noise ratio of our experimental data is the issue.
To address this, we have made efforts to employ the longer exposure time to reduce the
noise level as shown in Figures 3.2 and 3.3 in hopes of enhancing the quality of the

spectra obtained.
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Figure 3.2 SERS measurement of La-citrate with different exposure time
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Figure 3.3 SERS measurement of Gd-citrate with different exposure time

Our initial conditions were set with an exposure time of 30 seconds and an
accumulation of 2. Upon extending the exposure time to 60, 150, and 300 seconds, we

were able to achieve a better signal-to-noise ratio. However, this adjustment led to a
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discrepancy in the relative intensity ratio between the peaks at approximately 1065 cm”
Pand 1315 cm™ compared to those at the original settings of 30 seconds exposure with
two accumulations. This observation suggests that prolonged exposure times can
influence the Ln-citrate@AgNP system. Therefore, we have determined that the data

captured under the original conditions are currently the most accurate for our analysis.

3.6 Peak assignment of Ln-citrate using DFT

We analyzed the simulated SERS spectra of selected Ln-citrate (Ln: La and Gd) to
assign the SERS peaks based on each vibrational mode (Tables 3.1 and 3.2). All tables
used the same symbols for peak assignment: v indicates stretching, vsym is symmetric
stretching, vasym 1S asymmetric stretching, o is in-plane bending and rocking, and v is
out-of-plane wagging and twisting. The calculated SERS frequencies were scaled by

using scaling factors.
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Table 3.1 The vibrational modes contained in each simulated SERS peak of La-citrate

Simulated SERS | Vibrational Frequency (cm™) Assignment
peak (cm™) mode
629 V629 629 3(CO0)
681 Vsl 681 3(CO0O")
712 V712 712 3(COO)+ y(COO)
745 V745 745 3(COO)+ y(COO)
840 V840 840 v(CCCC-0)
V842 842 v(CCCC-0)
920 Vo17 917 v(C-CO0O)
938 V934 934 d(CHy)
V939 939 3(CH2)
970 V970 970 v(C-CO0O)
1100 V1096 1096 Y(CHy)
V1102 1102 v(C-O---La)
1171 V1170 1170 Y(CHa)
V1187 1187 v(CH>)
1211 vi2li 1211 v(CHz)
1327,1344 V1320 1320 0(CH>)
V1327 1327 Vsym(COO"), 8(CH>)
V1347 1347 Vsym(COO"), 8(CH2)
V1365 1365 Vsym(COO"), 6(CH2)
1375 V1375 1375 Vsym(COO"), 6(CH2)
1473 V1463 1463 Vasym(COO"), y(CH2)
V1474 1474 Vasym(COO"), y(CH2)
V1492 1492 Vasym(COO"), y(CH2)
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Table 3.2 The vibrational modes contained in each simulated SERS peak of Gd-citrate

Simulated SERS | Vibrational Frequency (cm™) Assignment
peak (cm™) mode
635 V635 635 3(CO0O")
684 Vo34 684 3(CO0")
716 V716 716 3(COO)+ y(COO)
747 V747 747 3(COO)+ y(COO)
844 V840 840 v(CCCC-0)
V845 845 v(CCCC-0)
928 V925 925 v(C-CO0O)
V935 935 d(CH)
V940 940 d(CH)
975 V975 975 v(C-COO)
1109 V1104 1104 v(CH>)
V115 1115 v(C-0O---Gd)
1174 V1174 1174 v(CH>)
V1197 1197 v(CH2)
1339 V1319 1319 vsym(COO"), 8(CH2)
V1334 1334 Vsym(COO"), 6(CHz)
V1339 1339 Vsym(COO"), 6(CH2)
V1356 1356 Vsym(COO"), 6(CHz)
1382 V1382 1382 Vsym(COO"), 6(CHz)
1488 V1482 1482 Vasym(COO"), y(CH2)
V1493 1493 Vasym(COO"), y(CH2)
V1523 1523 Vasym(COQO"), y(CH>)
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3.7 Experimental Raman and SERS spectra of citrate

3.7.1 Spectral features analysis

Figure 3.4 shows a schematic representation of the interaction of Ln** (Ln: La,

Gd) ions with the surfaces of the citrate@AgNPs.
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Figure 3.4. A schematic representation of the interaction of Ln** (Ln: La, Gd) ions
with the surfaces of citrate-capped sliver nanoparticles (citrate@AgNPs).

A citrate@AgNPs solution was synthesized by Lee & Meisel method using citrate
molecules as a reducing agent[28]; thus, all the AgNP surfaces were covered by citrate
molecules[27][46][47]. Therefore, in this manuscript, we refer to AgNPs as citrate-
capped AgNPs, namely citrate@AgNPs. Additionally, it's important to note that Ln>"
ions typically coordinate with both the hydroxyl and carboxyl groups in citrate to form

complexes[29][48]. However, in the formation of LnCit” complexes, the hydroxyl group

in citrate releases its hydrogen atom[29]. This leaves solely the C-O bond and COO"
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groups available for coordination with the Ln>" ions.
Figure 3.5 shows the differences between the UV-visible extinction spectra of
citrate@AgNP colloidal solutions collected before and after the addition of the different

Ln(NOs)3 aqueous solutions.
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Figure 3.5. UV-Visible extinction spectra of La-citrate@AgNPs, Gd-citrate@AgNPs
and citrate@AgNPs.

In this process, Ln** ions are adsorbed by the citrate on the silver surface and
coordinate with the C-O bond and COO™ groups of citrate[29][48] to form a 1:1 Ln-
citrate complex[49] at pH=7.0 as main structure as LnCit[29], possibly resulting in the
fabrication of AgNPs aggregates. Usually, the junction of AgNPs aggregates generates
a strong electromagnetic field under laser excitation, namely hotspots[50][51];
therefore, we can expect a much stronger Raman signal of Ln-citrate complexes at

hotspots between the AgNPs.
60



As shown in Figure 3.5, on the addition of different Ln*" ions to separate
citrate@AgNP colloidal solutions, the UV-visible extinction spectra of the mixtures do
not show the change in their peak positions; however, the peak heights are decreased,
showing that AgNPs aggregates are fabricated upon addition of Ln®" ions. The
extinction peaks of the three samples were all around 450 nm, indicating that the
addition of Ln*" ions did not affect the location of the main absorption peaks, and
therefore in this study, we chose 488 nm and 532 nm laser light, respectively, as Raman
and SERS laser light sources for higher SERS enhancement. A measurement system for
Raman and SERS spectra is shown in Figure 3.6, where the data obtained with and
without citrate@AgNPs samples at the same measurement parameters are comparable

for evaluating the enhancement effect, laser wavelength effects and ions’ effects.

Spectrometer i
P Mirror Raman sample SERS sample
Sample solution Sample solution
CCD 488 nm . .
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Figure 3.6. A schematic of measurement system for Raman and SERS spectroscopy.
Raman and SERS samples were enclosed in a glass capillary, and then their Raman
and SERS spectra were measured using 488 nm and 532 nm laser lights, respectively.
Here, we defined that Raman samples are solutions without citrate@AgNPs, and
SERS samples are those with citrate@AgNP, respectively.

Figures 3.7-3.10 show representative Raman and SERS spectra of the La-citrate

and Gd-citrate sample solutions excited at 488 nm or 532 nm, respectively. The Raman
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spectra of the samples were collected without citrate@AgNPs in the sample inserted
into the glass capillary, while the SERS spectra of the samples were collected with
citrate@AgNPs. Without citrate@AgNP, the Raman signals of the Ln-citrate solutions
at the same concentration were very weak with no significant signal peaks. Upon
addition of citrate@AgNPs in the Ln-citrate solution, the Raman signal collected was
stronger than that without citrate@AgNPs, indicating that the existence of
citrate@AgNPs enhanced the Raman signal of the Ln-citrate solution, i.e. SERS
occurred. For the peak assignments, DFT calculations were introduced along with the
results of previous analyses of the literatures [27][52] and were summarized in Tables

3.1-33
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Table 3.3. Peak assignment for SERS spectrum of La-citrate and Gd-citrate

SERS of La-citrate SERS of Gd-citrate
Raman shift (cm™) Raman shift (cm™)

Assignment Assignment
Experimental Simulated Experimental Simulated
617, 697 629, 681 3(CO0O") 622, 696 635, 684 d(CO0O")
736, 737,769, 775 712,745 3(CO0), y(COO") 737,742,776,772 716, 747 3(CO0O), y(COO)
822, 825 840 v(CCCC-0) 818, 822 844 v(CCCC-0)
937, 945 920, 938,975 v(C-COO), 6(CHz) 937 928, 975 v(C-COO), 6(CH>)
1065, 1066 1100 v(C-O---La), y(CH2) 1065, 1066 1109 v(C-O---Gd), y(CH2)
1309, 1314 1327, 1344 vsym(COO"), 8(CH2) 1313, 1315 1339 Vsym(COO"), 6(CHz)

1496, 1500 1473 Vasym(COO"), y(CHa) 1495, 1498 1488 Vasym(COO"), v(CHa)
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Table 3.4. Peak assignment for SERS spectrum of citrate from literatures [27152]

Raman Shift (cm™) Assignment
670271 (CO0O)

8450321 v(CCCC-0O)

9330271 956121 v(C-COO)
1025127 v(C-OH)

1390127), 1400 1521, 141515 Veym(COO")

15800521 Vasym(COO)

64



4801A=488 nm ..
04201 La-citrate
1314

c

=960+ S SERS
o 136

O 300—1 ﬂ

1 737
5180{ 4y757 sus

® 1204 775

P B2

£ 60) Rama

b

0 Frespnen VIR A
600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Figure 3.7. Raman (black line) and SERS (red line) spectra of La-citrate excited at
488 nm

In the SERS spectrum of Figure 3.7, there were several inconspicuous peaks
between 690 and 900 cm™!, such as peaks at 697, 737, and 775 cm™!, which corresponded
to different 5(COQO"), 6(COO") +y(COO’) and 3(COO") +y(COO"). Some inconspicuous
peaks near 825 cm’! corresponded to v(CCCC-O) with lower relative intensities than
the peak at 775 cm™'. The peaks at 737 and 775 cm™! exhibited similar relative intensities
and were both lower than the peak at 697 cm™. While other significant Raman peaks
appeared at 945, 1066, 1314, and 1496 cm’!, which can in turn be assigned as v(C-

COO-): V(C'O' : La) + Y(CHZ), Vsym(COO-) + S(CHZ), and Vasym(coo-) + 'Y(CHZ)
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Figure 3.8. Raman (black line) and SERS (red line) spectra of La-citrate excited at
532 nm

Figure 3.8 shows the Raman and SERS spectra of the La-citrate solution excited
at 532 nm. The Raman signal of the La-citrate solution collected using the 532 nm laser
has one significant Raman peak at 1644 cm™, potentially exhibiting acetoacetic acid
Raman peak due to the thermal decomposition of citrate[27][53]. In the SERS spectrum,
the slight difference of some vibration bands compared to the La-citrate’s SERS
spectrum excited by the 488 nm laser may be related to the signal noise and the
influence of laser wavelength. The peaks at 697, 736, and 769 cm™ corresponded to
3(COO") and different §(COO") + y(COO"). The peak at 822 cm™ corresponded to
v(CCCC-0) and its relative intensity was close to that of the peak at 937 cm™ but lower
than that of peaks at 697, 736, and 769 cm™'. The significant Raman peaks appeared at
937, 1065, and 1309 cm™!, which can in turn be assigned as v(C-COO") + §(CHz), v(C-

O---La) + y(CH2) and vem(COO’) + O6(CH2). respectively. The band contains
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Vasym(COO") + y(CH2) was wide and detected around 1500 cm™.
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Figure 3.9. Raman (black line) and SERS (red line) spectra of Gd-citrate excited at
488 nm

Figure 3.9 shows representative Raman and SERS spectra of the Gd-citrate
solution excited at 488 nm. Similar to the case of La-citrate, when Gd-citrate was used
without citrate@AgNPs, the Raman signal was very weak. However, when Gd*" ions
were added to citrate@ AgNPs to form Gd-citrate on the surface of the AgNPs, the
SERS signal occurred. In the SERS spectrum, several inconspicuous peaks appeared at
697, 742, 776, and 822 cm’!, corresponding §(COO"), §(COO") + y(COO"), §(COO") +
v(COO") and v(CCCC-O). The relative intensities of these peaks were lower than the
intensities of the peaks near 937 cm™'. And the relative intensities of peaks that appeared
at 742 and 776 cm’! were similar. Four significant characteristic peaks were observed

at 937, 1066, 1315, and 1495 cm™!, which can in turn be assigned as v(C-COO") +
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O(CHz2), v(C-O---Gd) + y(CHz), vsym(COO") + 3(CHz), and vasym(COO") + y(CH>),
respectively. The small differences in positions of each vibration band can be explained

by Ln*" ion’s differences.
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Figure 3.10. Raman (black line) and SERS (red line) spectra of Gd-citrate excited at
488 nm

Figure 3.10 shows the Raman and SERS spectra of Gd-citrate excited at 532 nm.
One significant Raman peak was observed at 1647 cm™ and this peak was not observed
in the SERS spectrum significantly. In the SERS spectrum, the peaks between 690 and
900 cm™! were observed at 696, 737, 772, and 818 cm™!, respectively. In addition, the
intensity of the peak at 737 cm™' was higher than that of the peak at 772 cm! since these
two peaks corresponded to different §(COO) + y(COO"). The peak at 818 cm™ was
assigned as v(CCCC-0). Compared with the peak at 937 cm’!, the relative intensities

of these three peaks were lower. Other significant SERS characteristic peaks over this
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region were observed at 937, 1065, 1313, and 1495 cm™!, assigned as v(C-COO") +
O(CHz2), v(C-O---Gd) + y(CHz), vsym(COO") + 3(CHz), and vasym(COO") + y(CH>),
respectively.

Notably, compared with the evaluation of the enhancement in the citrate solution
without Ln*" ions (Figures 3.11 and 3.12), the Raman signals of citrate solutions with
Ln®" ions were significantly enhanced by citrate@AgNPs when the target samples

contained Ln>" ions.
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Figure 3.11. Raman (black line) and SERS (red line) spectra of citrate (7.75 X 10*M)
excited at (a) 488 nm and (b) 532 nm.

Figures 3.11 (a) and (b) show Raman and SERS spectra of citrate excited at 488
nm and 532 nm lasers, respectively. In the SERS spectra of citrate@AgNP, Raman
signals of citrate in the region of 800 — 1150 cm™ and 1250 — 1750 cm™' were enhanced
under the excitation of 488 nm laser. Under the excitation of 532 nm laser, only the
Raman signal of citrate in the region of 1250 — 1750 cm™ was enhanced and some new
peaks appeared. Around 1641 cm™!, both Raman and SERS of citrate have an obvious
peak.

Figures 3.12(a)-(c) show the dark field images of different SERS samples.
Comparing the dark field images of these SERS samples, Ln-citrate@AgNP possessed
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larger size particles, indicating that AgNPs aggregated upon the addition of Ln*" ions
(Ln: La, Gd). This aggregation creates hotspot regions, significantly enhancing Raman
signals. As shown in Figures 3.7-3.11, when target molecules were in the sample
solutions at the same concentration, the Raman enhancement of citrate was weak
compared to that of Ln-citrate complexes. This difference in Raman enhancement is
because citrate@AgNPs do not aggregate sufficiently to form hotspots, which are

essential for enhancing Raman signals.
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Figure 3.12. Dark field images of (a) citrate@AgNPs, (b) La-citrate@AgNPs and (c)
Gd-citrate@AgNPs.
Thus, when comparing the Raman spectrum of citrate with the same concentration

and the Raman spectrum of original citrate@AgNPs without adding any ions or salts
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(SERS spectrum of citrate), the Raman signal was not significantly enhanced and
resulted in almost no SERS peaks in Figure 3.13 were observed. This is due to a lack
of aggregation of silver nanoparticles, which could not generate enough hotspots.
Therefore, the SERS peak assignment of citrate (citrate@AgNP sample) were done by
Raman shift of both Raman and SERS spectra of citrate from literature [27,52].

In addition, peak shifts observed in Figures 3.7-3.10 can be explained by the
second enhancement effect in the electromagnetic effect, and the chemical effect[19].
Plasmon resonance variations in the second enhancement effect cause peak positions to
fluctuate due to the combined impact of different vibration intensities. In the chemical
effect, the resonance effect, mainly from charge transfer (CT) in the chemical bond's

orientation, causes variations in SERS spectra, including peak shifts.

3.7.2 Classification of La3*" and Gd**

Further analysis of the experimental SERS spectra in the region of 600 — 1800

cm’! was shown in Figure 3.13 (a) and (b).
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Figure 3.13. SERS spectra of La-citrate (black line), Gd-citrate (red line) and citrate
(blue line) excited at (a) 488 nm and (b) 532 nm. Peak assignments are shown in
Table 1.
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The SERS intensity of Ln-citrates was several times higher than that of citrate due
to the hotspot regions formed after adding Ln** ions. The characteristic peak positions
in the SERS spectrum obtained by Ln-citrate were close to each other corresponding to
the same vibrational model that was analyzed by DFT simulation (Tables 3.1 and 3.2).
Thus, approximate position classifications were made based on vibration bands of
SERS characteristic peaks, which were marked with a black dotted line. In comparison
with the SERS spectrum without Ln*" ions (blue line), the characteristic peaks in the
SERS spectra with La®" ions (black line) and Gd** ions (red line), inconspicuous peaks
appeared in the region of 700 — 825 cm’!, and significant peaks were at 940, 1065, 1315
and 1495 cm’!, respectively. We mainly analyzed the relative intensities of peaks in the
interval from 1000 cm™ to 1800 cm™ in Figure 3.13. We observed that the relationship
between the relative intensities of the peaks near 1065 and 1315 cm™! was determined
by the type of Ln** ions, independent of the laser wavelength. For La-citrate, the relative
intensities of these two SERS peaks were almost identical. On the other hand, for Gd-
citrate, the intensity of the SERS peak near 1065 cm™! was almost half of the SERS peak
intensity at 1315 cm™. However, when the laser wavelength was changed, the peaks’
relative intensities of peaks at 1315 and 1495 cm™! in SERS spectra of La-citrate and
Gd-citrate were significantly changed. Only when the laser wavelength was 532 nm,
the intensities of peaks near 1315 cm™! were higher than the intensities of peaks near
1495 cm!. Therefore, we focused on the analysis of these three SERS peaks that
correspond to the C-O bond and two COO" groups of citrates coordinated with Ln>".

Figures 3.14 (a) and (b) show the changes in the SERS spectra in the region of

1000 — 1400 cm™ upon the addition of La*" and Gd*" ions to citrate@AgNPs under

laser excitation at different wavelengths.
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Figure 3.14. SERS spectra in the region of 1000 — 1400 cm™! excited at 488 nm (black
line) and 532 nm (red line) of (a) La-citrate and (b) Gd-citrate. The blue line shows
the method to obtain the intensities of characteristic peaks.

With the addition of La®" ions, the intensities of the characteristic peaks around
1065 cm™! remain basically the same as the intensities of the characteristic peaks around
1315 cm™!. When Gd*" ions were added, the intensities of the characteristic peaks at
approximately 1065 cm™' were significantly weaker than those at approximately 1315
cm’!, and this relative SERS intensity relationship was not affected by the laser
wavelength.

Figure 3.15 shows the relative intensity ratios of these two characteristic peaks

around 1065 and 1315 cm™! under laser excitation at different wavelengths.
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Figure 3.15. Ratios of intensities of characteristic peaks around 1065 cm™ and 1315
cm™! under different wavelength lasers’ excitations for ion classification. the numbers
of data analyzed were 9, 8, 9 and 8 for La-citrate (488 nm), La-citrate (532 nm), Gd-
citrate (488 nm) and Gd-citrate (532 nm), respectively. Error bars are + SD.
In this figure, the T1065/11315 ratios of La-citrate and Gd-citrate are approximately
1 and 0.55, respectively, enabling us to classify La’>" and Gd*" ions by SERS
measurements.
In comparison to Figures 3.14 and 3.15, Figures 3.16 and 3.17 show a negative
description of the changes in the SERS spectra in the region of 1200 — 1800 cm™ for

the addition of La** and Gd*" ions to citrate@AgNPs under laser excitation at different

wavelengths.
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Figure 3.16. SERS spectra in the region of 1200 — 1600 cm™ excited at 488 nm (black
line) and 532 nm (red line) of (a)La-citrate and (b)Gd-citrate.

There are two characteristic peaks in this region, at around 1315 cm™ and 1495
cm’!, when the Ln-citrate@AgNPs were excited at 488 nm and 532 nm. Moreover, the

relative intensity ratios I1495/11315 of Ln-citrate shown in Figure 3.17 did not exhibit a

clear difference between the La*>* and Gd*" ions.
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Figure 3.17. Ratios of intensities of characteristic peaks around 1315 cm™ and 1495

cm’! under different wavelength lasers’ excitations for ion classification. the numbers

of data analyzed were 9, 8, 9 and 8 for La-citrate (488 nm), La-citrate (532 nm), Gd-
citrate (488 nm) and Gd-citrate (532 nm), respectively. Error bars are + SD.

3.7.3 Analysis of spectral variation mechanisms

Here, we discussed how different Ln*" ions, La*" and Gd**, can be classified using
SERS measurements, even though these ions have similar chemical properties and outer
electronic configurations. We referred to previous studies[12][13] and found that the
differences between the intensity ratios of these SERS characteristic peaks are related
to the spin state difference of the ions. Theoretically, the difference in unpaired electrons
in the 4f orbital of La*>* (electronic configuration: [Xe]4f°, no spin) and Gd** (electronic
configuration: [Xe]4f’, highest spin) ions results in a significant spin disparity. When
the Ln** ion and citrate coordinate to form a complex, the 4f orbital of the Ln** ion is
the inner orbital, and such spin difference between La*" and Gd** can still be maintained.

For each Ln-citrate complex system at pH = 7, the spin multiplicity depends on the
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number of unpaired electrons of Ln**. Thus, the La-citrate complex is the low-spin state
complex and the Gd-citrate complex is the high-spin state complex. Additionally,
reference 54 reported on the ESR measurements of La-citrate and Gd-citrate complexes,
with only the signal of the Gd-citrate complex being observed. The experimental results
qualitatively indicate that Gd-citrate is high-spin compared to La-citrate. This is
consistent with our theoretical predictions. Therefore, we focused on the effect of spin
differences on the relative intensities of characteristic peaks for the classification of
La** and Gd** ions.

On another hand, Raman scattering is produced by the induced dipole moment,
which is the change of the polarizability around the equilibrium nuclear coordinates[11].
By combining our simulation results and theoretical calculation methods[55], we found
that the higher electron density in the coordination region results in increased resistance
to polarization, which results in a lower Raman intensity[11][55]. In our present Ln-
complex@AgNP simulations, the vibrational modes of each Ln-complex were similar
in the range of 600—1800 cm™'. However, La>" and Gd*" ions have a huge difference in
the number of unpaired electrons in their 4f orbitals, which affects the induced dipole
moment. Thus, the SERS spectra of Ln-citrate complexes have intensity differences for
the peaks at similar positions. This suggests that the spin population can characterize
the distribution of unpaired electrons which indirectly shows the condition of electron
density difference[56]. Citrate molecule has one hydroxyl (-OH) group and three
carboxyl (COO") groups. For our Ln-citrate complexes (LnCit™ at pH=7), the (C-O---Ln)
and (COO-Ln) bands were generated by the coordination of Ln*" ions with the C-O
bond and two COO" groups of citrates. These two bands exhibit differences, especially
the electron density difference caused by the spin difference between La*" and Gd**

ions. This was confirmed by corresponding the relative intensities of SERS peaks
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around 1065 cm™ and 1315 cm™'. Thus, combining the results of Figure 3.16Figure(c),
the relative intensity differences between these two bands around 1065 cm™ and 1315
cm™! in the SERS spectrum are mainly attributed to the electron density difference
caused by the spin state difference of La’>" and Gd*" ions. Moreover, this relationship
of the relative intensity differences between these two bands around 1065 cm™ and 1315
cm’! in the SERS spectrum can be used for the classification of La** and Gd** ions.

We also used DFT calculation results to analyze the sources of the differences
between these two vibration bands. To obtain simulated Raman spectra, the Raman
activity of each vibrational mode should be converted to the Raman intensity of each
vibrational mode by the equation (2.6) [57].
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Figure 3.18. (a) Structure and spin population of La-citrate. (b) Experimental SERS
spectrum excited at 532 nm (red line), simulated SERS spectrum (black line) and an
estimated structure of La-citrate adsorbed on silver surface.

Figure 3.18(a) shows the structure and spin population of the La-citrate complex.
This complex does not contain unpaired electrons, and thus its spin population is zero.
Figure 3.18(b) shows a comparison of the scaled simulated SERS spectrum and the

experimental spectrum under 532 nm excitation of La-citrate. The main characteristic

peaks of the (C-O---La) and (COO") bands were well matched, the intensity of the v(C-
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O---La) was close to that of the vsym(COO"), while the intensity of the vsym(COQO") was
stronger than that of vasym(COQO") both in simulated and experimental spectra; thus, the
spectral shapes were also basically the same. There are some discrepancies between the
simulated and experimental spectra, which may be due to the mixture of binding modes
of actual citrate, resulting in the inability of a single simplified model to simulate the
full details[47] and the effects of mixed basis sets. These discrepancies were acceptable

after scaling using suitable scaling factors[39][40].
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Figure 3.19. (a) Structure and spin population of Gd-citrate. (b) Experimental SERS
spectrum excited at 532 nm (red line), simulated SERS spectrum (black line) and an
estimated structure of Gd-citrate adsorbed on silver surface.

Figure 3.19(a) shows the structure and spin population of Gd-citrate. The spin
population of the C-O bond and COO" groups coordinated with the Gd** ion was not 0,
which was because the Gd*" ion has seven unpaired electrons in the 4f orbital. Thus,
combining the results of La-citrate, the (C-O---Ln) and the (COO") bands were affected
by the Ln*" ion’s spin state and can be considered spin-state-related bands in the SERS
spectrum. Figure 3.19(b) shows a comparison of the scaled simulated SERS spectrum
and the experimental spectrum under 532 nm laser excitation of Gd-citrate. Although

there were some differences between the simulated and experimental spectra, the
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intensity of the v(C-O---Gd) was lower than that of vsym(COQO"), while the intensity of
the vsym(COO") was stronger than that of the Vvasym(COO7) both in simulated and
experimental spectra. Thus, this relative intensity feature was similar to the
experimental SERS spectrum excited at 532 nm and was also exhibited by the DFT
calculation results.

The effect of the binding condition of citrate and silver clusters on the simulated
SERS spectra has been investigated by Ahuja, T et al[2]. Based on our experimental
data, the shapes of the SERS spectra obtained after the addition of Ln** ions were
different. This may be related to the adsorption state of different Ln-citrate complexes

with silver clusters. We also verified this idea with DFT calculations.
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Figure 3.20. Experimental SERS spectrum excited at 532 nm (red line), simulated
SERS spectrum (black line) and an estimated structure of citrate adsorbed on silver
surface. The simulated SERS spectrum in the region of 1000 — 1700 cm™ was scaled
by scaling factor 0.956.
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We compared the adsorption relationship and simulated SERS spectra of citrate
and Ln-citrate with silver clusters shown in Figure 3.20, Figure 3.18 (b) and Figure 3.19
(b), respectively. We found that due to the addition of Ln** ions, the adsorption states
of Ln-citrate complexes with silver clusters change compared to that of citrate, leading
to a significant difference in the simulated SERS spectra. Among them, the adsorption
states of Ln-citrate complexes with silver clusters are similar.

In Figure 3.18(a) and Figure 3.19(a), we compared the electronic structures of
citrate regions around different Ln*" ions by spin population. The symmetry
relationship of the electronic structure was roughly shown in the spin population. The
Gd-citrate has 7 more unpaired electrons than La-citrate resulting in the spin population
of it was not 0. Especially at the C-O bond where citrate coordinates with Gd*" ions,
indicating that the electron density in this part was higher. Hence, the polarization of C-
O---Gd is comparatively more difficult than that of C-O---La when subjected to laser
light of identical wavelengths, thereby leading to a reduced Raman intensity. In addition,
we also considered the mass effect of ions. For the Ln-citrate complexes, the
frequencies of COO™ coordinated to Ln*" ions, e.g. near 940, 1315 and 1495 cm™, are
significantly lower than the frequencies of COO™ for citrate in Table 2, e.g. at 956, 1390
and 1580 cm™. This is because La and Gd atoms are much heavier than H atoms. In
contrast, comparing the experimental SERS spectra of Ln-citrate complexes, the
positions of characteristic SERS peaks were similar in the range of 600—1800 cm™. This
was due to the vibrational contribution of Ln** being too weak as studied by DFT
simulations. In addition, based on the mass effect, characteristic bands of Ln*" should
be in the lower frequency region. However, we are unable to assign characteristic bands
of Ln*" due to the lack of isotopic Ln elements and citrate molecules.

Such experimental and computational results indicate that a large spin difference
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between the Ln*" ions, La*" and Gd**, can be observed in the relative intensities of the
characteristic peaks of their SERS spectra. When Ln*" ions coordinate with the C-O
bond and COO" groups of citrate molecules, the corresponding SERS characteristic
peaks are around 1065 cm™ and 1315 cm™!, and can be considered as spin-related bands.
The presence of these spin-related bands in the SERS spectrum could be used for
marking the spin state of the complex based on the relative intensity relationship of
spin-state-related peaks. This method is similar to that reported by Kitahama et al[12].
The relative intensity ratio of the two spin-state-related bands is not affected by the laser
wavelength, thus it can be used to classify La** and Gd*" ions based on their SERS

spectra.

3.8 Summary

In this study, we found that the SERS spectra of Ln-citrate complexes (Ln: La, Gd)
could be used for the qualitative classification of La** and Gd** ions, possibly because
of the spin-related bands in the SERS spectrum. By evaluating the spectral relationship
of sample solutions with and without citrate@AgNPs, we confirmed that the SERS
spectrum of Ln-citrate complexes could be obtained by adding a small amount of Ln**
solution to citrate@AgNPs. In the SERS spectra, the positions of the SERS
characteristic peaks of La-citrate and Gd-citrate were similar, and these peak positions
did not change significantly with the change in excitation wavelength. However, the
intensities of the SERS characteristic peaks were different, especially in the interval
from 1000 to 1800 cm™'. Three characteristic peaks around 1065, 1315, and 1495 cm’!
were used to explore the differences in the SERS spectra of the different Ln-citrate
complexes. Combined with DFT calculations, the characteristic SERS peaks near 1065
cm™! and 1315 cm™! were assigned to spin-state-related bands (C-O---Ln) and (COO),

respectively. Their relative intensity changes were related to the electron density in the
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region coordinated by Ln*" ions. Moreover, the relative intensity relationship of the
SERS peaks near 1065 cm™ and 1315 cm™! can be used to classify La*" and Gd** ions.
The ratios of I1065/11315 for La-citrate and Gd-citrate were in the range of approximately
1 and 0.55, respectively. The results of the present study show that using the physical
properties of Ln elements, such as the spin state, Ln-citrate complexes can be
constructed as target molecules to study the differences in their SERS spectra, thus
enabling the classification of different Ln*" ions via SERS, as well as examining the
effects of Ln** ions on SERS. In future studies, we will investigate the effects of the
physical properties of other Ln** ions, such as Pr** and Nd** ions, on the SERS spectra,

and DFT SERS simulations of Ln-molecule complexes.
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Chapter 4: SERS and DFT Study of 7
Lanthanide Ions

4.1 Chapter overview

In this study, we combined the surface-enhanced Raman scattering (SERS) with
density functional theory (DFT) calculations to investigate the SERS spectra of
lanthanide (Ln)-citrate complexes (Ln = La, Ce, Pr, Nd, Sm, Eu, and Gd) under 488,
532, and 660 nm laser excitations, with the aim of elucidating how variations in 4f
electronic structure influence their spectral response. Detailed vibrational analysis and
peak assignments were performed based on SERS spectra simulated using an optimized
DFT setting, in which small-core effective core potentials (ECPs) in the def2-tzvpd
basis set were replaced by large-core ECPs. Characteristic SERS peaks appeared at
1065, 1315, and 1485cm™ were assigned to the v(CHz)+v(C-O---Ln),
Vsym(COO") +y(CHz), and vasym(COO") + y(CH:) vibrational bands, respectively. SERS
intensity ratios were obtained by normalizing the peak intensity I near 1065 or 1485
cm’! to that near 1315 cm. T1es/11315 depended solely on the type of Ln*" ion and was
independent of the excitation wavelength. In contrast, lisss/Ii315 increased with
decreasing excitation wavelength, indicating additional enhancement by charge-
transfer. Additionally, as the number of unpaired 4f electrons increased, Ln** in the
coordination region attracted oxygen negative charges more strongly, reducing the

electric dipole moment of the C-O bond and altering its symmetry.

4.2 Background and research objectives

Lanthanides (Ln), comprising 15 elements with atomic numbers from 57 (La) to
71 (Lu), are crucial rare earth elements [1]. As the atomic number increases, electrons
gradually fill the 4f orbitals of Ln [1]. Owing to the electronic configuration of Ln**

ions, which can be expressed as [Xe]4f" (n=0—14). Lanthanides exhibit similar chemical
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properties while possessing abundant energy levels and high-spin states. This unique
electronic configuration results in exceptional optical and magnetic properties[1-7],
which have led to the widespread use of Ln*" ions and their small molecular complexes
in scientific research. For instance, they not only play an important role in functional
materials developments, such as the synthesis of luminescent materials [2,3],
biomedical probes [3,4], and magnetic resonance imaging (MRI) contrast agents [5],
but are also used in quantum computing [6] and spin detection [7]. Furthermore, they
are utilized to explore special enhancement phenomena, such as magneto-chiral
dichroism enhancement [8] in circularly polarized luminescence [9]. Additionally,
lanthanides exhibit a significant characteristic wherein increasing the atomic number
enhances the attraction between the nuclear charge and outer electrons due to the weak
shielding effect of f-electrons, causing a gradual decrease in the ionic radius of Ln*",
known as lanthanide contraction [1,10,11].

High-performance measurement methods are required to measure the
characteristic signals of Ln®" ions effectively. However, measuring low-concentration
(<10°M) samples and rapidly obtaining structural information about Ln-molecule
complexes using conventional techniques such as nuclear magnetic resonance
(NMR)[12], fluorescence [2-4], and electron spin resonance (ESR) spectroscopy [13],
remain challenging. Therefore, developing more sensitive and efficient techniques for
measuring the characteristic signals of Ln*" ions, particularly in low-concentration(<10-
M) samples, is an important research focus. Raman spectroscopy is a non-destructive
technique that provides molecular fingerprints [14] and vibrational information [15] on
Ln-molecule complexes. When a molecule is adsorbed on a noble metal surface, its
Raman intensity is enhanced by electromagnetic or chemical effects, such as charge-

transfer (CT).[16] This phenomenon known as surface-enhanced Raman scattering
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(SERS) [16-18], enables the detection of low concentrations (<10°M) and even single
molecules [18]. Thus, SERS is a valuable method for measuring the characteristic
signals of Ln*" ions and can be integrated with other standard techniques for multimodal
measurement.

However, due to the similar chemical properties of Ln** ions, their molecular
complexes also exhibit similar chemical structures, rendering their vibrational spectra
difficult to distinguish [19]. Moreover, because the 4f orbitals are shielded by the 5s
and S5p orbitals, they provide a wealth of energy levels while not directly participating
in bonding [1]. Consequently, certain Ln** ions with multiple energy levels [20], such
as Pr**, Nd**, and Eu**, may exhibit fluorescence interference in Raman measurements
[21,22] or induce resonance Raman effects due to energy absorption [23], further
complicating the analysis of Ln-molecule complexes. Thus, the application of SERS to
Ln-molecule complexes is limited to some extent, primarily focusing on individual Ln**
ions. Examples include, investigating the effect of Nd*" ions on semiconductor SERS
substrates [24], exploring SERS enhancement mechanisms in Gd-complexes [25], and
developing MRI-SERS multimodal Gd-fluorescent probes [26]. Our previous research
successfully classified La** and Gd** ions, which have significant spin differences,
using SERS technique [19]. However, the feasibility of using SERS to distinguish other
Ln*" ions, particularly those with smaller differences in electronic configuration, such
as Pr’" and Nd**, remains unverified. Additionally, because of the complex 4f electronic
configuration of Ln>" ions and pronounced relativistic effects [27], conventional density
functional theory (DFT) methods face significant challenges in simulating the SERS
spectra of Ln-molecule complexes, although we partly succeeded in simulating the
SERS spectra of La-citrate and Gd-citrate complexes [19]. Therefore, simpler and more

efficient SERS simulation methods must be developed to assist in the analysis of
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experimental SERS spectra and advance the study of Ln-molecule complexes.

In this study, we investigated the relationships between the characteristic peaks in
the SERS spectra of Ln-citrate complexes using a combined experimental and
computational approach, with a primary focus on understanding how the electronic
structure of Ln** ions governs their spectral behavior, rather than aiming at precise ion
identification. Ln with 0-7 (excluding 4) unpaired 4f electrons, representing La, Ce, Pr,
Nd, Sm, Eu and Gd, respectively, were selected for this study. Pm, with 4 unpaired 4f
electrons, was excluded from the study because of its radioactivity and instability. The
SERS spectra of the Ln-citrate complexes were obtained using citrate-capped silver
nanoparticle (citrate@AgNP) colloids containing the corresponding Ln®" ions added.
Using DFT-simulated SERS spectra for peak assignment, we conducted a detailed
analysis of the differences in the SERS spectra and possible mechanisms underlying
these differences. These results provide fundamental insights into how the 4f electronic
configuration of Ln*" ions indirectly affects their SERS spectral behavior. This
understanding lays a foundation for developing more informed approaches to SERS
measurement and simulation of Ln-molecular complexes, and for advancing the

broader exploration of SERS and coordination chemistry in Ln-molecule complexes.

4.3 Experimental methods and data processing

Chemicals. Six different lanthanide oxides were used to prepare Ln*" solutions.
Lay03, PrsO11, Nd203, and Gd>O3 were sourced from Fujifilm Wako Pure Chemical
Corporation (Japan), while Sm203 and Eu203 were obtained from Kanto Chemical Co.,
Inc (Japan). All lanthanide oxides had a purity of > 99%. Ultrapure water from a Direct-
Q® UV 3 system (Millipore, USA) was used as the solvent. Ln(NO3); (Ln: La, Pr, Nd,
Sm, Eu, and Gd) solutions with a concentration of 0.2 M were prepared by dissolving

the corresponding lanthanide oxides in 1 M HNO; (Fujifilm Wako Pure Chemical
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Corporation, Japan) under heating. These mother solutions were then diluted with
ultrapure water to obtain 2x10 M Ln(NO3); solutions. A 0.2 M Ce(NOs)s solution was
prepared by dissolving Ce(NOs); crystals (99%, Fujifilm Wako Pure Chemical
Corporation, Japan) in ultrapure water. Citrate@AgNPs, colloidal AgNPs dispersed in
water and stabilized by surface-bound citrate molecules, were prepared using a
modified Lee & Meisel method as described in our previous study[19].
Characterization. Samples for SERS measurements were prepared by adding 50 pL
of the 2x10° M Ln(NOs); solution to 1 mL of citrate@AgNPs, obtaining a
concentration of 1x10* M for each Ln-citrate@AgNPs sample. The samples were
stored at room temperature for 12 hours prior to spectroscopic measurements.

For the ultraviolet-visible (UV-Vis) measurements, each SERS sample was diluted
10-fold with ultrapure water, and the measurements were conducted using a UV-Vis-
NIR spectrometer (V-770, JASCO, Japan) with a 1 cm path-length polystyrene cuvette.
Ultrapure water was used as the blank liquid.

SERS measurements were conducted using clean soda glass capillaries (1.1 x75
mm, DWK Life Sciences, USA) to hold the sample solutions, which were allowed to
stabilize for approximately 8-12 hours before measurement. SERS spectra were then
measured using a Raman microscope (T64000, Horiba Scientific, Japan) equipped with
a 90X objective using 488, 532 and 660 nm laser at power levels of 50, 50, and 100
mW, respectively. The corresponding energy powers at the sampling points were 101,
85, and 110 mW pm™, respectively. To avoid sample damage from high-power laser
exposure and ensure repeatability, the exposure time for the SERS measurements was
set to 30 seconds with 2 accumulations. Raman shift correction was performed using
indene.

Spectral analysis was carried out using OriginPro 2022 (OriginLab Corporation,
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Northampton, MA, USA.). Baseline removal from the raw spectra was achieved using
the interpolation mode, followed by noise reduction using the Savitzky-Golay method

applied twice with an 11-point window and polynomial order of 1.

4.4 Improved simulation methods and validation

The simulated SERS spectra of the Ln-citrate complexes on a silver surface were
calculated using a simplified model based on our previous work[19]. The Ln-citrate
complexes were modeled as LnCit using the trisodium citrate structure, which was
obtained from the Cambridge Crystallographic Data Centre (CCDC,

http://www.ccdc.cam.ac.uk, deposition number: 1478188). To represent the silver

surface, a cluster of 11 Ag atoms, approximating the size of the LnCit complex, was
extracted from a bulk Ag crystal along the (111) plane[28].

Geometry optimization and vibrational spectra calculations were performed using
DFT with accurate Hessian matrices in the Gaussian 16 software (Revision C.01,
Gaussian, Inc., Wallingford CT, USA)[29]. Vibrational and structural analysis of the
optimized systems were performed using the GaussView software (Version 6,
Semichem Inc., Shawnee Mission, KS, USA)[30]. The commonly used B3LYP
functional is not suitable for transition metals[31,32] and lanthanides[33,34]; the PBEO
functional[35] has been reported to provide better results for Ln-molecule
complexes[36] and small molecules[37]. Thus, we employed the PBEO functional with
DFT-D3(BJ) dispersion correction[38] to accurately describe the Ln elements. The
solvent environment was modeled as water using the SMD model[39]to replicate the
experimental conditions. Considering the significant influence of basis sets on the
geometry optimization of trisodium citrate and the Ln-citrate-Agi1 complexes, the aug-
cc-pvdz basis set[40] was used for C, H, O, and Na, and def2-svpd[41] and def2-tzvpd

basis sets[42] for Ag and Ln, respectively. Due to convergence difficulties with some
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Ln-citrate complexes, large-core relativistic effective core potentials (ECPs)[43] were
consistently used for all Ln*" ions. A large-core ECP replaces all electrons of the ion
except for other valence electrons in the 6s, 5s, 5p and 5d orbitals. Thus, based on the
number of inner electrons of the Ln®" ion replaced by the ECP, the scalar relativistic
large-core ECPs MWB47, MWB48, MWB49, MWB51, MWB52, MWB53, and
MWB54 were employed for Ce**, Pr**, Nd**, Sm**, Eu**, and Gd*", respectively, to
replace the corresponding small-core ECPs in the def2-tzvpd basis set. The simulated
Raman spectra of Ln-citrate-Agi; (simulated SERS spectra of Ln-citrate) were obtained
by converting the Raman scattering activity of each vibrational mode to the Raman
intensity / using the equation (2.6)[44].

The Raman shifts in the simulated SERS spectra were scaled by scaling factors of
0.956 and 0.971 for PBEO-D3(BJ)/aug-cc-pvdz and PBEO-D3(BJ)/def2-tzvpd,
respectively, as obtained from the literature [45,46]. The Raman shifts in the region of
1000-1700 cm™ were scaled by a factor of 0.956, and then those in the region of
1000—1250 cm™! (after the first scaling) were scaled by a factor of 0.971 to account for
the effects of the Ln** ions. The full width at half maximum of all simulated SERS
spectra was set to 25 cm™! to approximate the experimental spectra.

Additionally, energy calculations of the Ln-citrate-Ag;; complexes (Ln: La and
Gd) were performed at the PBEO-D3(BJ)/def2-tzvpp [47] level the small- and large-
core ECPs to determine the effect of ECP-size on energy. The all-electron basis, x2c-
tzvppall [48] were also used for those energy calculations with DKH4 Hamiltonian [49].
All DFT calculation results were analyzed using the Multiwfn software [50,51] (3.8-
dev version, Beijing Kein Research Center for Natural Sciences, China).

Due to the complex 4f electronic configuration of lanthanide elements, DFT

calculations often struggle with SCF convergence, leading to failed computations. In
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this study, we used DFT-based simulations to explore how complexes adsorb onto silver
clusters and to perform frequency analysis. According to Xiaoyan Cao’ s research [52],
energy calculation errors mainly stem from mismatches between the valence basis set
and the effective core potential (ECP). Additionally, M. Wang et al. [53] found that
while metal complexes are more sensitive to basis set choices than organic molecules,
these variations do not cause significant discrepancies.

To investigate this, we analyzed Gd-citrate-Agi1 as a case study, comparing
frequency calculations using the default def2-tzvpd valence basis set with different ECP
sizes for various adsorption conditions (modes), as shown in Figure 4.1. Figures 4.1(a)-
(e) illustrate how ECP size affects adsorption between the Gd-citrate complex and the
Agii cluster. We also compared experimental spectra with simulated spectra from five

adsorption modes to assess limitations in single-molecule SERS simulations.
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Figure 4.1. Frequency calculations of different adsorption modes between Gd-citrate
and the Agii cluster with different ECP size

Figure 4.1(f) suggests that the experimental spectrum includes signals from
100



multiple adsorption modes, consistent with real measurements involving high Gd-
citrate concentrations. Despite differences in adsorption modes, the same vibrational
patterns appear in the experimental spectrum. The effects of ECP size variations on

frequency calculation results are minor and acceptable.

(a)

1.8

(b)

Figure 4.2. HOMO-LUMO energy gap of (a) La-citrate and (b) Gd-citrate from
different calculations. Orange: calculated using the def2-tzvpp valence basis set +
small-core ECP, Green: calculated using the def2-tzvpp valence basis set + large-core
ECP, Yellow: calculated using the all electron basis set x2c-tzvppall.

We also examined La-citrate-Agi1 and Gd-citrate-Agii to evaluate how different

ECP sizes affect HOMO-LUMO energy calculations, comparing the results to those
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obtained with an all-electron basis set (Figure 4.2). The results show that using a large-
core ECP with the same valence basis set produces values closer to those from the more
accurate all-electron calculations. This finding confirms that the simplified calculation

method used for Ln-citrate in this study is reliable.

4.5 Analysis of experimental SERS spectra

We first compared the SERS spectra (Figures 4.3-4.9) of different samples loaded
in capillaries under 488, 532, and 660 nm laser excitation in the range of 450-2000 cm”
!. To improve spectral clarity, all spectra were preprocessed by baseline correction and
noise reduction. However, cosmic ray spikes were not removed to avoid unintended
modification of narrow peak features. All spectra exhibited stable SERS peaks near 737,
940, 1065, 1315, and 1485 cm™!, though the exact peak intensities and profiles varied
depending on the sample type and excitation wavelength. Additionally, since the spectra
were measured at different measurement points, some spectra displayed extra SERS
peaks that were not consistently observed. These variations are attributed to differences
in Ag nanoparticle aggregation at different measurement points, leading to spatial
variations in hotspot distribution. Such variations also contributed to noticeable
differences in the absolute SERS intensity.

Even for the stable peaks at 940, 1065, and 1315 cm™, their relative intensities
varied depending on the measurement point. These differences arose not only from
hotspot distribution but also from manual focusing and instrumental fluctuations during
signal collection. These factors could also cause slight shifts in peak positions, such as
the SERS peak near 940 cm™ even when the full width at half maximum (FWHM)
remained similar.

For a single sample under a single excitation wavelength, the SERS spectra

showed only minor variations, and the peaks near 1065, 1315, and 1485 cm™' were
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stable and reproducible in terms of Raman shift. The relative intensity ratio between the
1065 and 1315 cm™! peaks exhibited a clear trend that depended on the type of Ln3* ion
and was largely unaffected by the excitation wavelength. In contrast, the relative
intensity ratio between the 1485 and 1315 cm™' peaks varied with the excitation
wavelength and showed weak dependence on the Ln** species. These trends became
more evident after normalization to the 1315 cm™ peak and are consistent with our
previous findings. A detailed analysis of these trends is presented in the following

section.
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Figure 4.3 (a) and (b): (a)SERS spectra of La-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1312 cm™ peak.(c) and (d): (c)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1311 cm! peak.(e)
and (f): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
1310 cm™ peak.
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Figure 4.4 (a) and (b): (a)SERS spectra of Ce-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1313 cm™ peak.(c) and (d): (c)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1312 cm™! peak.(e)
and (f): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
1310 cm™ peak.
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Figure 4.5 (a) and (b): (a)SERS spectra of Pr-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1312 cm™ peak.(c) and (d): (c)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1312 cm™! peak.(e)
and (f): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
1310 cm™ peak.

106



| | ‘ \ ¢
Eseo | §'
3 ohuet M\ 2,
> ; \ .
L M\ ;
£ o0 = | 20
410 M\\‘- 1
o‘fm !

[=]

g M
0 1 l

500 1000 1500 2000 1000 1500 2000
Raman shift (cm™) Raman shift (cm™)

o

-

1
’

0 [ ‘:
gzoo 2z |
.§.° .§
&1200 — : ! !Q
E G_m * 30
£ - |1
£4400 €1-

0 2

|
;

00 }
”0 A*AA-.* ‘

0
500 1000 1500 2000 500 1000 1500 2000
Raman shift (cm™) Raman shift (cm™)
(e) 0 1 1313 | (f) 1 1066 1313
380 " 1491 R 1491
0 R L—. [
S 1
380 !
&
0 N g
2z 1
5160 £
g, NG ‘ E o
% 140 E !
c
s Es—--. 0 A
& ‘ z {
t\_\_\-—-_-ﬂ (et A
' |
120
0 BT AW e A\I-—- () L) A%V SR
500 1000 1500 2000 500 1000 1500 2000
Raman shift (cm™) Raman shift (cm™)

Figure 4.6 (a) and (b): (a)SERS spectra of Nd-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1314 cm™ peak.(c) and (d): (c¢)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1312 cm™! peak.(e)
and (f): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
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Figure 4.7 (a) and (b): (a)SERS spectra of Sm-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1314 cm™ peak.(c) and (d): (c)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1314 cm™ peak.(e)
and (f): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
1310 cm™ peak.
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Figure 4.8 (a) and (b): (a)SERS spectra of Eu-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1315 cm™! peak.(c) and (d): (c)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1314 cm™ peak.(e)
and (): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
1312 cm! peak.
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Figure 4.9 (a) and (b): (a)SERS spectra of Gd-citrate complexes under 488 nm
excitation and (b) spectra normalized to the 1315 cm™! peak.(c) and (d): (c)SERS
spectra under 532 nm excitation and (d) spectra normalized to the 1315 cm™ peak.(e)
and (): (e)SERS spectra under 660 nm excitation and (f) spectra normalized to the
1314 cm! peak.

110



4.6 Peak assignment and spectral features analysis
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Figure 4.10. (a) Schematic of the research methods used in this study. (b)
Experimental and simulated SERS spectra of Gd-citrate. (¢) UV-Vis extinction spectra
of original citrate@AgNP and Ln-citrate@AgNP samples.

Figure 4.10a shows a schematic diagram of the research methods used in this study.
When individual Ln** ions are added to citrate-capped AgNP colloids, they coordinate
to the citrate molecules on the AgNP surface to form Ln-citrate complexes (denoted as
Ln-citrate@AgNP, where AgNP serves as the core and Ln-citrate as the shell).
Simultaneously, the addition of individual Ln*" ions induces the aggregation of AgNPs.
In these aggregates, a strong electromagnetic field is generated by the localized surface
plasmon resonance (LSPR) effect when the distance between the AgNPs becomes
sufficiently small. The regions with such intense electromagnetic fields are referred to
as "hotspots."[16-18] When Ln-citrate complexes are located within these hotspots,

their Raman signals are significantly enhanced. To investigate the difference between
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the SERS of the Ln-citrate complexes, we performed SERS measurement, UV-Vis
measurements, and SERS simulations The SERS spectra were simulated by computer
modeling of simplified Ln-citrate@AgNP structures (Ln-citrate-Agii complexes). As
an example, the simulated and experimental SERS spectra of Gd-citrate is shown in
Figure 4.3b. The close resemblance between the two spectra enabled the use of the
simulated spectrum for vibrational mode analysis and peak assignment. The UV-Vis
extinction spectra were also measured to check both the absorption and scattering of
light by the AgNPs. Figure 4.10c shows the UV-Vis extinction spectra of the SERS
samples diluted 10-fold with ultrapure water. The strong extinction at approximately
400 nm is primarily due to LSPR, where free electrons collectively oscillate in response
to light[16]. Thus, the gradual decrease in extinction can be explained by the
aggregation of AgNPs as Ln>" ions are added. Table 4.1 summarizes the absorption[54],
and emission wavelengths[21] of the different Ln*" ions, along with their electronic
configuration, ionic radii, and spin[1].

Table 4.1. Basic information on Ln*'[1,21,54]

Type Electronic Ionic Total  Absorption Emission
of configuration radius spin S wavelength wavelength (nm)
Ln** (pm) (nm)
La*t  [Xe]4f 103.2 0 None None
Ce’"  [Xelsf! 101 172 215, 240, 257, 320,339
273
Pr"  [Xe]4f? 99 1 442, 590 482,607, 614, 641
Nd**  [XeJ4f 98.3 312 355, 455, 525, 864, 895, 1053,
580, 680 1330
Sm**  [Xe]4f 95.8 5/2 343, 405, 522 560, 596, 606, 644,
653, 702
Eu’"  [Xel4f® 94.7 3 316, 396 573, 580, 588, 616,
630, 640, 690, 700
Gd*  [XeJ4f’ 93.8 7/2 275, 308 305,312

We also analyzed the simulated SERS spectra of selected Ln-citrate (Ln: La, Ce,
Pr, Nd, Sm, Eu, and Gd) to assign the SERS peaks based on each vibrational mode

(Tables 4.2-4.8). All tables used the same symbols for peak assignment: v indicates
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stretching, vsym 1S symmetric stretching, vasym 1s asymmetric stretching, 6 is in-plane
bending and rocking, and vy is out-of-plane wagging and twisting. The calculated SERS

frequencies were scaled by using scaling factors.

Table 4.2. The vibrational modes contained in each simulated SERS peak of La-citrate

Simulated SERS Vibrational mode | Frequency (cm™) Assignment
peak (cm™) (number)
627 32 629 3(CO0O")
681 33 681 3(CO0O")
712 34 712 3(COO)+ y(COO")
745 35 745 3(COO)+ y(COO)
840 36 840 v(CCCC-0)
37 842 v(CCCC-0)
919 38 917 v(C-CO0O)
937 39 934 d(CH2)
40 939 d(CH2)
970 41 970 v(C-CO0O)
1011 42 996 v(CH>)
43 1013 v(CH>)
1101 44 1096 v(CH>)
45 1102 v(C-O---La)
1170 46 1170 v(CH>)
47 1187 v(CH>)
1121 48 1211 v(CH>)
1328, 1345 49 1320 Vsym(COO"),
O(CH>)
50 1326 Vsym(COO"),
3(CH»)
51 1347 Veym(COO),
3(CH»)
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52 1365 Vsym(COO),
d(CH>)

53 1375 Vsym(COO),
8(CH>)

1473 54 1463 Vasym(COO"),
Y(CH>)

55 1474 Vasym(COQO"),
v(CH>)

56 1492 Vasym(COO"),
y(CHa)

Table 4.3. The vibrational modes contained in each simulated SERS peak of Ce-citrate

Simulated SERS Vibrational mode | Frequency (cm™) Assignment
peak (cm™) (number)
629 32 631 3(CO0O)
681 33 681 3(CO0O)
710 34 710 3(COO)+ y(COO)
744 35 744 3(COO)+ y(COO)
841 36 840 v(CCCC-0)
37 842 v(CCCC-0)
922,938 38 920 v(C-COO)
39 936 d(CH>)
40 942 d(CH>)
967 41 967 v(C-COO)
1007 42 1001 v(CH>)
43 1013 v(CH>)
1102 44 1097 v(CH>)
45 1104 Vv(C-O---Ce)
1171 46 1171 v(CH>)
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47 1190 y(CHz)
1250 48 1250 y(CHz)
1343 49 1323 Vsym(COO),
8(CH>)
50 1333 vsym(COO),
8(CH>)
51 1346 Vsym(COO),
d(CH>)
52 1362 Veym(COO"),
8(CH>)
53 1377 Vsym(COO),
8(CHa)
1478 54 1477 Vasym(COO),
v(CH>)
55 1478 Vasym(COO"),
y(CHa)
56 1504 Vasym(COO"),
Y(CH2)

Table 4.4. The vibrational modes contained in each simulated SERS peak of Pr-citrate

Simulated SERS Vibrational mode | Frequency (cm™) Assignment
peak (cm™) (number)
627 32 629 3(CO0O)
680 33 681 3(CO0O)
740 34 713 3(COO)+ y(COO)
35 742 3(COO)+ y(COO)
839 36 837 v(CCCC-0)
37 840 v(CCCC-0)
923 38 921 v(C-CO0O)
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39 935 8(CH>)
40 939 8(CH>)
972 41 972 v(C-COO)
1006 42 1003 y(CH2)
43 1016 y(CH>)
1106 44 1104 y(CH>)
45 1111 v(C-O---Pr)
1172, 1194 46 1172 y(CH>)
47 1194 v(CH>)
1254 48 1254 y(CHa)
1339 49 1318 Vsym(COO),
8(CHa)
50 1333 Veym(COO"),
8(CH>)
51 1339 Veym(COO),
8(CH>)
52 1356 Veym(COO"),
8(CHa)
1377 53 1377 Vsym(COO),
8(CHa)
1484 54 1483 Vasym(COO"),
Y(CHa)
55 1488 Vasym(COO"),
v(CH>)
56 1511 Vasym(COO"),
Y(CHa)

Table 4.5. The vibrational modes contained in each simulated SERS peak of Nd-citrate

Simulated SERS Vibrational mode | Frequency (cm™) Assignment
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peak (cm™) (number)
627 32 629 o(CO0O)
680 33 681 o(CO0O)
741 34 713 O(COO)+y(COO)
35 742 3(COO"Y+ y(COO")
840 36 836 v(CCCC-0)
37 840 v(CCCC-0)
922 38 921 W(C-CO0")
39 934 O(CH2)
40 938 O(CH»)
971 41 971 v(C-COO)
1007 42 1003 v(CH>)
43 1016 v(CH>)
1105 44 1104 ¥(CHy)
45 1111 V(C-0-+"Nd)
1172, 1194 46 1172 ¥(CHy)
47 1194 v(CH»)
1254 48 1254 ¥(CHy)
1338 49 1317 Vsym(COO"),
3(CHb»)
50 1332 Vsym(COO"),
5(CHy)
51 1339 Vsym(COO),
5(CHy)
52 1354 Vsym(COO"),
3(CH»)
1378 53 1378 Vsym(COO"),
3(CH»)
1485 54 1483 Vasym(COQO"),
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Y(CH>)

55 1490 Vasym(COO"),
Y(CH>)

56 1512 Vasym(COO),
Y(CH>)

Table 4.6. The vibrational modes contained in each simulated SERS peak of Sm-citrate

Simulated SERS | Vibrational mode | Frequency (cm™) Assignment
peak (cm™) (number)
632 32 632 3(COO0O")
680 33 680 3(COO0O")
712 34 712 3(COO)+ y(COO")
747 35 747 3(COO)+ y(COO")
842 36 839 v(CCCC-0)
37 842 v(CCCC-0)
925 38 922 v(C-COO)
39 934 d(CH>)
40 941 3(CH>)
970 41 970 v(C-COO")
1004 42 1003 v(CH>)
43 1015 v(CH>)
1107 44 1103 v(CH>)
45 1113 v(C-O---Sm)
1173, 1195 46 1173 v(CH>)
47 1195 v(CH>)
1254 48 1254 v(CH>)
1338, 1378 49 1317 Vsym(COO"),
3(CH»)
50 1335 Vsym(COO"),
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d(CH>)

51 1338 Vsym(COO),
8(CH>)

52 1355 Vsym(COO"),
8(CH>)

53 1381 Vsym(COO"),
d(CH>)

1480 54 1478 Vasym(COO"),
y(CHa)

55 1493 Vasym(COO"),
v(CH>)

56 1519 Vasym(COO),
v(CH>)

Table 4.7. The vibrational modes contained in each simulated SERS peak of Eu-citrate

Simulated SERS | Vibrational mode | Frequency (cm™) Assignment
peak (cm™) (number)
626 32 628 3(COO0O")
683 33 683 3(COO0O")
742 34 719 3(COO)+ y(COO")
35 744 3(COO)+ y(COO")
847 36 839 v(CCCC-0)
37 848 v(CCCC-0)
930 38 920 v(C-COO)
39 934 d(CH>)
40 944 O0(CH>)
963 41 965 v(C-COO")
1000 42 1000 v(CH>)
43 1014 v(CHa)
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1101 44 1096 y(CHz)
45 1108 v(C-O---Eu)
1167, 1190 46 1167 y(CHz)
47 1190 Y(CHa)
1251 48 1251 y(CHz)
1334 49 1317 Vsym(COO),
8(CH>)
50 1331 Vsym(COO),
8(CH>)
51 1338 Vsym(COO),
8(CH>)
52 1351 Veym(COO"),
8(CH>)
53 1369 Veym(COO"),
8(CH>)
1476 54 1475 Vasym(COO"),
Y(CH2)
55 1493 Vasym(COO),
Y(CH2)
56 1520 Vasym(COO"),
v(CH>)

Table 4.8. The vibrational modes contained in each simulated SERS peak of Gd-citrate

Simulated SERS Vibrational mode | Frequency (cm™) Assignment
peak (cm™) (number)
630 32 630 3(CO0O")
682 33 682 3(CO0O")
745 34 722 3(COO)+ y(COO)
35 746 3(COO)+ y(COO)
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839 36 838 v(CCCC-0)
37 840 v(CCCC-0)
927 38 925 v(C-COO)
39 935 8(CHa)
40 938 6(CHa)
974 41 974 v(C-COO)
1002 42 1000 ¥(CH>)
43 1015 Y(CHa)
1104 44 1101 y(CHz)
45 1111 v(C-0---Gd)
1171, 1192 46 1171 ¥(CHa)
47 1192 Y(CHa)
1253 48 1253 ¥(CHa)
1338 49 1318 Vsym(COO),
8(CHa)
50 1333 Veym(COO"),
3(CH>)
51 1339 Vsym(COO"),
8(CH>)
52 1363 Vsym(COO"),
8(CH>)
53 1379 Vsym(COO"),
3(CH>»)
1477 54 1475 Vasym(COO"),
v(CH>)
55 1484 Vasym(COQO"),
Y(CHa)
56 1512 Vasym(COQO"),

v(CH>)
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We combined experimental measurements with DFT-based peak assignments to
analyze the SERS spectra of Ln-citrate complexes. Figures 4.11-4.13 show the
experimental SERS spectra collected at 488, 532, and 660 nm, respectively, over the

450-2000 cm™! range, with most signals originating from citrate.

-Ci 1489
500 -La cntrate1 o6

735 949

500  Ce-citrate | 1486
1065

740 946

1

1000 r Pr-citrate 13121488
: 1064
E 500_ 740 938
c
= 0 s ' :
§ 1000 _—Nd-cnratew‘54 1314 1486
2 900 739
i A0 .
21500 fSm-citrate 13141487
=1000 | 1064
500 - 740 933
i ) 13151485
1000 _Eu-C|trate1 —
500 740 937

1

1508 -Gd-citrate 1315 1488
1000 1064
500F 738 938

0 R A 1
500 1000 1500 2000
Raman shift (cm™)

Figure 4.11 SERS spectra of Ln-citrate complexes under excitation at 488 nm.
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Figure 4.12 SERS spectra of Ln-citrate complexes under excitation at 532 nm.
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Figure 4.13 SERS spectra of Ln-citrate complexes under excitation at 660 nm.

Although Nd-citrate and Pr-citrate might exhibit pre-resonance Raman effects[23]
at 488 nm and 532 nm, respectively (Table 4.1), their spectra did not changes, likely
because the resonance in the coordination region was not pronounced. Similarly, the

absence of fluorescence for Sm** and Eu*" can be attributed to quenching[55,56] on the
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AgNP surface. Consistent with our previous study[19], the overall similarity in the
spectral profiles of the Ln-citrate complexes is attributed to their similar structures.
Detailed peak assignments were performed with the aid of DFT simulations (Figure
4.14 and Table 4.9). In the 450-1000 cm™ region (Figures 4.11-4.13), the small peaks
around 620 and 700 cm™ were assigned to different 5(COO"), peaks around 740,820
and 945 cm™ were assigned to §(COO) + y(COO"), v(CCCC-0) and v(C-COO") +
O0(CH2), respectively. Under 488 and 532nm excitation, the relative intensity
differences among these peaks were not significant; however, under 660 nm excitation,
the peak near 740 cm™! exhibited a significantly higher relative intensity than the other
peaks in this region. In the 1000-1700 cm™' region, the large peaks at approximately
1065, 1315, and 1485 cm™ were ascribed to y(CHz) + v(C-O---Ln), vsym(COO") +
O(CHz), and vasym(COO™) + y(CHz), respectively. The peak positions slightly varied
depending on both the Ln*" species and excitation wavelength. This can be attributed
to a secondary enhancement effect arising from electromagnetic (plasmon resonance

variations) and chemical (CT related bond orientation) contributions[16,17,19].
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Table 4.9. Peak assignments of Ln-citrate complexes

Type of Raman shift (cm™)
Ln-citrate 620, 700 740 820 937, 945 1065 1315 1485(1491%)
La-citrate 3(CO0") 3(CO0N), v(CCCC-0) v(C-C00), V(C-O—-La),  vem(COO), Vasym(COO"),
7(COO") 5(CHa) v(CH>) 8(CHa) v(CH>)
Ce-citrate 3(CO0O") 5(CO0), v(CCCC-0) v(C-COO"), v(C-0O---Ce), Vsym(COO), Vasym(COO"),
y(COO") O(CH») v(CH>) O(CH») v(CH>)
Pr-citrate 8(COO") 5(CO0M), V(CCCC-0) V(C-COO"), V(C-O--Pr), Veym(COO"), Vasgm(COO"),
¥(COO") 3(CH,) v(CHz) 3(CHa) v(CH>)
Nd-citrate 8(COO") 8(COOM), V(CCCC-0) v(C-CO0"), V(C-0-Nd),  vem(COO), Vasym(COO"),
¥(COO") 3(CH,) v(CHz) 3(CHa) v(CH>)
Sm-citrate 8(COO") 5(CO0M), V(CCCC-0) V(C-COO"), V(C-0--Sm),  Veym(COO), Vasym(COO"),
¥(COO") 5(CH>) v(CH>) 5(CHa) v(CH>)
Eu-citrate 8(COO") 5(CO0M), V(CCCC-0) v(C-CO0"), VC-0-Eu),  veym(COO), Vasym(COO"),
¥(COO") 5(CH>) v(CH>) 5(CHa) v(CH>)
Gd-citrate 8(CO0") 3(CO0M), V(CCCC-0) v(C-COO"), V(C-0--Gd),  Vem(COO), Vasym(COO"),
7(COO") 5(CHa) v(CH>) 5(CHa) v(CH>)
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Figure 4.14. Experimental SERS spectra (red curves) at 1x10™* M, calculated
vibrational modes (black curves), and simulated SERS spectra (blue curves) for (a)
La-citrate, (b) Ce-citrate, (c) Pr-citrate, (d) Nd-citrate, (¢) Sm-citrate, (f) Eu-citrate,

and (g) Gd-citrate. As shown in the structures, all simulations were based on a single-
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molecule SERS model. Some regions between 1000 cm™ and 1213-1250 cm™ were
missing due to double scaling when the spectra were exported to Multiwfn. However,
this has no effect on the results bej'ca.use the‘re are no vibrational modes in these
missing regions.

Complementarily, Figure 4.14 presents the experimental SERS spectra of the Ln-
citrate complexes under 532 nm excitation, alongside their simulated spectra and the
optimized structures of Ln-citrate-Agii clusters. The simulated spectra accurately
reproduced the principal peaks observed experimentally beyond 1000 cm™, despite
some discrepancies in the other regions. These differences can be attributed to several
factors: (i) Experimental SERS signals arise from multiple enhancement mechanisms
and are influenced by the laser frequency, whereas simulated spectra are computed
under a static external field (zero frequency)[57] representing the ground-state CT
effect[16,17]; (i1) The simulation considers only a single Ln-citrate adsorption mode on
the Agii cluster, which does not capture the complexity of the multi-molecular
adsorption modes present in experiments(Figure 4.1). (iii) Inherent limitations of the
DFT approach, including influences from the solvent environment and basis set
selection, may lead to Raman shift errors that can be scaled using frequency scaling
factors[19,58,59]. In addition, the effect of the ECP-size on the simulation results was
verified to be at acceptable levels (Figures 4.1 and 4.2). Thus, although the absolute
intensities from the DFT-calculated SERS spectra may not be directly comparable to
the experimental values, the scaled Raman shifts provide a reliable basis for accurate
peak assignment.

We also analyzed the effect of the excitation wavelength on the SERS spectrum of
each individual Ln-citrate complex. The relative intensity of the peaks at approximately
1065 and 1315 cm! under 488 nm excitation was similar to that under 532 nm

excitation. However, the relative intensity of the peaks at approximately 1315 and 1485
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cm’! differed significantly at these two excitation wavelengths. This is consistent with
our previous study[ 19], which indicated that as the excitation wavelength moves further
away from the LSPR peak (around 400 nm), the peak around 1315 cm™! becomes
stronger relative to the peak near 1485 cm™!. Furthermore, at an excitation wavelength
of 660 nm, the signal-to-noise ratio decreased, leading to a reduction in spectral quality
while the relationship of relative intensities of each peaks became even more
pronounced. The characteristic peak around 1485 cm™ shifted to 1491 cm™, and its
relative intensity is lower than that of the peak near 690 cm™. This significantly lower
SERS peak intensity under 660 nm excitation compared with those under 488 and 532
nm excitation can be explained by two reasons. The first reason is that the 660 nm laser
has a lower frequency, resulting in a lower Raman scattering intensity than those at
excitation wavelengths of 488 nm and 532 nm. The Raman scattering intensity I,
corresponding to the transition from state m to state n, is described by equations (2.4)
and (2.5)[60,61]:

Equation (2.4) indicates that the Raman scattering intensity is proportional to the
fourth power of the scattered light frequency v; + v,,. As v; > v, , the Raman
scattering intensity is considered proportional to the fourth power of the incident light
frequency v;.The second reason is that under 660 nm excitation, the LSPR intensity in
the range corresponding to the Raman shift is lower compared to that under 488 nm and
532 nm excitation, resulting in a lower SERS intensity. Notably, only the SERS
spectrum of Ce-citrate exhibited a broad peak near 527 cm™ under 660 nm excitation,

although the mechanism responsible for its appearance remains unclear.

4.7 lon-dependent spectral variations and
mechanistic analysis

Furthermore, we compared the relative intensities of the peaks around 1065, 1315
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and 1485 cm! in the experimental SERS spectra of various Ln-citrate complexes at
different excitation wavelengths (Figures 4.15 and 4.16). The relative intensities of the
SERS peaks, SERS intensity ratios, were obtained by normalizing the peak intensity
around 1065 or 1485 cm™ to the peak near 1315 cm™!. Notably, due to limitations in our
experimental conditions, SERS detection of Pm** was not performed. However, to
facilitate analysis of the effect of the number of unpaired 4f electrons of Ln*" on the

SERS spectra, Pm*" was included as a blank reference.
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Figure 4.15. SERS intensity ratio I106s5/11315 under excitation at (a) 488 nm, (b) 532
nm, and (c¢) 660 nm. The SERS intensity ratios were obtained by normalizing the peak
intensity around 1065 or 1485 cm™ to that near 1315 cm™'. The measurement times
(N) for La—citrate through Gd—citrate were N=9, 8, 6, 6, 6, 6, and 7, respectively,
under 488 nm excitation. N=7, 9, 6, 6, 6, 6, and 8, respectively, under 532 nm
excitation; and N=17, 8, 6, 6, 6, 6, and 6, respectively, under 660 nm excitation. Error
bars indicate + SD.
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Figures 4.15 show the values of the SERS intensity ratio I106s/I1315 under 488, 532,
and 660 nm excitation, respectively. lioes/Ii315 did not vary with the excitation
wavelengths. Conversely, except for an anomaly with Ce**, which will be discussed
later, I1065/11315 decreased with increasing number of unpaired 4f electrons, particularly
when that number exceeded 4. Thus, I106s/11315 contains information on the type of Ln**
ion. However, lio6s/I1315 is nearly identical for Ln** ions with similar electronic
configurations, limiting its use to distinguishing only ions with significantly different

electronic configurations, i.e. La*" and Gd*"[19].
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Figure 4.16. SERS intensity ratio of I14ss/I1315 under laser excitation at (a) 488 nm, (b)
532 nm, and (c) 660 nm. Notably, when the excitation wavelength is 660 nm, the peak
around 1485 cm™! shifted to 1491 cm™. The SERS intensity ratios were obtained by
normalizing the peak intensity around 1065 or 1485 cm! to that near 1315 cm™. The
measurement times (N) for La—citrate through Gd—citrate were N=9, 8, 6, 6, 6, 6, and
7, respectively, under 488 nm excitation. N=7,9, 6, 6, 6, 6, and 8, respectively,
under 532 nm excitation; and N=7, 8, 6, 6, 6, 6, and 6, respectively, under 660 nm
excitation. Error bars indicate + SD.
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Figures 4.16 show the values of the SERS intensity ratio I14g5/I1315 under 488, 532,
and 660 nm laser excitation, respectively. Ilisss/li315 increased as the excitation
wavelength decreased. The trends lioes/11315 and liags/l1315 are consistent with those
observations in our previous work. As mentioned earlier, the SERS peaks around 1065,
1315 and 1485 cm™ were assigned as y(CH2)+v(C-O---Ln), vsym(COO")+y(CH,), and
Vasym(COO")+y(CH2), respectively. According to the CT mechanistic model[16,17], all
three SERS peaks reflect excitation energy dependency. lioss/lizis and Iiass/lizis
illustrate the relationship between peak intensities at approximately 1065 and 1485 cm™
! and that around 1315 cm™ as the excitation wavelength changes. Notably, only the
peak around 1485 cm! exhibited a significant response to wavelength variation, with
its intensity increasing as the wavelength decreased. This trend was consistently
observed for the SERS spectra of all Ln-citrate complexes; thus, it can be considered to
originate from the intrinsic vibrational characteristics of citrate. As citrate does not
exhibit absorption near 488 nm [62] and Vasym(COQO7) includes the asymmetric
vibrational mode of COO~ coordinated to Ag[19,58], the wavelength-dependent
variation of I1485/I1315 can be attributed to the additional enhancement of vasym(COO™) +
v(CH:) due to the CT effect. In addition, at all excitations, [1485/11315 generally decreased
as the number of unpaired 4f electrons in Ln** ions increased. However, this trend did
not hold for Ce-citrate under 532 and 660 nm excitation, and Gd-citrate under 488, 532,
and 660 nm excitation.

At all excitation wavelengths, Ce-citrate exhibited the highest Iiges/11315,
surpassing that of La-citrate. However, under 488 nm excitation, this ratio did not show
a significant increase compared with those under 532 and 660 nm excitations. Although

statistical variations may exist because of the limited number of spectra, at least six
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measurements confirmed that the I1065/11315 of Ce-citrate is wavelength-dependent. This
suggests that Ce-citrate exhibits an additional response to non-resonant wavelengths.
However, due to experimental constraints, the underlying mechanism remains unclear
and will be explored in future studies.

To explore the possible mechanism underlying the ion-dependent variation of
Lioss/I1315 and li4gs5/11315 in the SERS spectra, we further analyzed the influence of the
Ln*" ions by comparing the variation with "lanthanide contraction." [1]. Figures 4.17
and 4.18, compare the relationship between lanthanide contraction and Iioes/11315 or
Lass/Ti315, respectively, under different excitation wavelengths. Notably, due to the lack

of experimental data for Pm**, its probable trend is represented by a dashed line.
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Figure 4.17. Comparison of lanthanide contraction (black line) with the SERS
intensity ratios I1065/11315, measured under 488 nm (blue line), 532 nm (green line), and
660 nm (red line) excitation.

As shown in Figure 4.17, except for Ce**, I16s/11315 decreased with an increase in
the number of unpaired 4f electrons in the Ln** ion. This trend was similar to lanthanide
contraction and was not affected by the excitation wavelength. The main vibration in
v(C-O---Ln) contributing to the peak around 1065 cm™' originated from the C-O bond.

Therefore, except for Ce>”, the variation in I1o6s/11315 induced by the coordination of the

C-O bond to different Ln*" ions. This trend can be explained by two complementary
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mechanisms grounded in the molecular electronic structure. (i) As lanthanide
contraction progresses with increasing 4f electron count, the Ln** ion exhibits stronger
electrostatic attraction toward coordinating oxygen atoms. This pulls electron density
from the C—O bond toward the metal center, thereby reducing the charge separation and
the effective electric dipole of the C—O---Ln. In the context of equations 2.4 and 2.5,
formalism for Raman scattering, the transition electric dipole moment between the
ground and virtual electronic states plays a key role in determining the polarizability. A
decrease in transition electric dipole moment weakens the equation 2.5 contribution to
the polarizability tensor and reduces the Raman intensity of the v(C—O---Ln) mode near
1065 cm'. (ii) Concurrently, the increased coordination strength and structural
compaction caused by lanthanide contraction lead to reduced molecular symmetry in
the coordination environment. As a result, the vibrational mode involving the C—O bond
experiences a diminished polarizability derivative (0a/0Q), further suppressing its
Raman activity. Although symmetry breaking may activate certain vibrational modes,
the specific combination of stronger metal-ligand interaction and lower anisotropic
electron cloud distribution generally reduces the magnitude of the polarizability change
during vibration. The combined effect of the reduced transition dipole moment and the
diminished polarizability derivative (0a/0Q) leads to a lower Raman intensity at 1065
cm’!. Consequently, the intensity ratio I1065/11315 decreases progressively with increasing
4f electron occupancy. These two effects reduction in transition dipole moment and
suppression of 0a/0Q which act synergistically to lower the Raman intensity at 1065
cm! relative to the internal symmetric COO~ mode near 1315 cm™, thereby explaining

the observed decrease in the I106s/11315 ratio with increasing 4f occupancy.
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Figure 4.18. Comparison of lanthanide contraction (black line) with the SERS
intensity ratios I1485/11315, measured under 488 nm (blue line), 532 nm (green line), and
660 nm (red line) excitation.

Under 488 nm excitation, the trend in lss/lizis was almost consistent with
lanthanide contraction, with a slight increase for all ions except Gd** (Figure 4.18).
However, under 532 nm excitation, the I14s5/11315 values of Ce*" and Gd** were higher
than those of the preceding Ln*" ions. Under 660 nm excitation, the I14ss/I1315 values of

Ce’", Euv’", and Gd>" were also higher than those of the previous Ln** ions. Therefore,

at these two excitation wavelengths, the trend in I1485/11315 differed completely from
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lanthanide contraction. Two of the three COO~ groups in citrate are coordinated to Ln’";
hence, the attraction between Ln*" and the negative charge on oxygen increases with
the number of unpaired 4f electrons. This results in a lower dipole moment of the C-O
bond and reduces the symmetry of the COO™ electron cloud. Therefore, except for some
Ln®" ions, I14s85/11315 generally decreases as the number of unpaired electrons increases.
However, because the peaks near 1315 and 1485 cm™ represent overlapping SERS
signals from the three COO groups of citrate and the peak near 1485 cm™! is additionally
enhanced by the CT effect, the influence of Ln** ions is irregular and showed weak
variability.

Although the variation in the relative intensity ratios of characteristic SERS peaks
is not directly governed by the lanthanide contraction, it indirectly reflects the extent of
electronic structure differences among Ln** ions. For instance, Pr** and Nd** exhibit
electronic configurations of [Xe]4f> and [Xe]4f, respectively, and differ in ionic radius
around only 0.7 pm. Consistently, their I1065/11315 ratios are nearly identical. A similar
trend is observed for Eu** ([Xe]4f®) and Gd** ([Xe]4f"), which show a radius difference
of 0.9 pm and exhibit comparable Ii06s/11315 values around 0.5. In contrast, La*" ([Xe]4{)
and Gd** ([Xe]4f") differ markedly in both 4f electron occupation and ionic radius (9.4
pm), with their I106s5/11315 ratio differing by approximately 4.5.

These findings suggest that while relative peak intensity ratios such as lioss/I1315
may not suffice for unequivocal identification of closely related Ln** ions, they are
sensitive to broader differences in 4f electron configuration and ionic character. This
spectral sensitivity offers a useful foundation for the development of future SERS-based
strategies aimed at probing and classifying lanthanide ions based on their electronic
structure.

In addition, although Ln** ions have significant mass differences, their impact on
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the vibrational modes of the peaks at approximately 1065,1315 and 1485 cm™ is

minimal. Therefore, the mass difference does not significantly affect the SERS spectra.

4.8 Summary

This work aims to uncover how variations in the 4f electron configuration of Ln**
ions modulate their vibrational spectral behavior, rather than to develop a classification
method. We successfully measured the SERS spectra of selected Ln-citrate complexes
(Ln: La, Ce, Pr, Nd, Sm, Eu, and Gd) at a concentration of 1x10* M under excitation
wavelengths of 488, 532, and 660 nm. The experimental spectra showed three major
SERS peaks at approximately 1065, 1315, and 1485 cm™!, with no detectable resonance
Raman effect or fluorescence signal, despite theoretical predictions. The simulated
SERS spectra of the Ln-citrate complexes were successfully calculated using an
optimized DFT computational method that directly replaced the small-core ECPs in the
def2-tzvpd basis set with large-core ECPs, enabling detailed vibrational analysis and
peak assignment. SERS intensity ratios were obtained by normalizing the peak intensity
I at 1065 or 1485 cm™ to the that near 1315 cm™. Ti065/11315 Was not affected by the
excitation wavelength but depended on the type of Ln*" ion. In contrast, Iiss/Iisis
increased with decreasing excitation wavelength, reflecting additional enhancement by
the CT effect. Both Iioes/11315 and liass/I1315 decreased as the number of unpaired 4f
electrons in the Ln*" ion increased, except for Ce**, Eu®, and Gd**. Although this trend
was similar to lanthanide contraction, the mechanism was different. Analysis of the Ln**
coordination region suggested that as the number of unpaired 4f electrons increases,
Ln** becomes more strongly attracted to the negative charges on oxygen. Thus, the
electric dipole moment of the C-O bond and its symmetry decrease. Because of current

experimental limitations, we did not specifically study the unique peak of Ce-citrate or
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the potential SERRS effect of Nd-citrate. These topics will be investigated in our future
work. The findings of the present study provide effective guidance and reference for

the vibrational spectroscopy studies of other lanthanides and even actinides.
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Chapter 5: General Conclusions and Future
Perspectives

5.1 Summary of main findings

Initial SERS measurement was conducted on La®" and Gd*" ions with spin
differences. The results represent the first demonstration of SERS-based discrimination
between La** and Gd**, and provides the foundation for developing a SERS-based
classification strategy for Ln** ions. A stable SERS measurement method was
established using citrate capped silver nanoparticles (citrate@AgNPs) to measure La-
and Gd-citrate complexes. Although the SERS peak positions were similar, La-citrate
and Gd-citrate exhibited clearly different relative SERS intensities around 1065,1315
and 1495 cm’'. Via DFT simulations, these differences were attributed to vibrational
modes from the coordination region. The peak intensity ratio Iioes/l131s was
approximately 1 for La** and 0.55 for Gd*", enabling qualitative classification of these
two ions.

The application of this new SERS measurement method to other Ln** ions
provides key spectral indicators and mechanistic insights for future SERS-based
classification of Ln** ions. The SERS spectra of seven Ln-citrate complexes (La, Ce,
Pr, Nd, Sm, Eu, Gd) were systematically measured under three excitation wavelengths
(488, 532, and 660 nm). All complexes showed consistent peak positions near 1065,
1315, and 1485 cm™'. While the peak positions were excitation-independent, the relative
intensities varied with the type of Ln*" ion. DFT simulations using large-core
pseudopotentials enabled detailed peak assignment. A clear trend was found: except for
Ce*" and Gd*', both Tioss/liz1s and liass/Iizis decreased with increasing number of

unpaired 4f electrons, that is similar to the pattern of lanthanide contraction.
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5.2 Scientific contributions

The main contributions of this thesis are summarized as follows: (i) A reproducible
SERS measurement platform was developed for detecting lanthanide-citrate complexes
using citrate@AgNPs. (ii) A new approach for classifying La*" and Gd*" ions was
demonstrated based on their distinct SERS intensity ratios. (iii) The SERS spectra of
seven Ln*" ions (Ln=La, Ce, Pr, Nd, Sm, Eu, and Gd) were systematically investigated,
revealing that peak ratios (Iio6s/I131s and liass/li315) correlate with 4f electron
configurations and show lanthanide contraction-like trends. (iv) A DFT-based method
using large-core pseudopotentials was constructed to simulate SERS spectra and assist
in vibrational peak assignment.

These findings together advance the understanding of how 4f electronic
configurations of lanthanides influence their SERS behavior and provide

methodological tools for future studies.

5.3 Outlook for future research
This research lays a foundation for further development of SERS -based

techniques for lanthanide analysis. Future directions include: (i) Expanding SERS
studies to other Ln** ions (e.g., Tm**, Er’*, Dy*") to establish possible classification
models based on peak ratios and spectral trends. (ii) Investigating resonance Raman or
SERRS effects, such as Ce*" and Nd** complexes, to explore enhancement mechanisms.
(1i1) Applying the developed methods to actinide elements and other 4{/5f systems to

explore their physicochemical properties.
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Appendix: Magnetic Response Detection of
La*" and Gd** via NV-centers

A-1 Chapter overview

Lanthanide (Ln) elements have unique optical and magnetic properties that arise
from their special 4f electronic configuration[1]. For +3 oxidation state Ln*" ions, the
electronic configuration is described as [ Xe]4f* (n =0-14)[1]. Differences in the number
of unpaired electrons in the 4f orbital lead to variations in the spin and orbital energy
levels among different Ln** ions, resulting in distinct optical and magnetic properties[1].
In addition, the 4f orbitals are located between the nucleus and the outer electrons and
are shielded by the 5s and 5p orbitals. This shielding makes the 4f electrons relatively
localized and less involved in chemical bonding, which causes Ln elements to have
very similar chemical properties and makes them difficult to separate[1]. Although
ultraviolet-visible-visible (UV-Vis) absorption spectroscopy [2], fluorescence
spectroscopy [3], and electron paramagnetic resonance (ESR) [4] can distinguish
different Ln*" ions based on their optical or magnetic differences, there is a requirement
for the development of more sensitive methods to study individual Ln*" ions as Ln-
molecule complexes are used in applications such as single-molecule magnets[5] and
quantum computing[6].

The nitrogen-vacancy (NV) center is a point defect in a diamond composed of a
carbon vacancy and a neighboring nitrogen atom. One creation method[7] of NV-center
i1s shown in Figure A.1(a), a (100)-oriented type Ila bulk diamond sample grown by
chemical vapor deposition (CVD) was implanted with “N* ions at a dose of
1.0 x 10'? /em? using an incident energy of 30 keV, followed by annealing at 900 °C for
1 h. Subsequently, the sample was cleaned and oxidized in a solution of a mixture of

HNO3:H2SO4=1 (10 ml):3 (30 ml) at 220 °C for 30 min. The Schematic of a NV-center
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in diamond[8] is shown in Figure 5.1(b). NV-centers can exist in three distinct charge
states[9]: negatively charged (NV°), neutral (NV°), and positively charged (NV™).
Among these, only the NV~ state exhibits magneto-optical activity, making it the
primary focus of nearly all experimental investigations. In contrast, both NV® and NV*

lack spin-dependent optical transitions and are not magneto-optically active.

(C) ’y Conduction band

\~“1——1A1
-*——1E

5.5eV 532 nm

}2.8 7GHz

Valence band

Figure A.1. (a) Schematic of the fabrication process of the NV-center; (b) Schematic
of a NV-center in diamond; (c) Electronic energy level structure of the NV-center.

According to ref 9, the NV-center exhibits magneto-optically active that can be
explained by its electronic structures (Figure A.1 (c)), which include a ground state of
symmetry >A,, an excited state of symmetry °E, and a metastable singlet state composed
of 'A; and 'E levels. Both ground and excited states are spin triplet (S=1), each split
into three spin sub-levels. Due to the NV-center’s axial symmetry, the ms==1 states are
degenerate and energetically higher than the ms=0 states. The zero-field splitting
between these sub-levels is D=2.87 GHz in the ground state and D=1.42 GHz in the

excited state. Optical transitions between the triplet states are spin-conserving and
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predominantly occur via a zero phonon line at 638 nm, although most of the
photoluminescence (PL) signal is emitted in phonon sidebands between 630-800 nm.
The N'V-center can be efficiently excited by laser wavelengths below 640 nm and emits
stable fluorescence at room temperature. In addition, the application of NV-center in
magnetic sensing arises from the magnetic-field-induced lifting of the degeneracy
between the ms=0 and ms==1 spin sub-levels, which causes the ms =*1 levels to shift
in opposite directions. The transition rate between these spin sublevels is characterized
by the spin-lattice relaxation time T}

The spin-dependent optical transitions enable optically detected magnetic
resonance (ODMR), where sweeping a microwave field across the ESR resonance
causes transitions between ms =0 and ms=*1, resulting in a measurable drop in PL
intensity[9]. This property makes the NV-center a powerful tool for quantum sensing.
Its sensitivity to external magnetic and electric fields, as well as temperature, allows for
high-resolution environmental sensing at the nanoscale.

Therefore, the NV-center is widely used for environmental sensing and imaging at
the nanoscale. For some Ln*" ions, such as La** (with the electronic configuration
[Xe]4f°, spin=0) and Gd** (with the electronic configuration [Xe]4f’, spin=7/2), there
is no visible fluorescence signal, but their spin differences are significant. Thus, the NV-
center is an ideal platform to study the effect of spin differences of these Ln** ions on
physical parameters like the T: relaxation time.

In this study, we used a lab-made ODMR instrument to measure the T: time of
diamond surfaces that were partially covered with La-citrate and Gd-citrate. Our goal
was to explore how the spin differences of these Ln*' ions affect the T: time.
Additionally, this work will also provide useful insights for using NV-centers to study

the physical properties of other Ln*" ions.
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A-2 Experimental setup
Sample preparation

La20; and Gd:0s (purity > 99%, Fujifilm Wako, Japan) were dissolved in 0.1 M
HNO:; (Fujifilm Wako, Japan) to prepare 0.1 M Ln(NOs)s solutions. A 0.1 M sodium
citrate solution was prepared by dissolving anhydrous sodium citrate (Fujifilm Wako,
Japan) in ultrapure water. Equal volumes of the sodium citrate and Ln(NQO3)s solutions
were mixed to form a 0.1 M Ln-citrate suspension with the pH around 7. A small amount
of the Ln-citrate suspension was dropped onto a diamond surface covered with a carbon
mesh. After heating and drying, parts of the diamond surface were covered with Ln-
citrate. Finally, 1.38 g/mL HNO; (Kanto Chemical, Japan) was used to clean the Ln-
citrate from the diamond surface.

Experiment

Pre-experiment: A lab-made ODMR instrument[10] was used to measure the
diamond's PL image and ODMR spectrum. The power of microwave amplification was
35 dBm, and a 532 nm laser was used, with the power adjusted as needed.

Main experiment: Another lab-made ODMR instrument[10] was used to measure
the T: time of diamond areas with and without Gd-citrate or La-citrate coverage. The
power of microwave amplification was 36 dBm, and a 532 nm laser was used, with the

power adjusted as needed.

A-3 Data analysis and results discussion

A-3.1 Optimization of T1 measurement parameters

To optimize the T1 measurement conditions, three parameter sets were tested at the
same position. The tested conditions were: (a) 1 ms sweep time, 21 points, 32 averages;
(b) 5 ms sweep time, 30 points, 100 averages; and (c) 5 ms sweep time, 50 points, 150
averages. The results are shown in Figure A.2. In Figures A.2(a)-(c), raw T data (black

lines) and the corresponding fitted curves (red lines) are displayed. Among the three
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settings, the third condition produced the best fit. Figure A.2(d) compares all fitted

curves, showing that the third parameter setting provides the most reliable T; estimation.
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Figure A.2. T1 measurements of diamond:(a) T: measurement result (black line) and
its fitting curve (red line) at the measurement point (sweep time: 1 ms, 21 sweep
points, averaged 32 times); (b) T1 measurement result and fitting curve at the same
measurement point (sweep time: 5 ms, 30 sweep points, averaged 100 times); (¢) T:
measurement result and fitting curve at the same measurement point (sweep time:

5 ms, 50 sweep points, averaged 150 times); (d) Comparison of T: times for the three
measurements (first: red line, second: black line, third: blue line).

A-3.2 T{ measurement

The method for preparing Ln-citrate covered diamond samples is illustrated in
Figure A.3(a). A carbon mesh was fixed on the front side using tape, and Ln-citrate
suspension was dropped onto the mesh. After drying, the mesh was removed, and the
diamond was placed upside down on the Au wire for measurement. The suspension may

contain Gd(OH); precipitates, citrate ions, Na*, NO3", and Ln*" ions. The difference in
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signal responses originates primarily from the magnetic and electric properties of the

Ln*' ions.

(a)

Ln-citrate
suspension

Carbon mesh
; / Tape

/ NV-center

Diamond

Tape

e

(b)

'532nm laser

Diamond Ln-citrate .. NV-center

Figure A.3. (a) Schematic diagram of sample preparation; (b) Fixed measurement
sample.

A direct comparison of T1 curves between Gd-citrate covered and uncovered
regions is shown in Figure A.4(a). The solid line (covered) shows significantly faster
decay than the dashed line (uncovered). The presence of Gd** ions with 7 unpaired 4f
electrons creates magnetic field fluctuations, enhancing NV spin relaxation. Figure
A.4(b) compares the average T1 times: 0.151 ms for the covered area and 2.367 ms for

the uncovered area, a 15.7-fold reduction.
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Figure A.4. (a) Comparison of the T fitting curves of measurement areas with Gd-
citrate (solid line) and without Gd-citrate (dashed line); (b) Comparison of the T:
times between measurement areas with Gd-citrate and without Gd-citrate (error bars
represent +SD).

After cleaning the diamond with concentrated HNO3 (1.38 g/mL), the surface was
confirmed to be clean. A La-citrate suspension was then applied and dried. T
measurements from three La-citrate-covered points and three La-citrate-uncovered
points, respectively.

In Figure A.5(a), T curves of La-citrate covered (solid line) and uncovered
(dashed line) areas are compared. Both show slow decay. Figure A.5(b) shows the
average T times: 2.688 ms (covered) and 4.096 ms (uncovered), indicating a around
1.52-fold reduction due to local electric field effects, as La*" has no unpaired electrons
and thus weak magnetic influence. These results suggest the La-citrate layer slightly

affects NV relaxation behavior. The decay may be influenced by changes in surface

charge, local electric field, or distance from the Au wire.

157



1.00 8
(a) (b) .
74
2095
w 6
c —
8 £ 51
£ 0.90- E
E “E’ 4 . 1
.E 0.85 :_-: 3 o .
24 .
2 0.80- |
1 .
0.75 T v T T 0 - v - —
0 1 2 3 - 5 With La-citrate Without La-citrate

Time (ms)

Figure A.5. (a) Comparison of the T fitting curves of measurement areas with La-
citrate (solid line) and without La-citrate (dashed line); (b) Comparison of the T: times
between measurement areas with La-citrate and without La-citrate (error bars
represent +SD).

These experiments demonstrate that NV-center T relaxation time is sensitive to
the spin state of nearby ions and provide a potential method for distinguishing magnetic

and non-magnetic lanthanide species using diamond-based quantum sensors.

A-4 Summary

In this study, we successfully demonstrated the measurement of Gd** and La*"
ions using NV-center-containing diamonds by measuring the T; relaxation time. The
T: relaxation time was obtained by monitoring changes in PL intensity of NV-centers
after a spin initialization and microwave manipulation sequence. As T reflects the rate
at which N'V-center electron spins relax from the excited state to the ground state, its
measurement provides a sensitive probe of the local magnetic environment. Notably,
the T signal is derived from variations in PL intensity of the NV-center, which can also
be influenced by external magnetic fields, electric fields, and surface charge effects.

To reduce interference from the surface-bound lanthanide-citrate (Ln-citrate) layer,
we conducted backside measurements through the diamond substrate. The Gd-citrate-
covered regions exhibited significantly shortened T times compared to uncovered

regions, due to the magnetic fluctuations generated by Gd** ions, which possess 7-
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unpaired 4f electrons. These fluctuations enhance spin relaxation and accelerate the
decay of Ti. In contrast, La-citrate-covered regions showed only a minor decrease in
T, consistent with the non-magnetic nature of La*" ions, which lack unpaired electrons
and primarily affect the local electric field near the NV-centers.

These findings confirm that differences in T; relaxation behavior correlate with
the spin states of Ln*" ions. Furthermore, while concentrated nitric acid (1.38 g/mL
HNO3) can remove surface Ln-citrate layers, this process may alter the diamond's
surface chemical environment and affect local electric and magnetic fields, thereby
impacting the NV-center’s PL signal. Variations in measurement location, including
proximity to conductive structures such as gold wires, may also contribute to signal
changes. This work also provides a valuable reference for future studies using NV-

centers to investigate other Ln>" ions.
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