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Surface-enhanced Raman scattering (SERS) is a powerful spectroscopic technique for highly sensitive 

molecular detection. Due to great radial extent of 5f/6d orbitals is enough to support surface plasmons, 

the SERS substrate materials containing actinide elements might bring a novel enhancement mechanism 

and even significant enhanced magnitude. Here we study the SERS of a pyridine molecule on the typical 10 

actinide embedded structure Ac@Au7 and on the similar structure of pure gold Au8, respectively, using 

the time-dependent density functional theory (TDDFT) method. The calculated results show that the 

absorption spectrum of pyridine-Ac@Au7 at 456 nm presents a strong peak belonging to charge-transfer 

(CT) transition from the metal to the pyridine molecule. Surprisingly, the corresponding CT-SERS 

enhancement can reach the order of magnitude of 105, which could hardly be achieved in the pure gold 15 

systems (about 103 ~ 104). Furthermore, electronic structure analysis reveals that the initial orbitals of CT 

transition contain non-ignorable contribution from 6d electrons of the Ac atom. Meanwhile, the 

contribution of 6d electrons can be tuned by changing the conformation of pyridine-Ac@Au7 complex. 

The current findings provide a theoretical basis for exploring and synthesizing SERS materials based on 

actinide elements, which might subsequently facilitate applications of such structure in nanostructural 20 

characterization, single-molecule SERS signal detections and biological molecular recognitions etc. 

Introduction 

It is well known that an appropriate metal substrate is the 

prerequisite for observing surface-enhanced Raman scattering 

(SERS), and its composition directly determine the intensity of 25 

SERS signals, so how to select their components has been a core 

issue in analytical technique.1, 2 In fact, all metals can enhance 

local electromagnetic field more or less, the intensity of 

enhancement mainly depend on the ability of metals to support 

high resonance quality of surface plasmons, i. e., the optical 30 

property of substrate materials directly involved with their 

electron structures.2 Among them, because the valence shell 

electrons (...3d104s1 for copper, ...4d105s1 for silver, ...5d106s1 for 

gold) are very active chemically, coinage metals have been well 

designed and fabricated as particularly promising SERS substrate 35 

materials.1 Meanwhile, other metal substrate materials have also 

been widely developed in this field, such as Li, Na, K, Co, Ni, Pt, 

Rh, Pd etc.2, 3 Obviously, for the above mentioned metals, their 

isoelectronic shells all contain similar unsaturated electrons 

which make them obtain great SERS enhancement. Thus, actinide 40 

elements would have great advantage in supporting surface 

plasmons due to their chemically hyperactive valence orbital 

electrons. 

Currently, the SERS experiments have found that the 

valence electrons (5f,6d) of actinide elements can induce intense 45 

charge-transfer (CT) transition between metals and molecules.4 

However, because the optical resonance excitation of the system 

(containing 5f/6d orbitals) is severely affected by the inherent 

complexity which might arise from the metal nanoparticles, the 

probe molecule and the metal-adsorbate system, to get a full 50 

understanding of SERS enhancement mechanism remain facing 

enormous challenge. Therefore, a comprehensive theoretical 

prediction is essential for further exploration and synthesis of 

multifunctional SERS substrate materials. In single-molecule 

SERS (SM-SERS) signal detections, the multicomponent 55 

substrates not only can control the optical properties of the metal-

molecule complexes, but also can facilitate the selection of 

excitation lights to match the experimental requirements.5-13 

Furthermore, our reported works have also pointed out the binary 

coinage metal clusters have great advantages in tuning the 60 
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excitation light for SERS spectra, compared with the pure 

element clusters.12, 13 Moreover, although silver is more 

plasmonically active than gold in SM-SERS and ultrasensitive 

SERS experiments, gold is more chemically inert, high 

biocompatible and hypo-toxic, so gold is preferred in medical 5 

applications. This means the chemical stability of substrate 

materials is also more important than maximum enhancement.14 

With the successful application of a series of heavy elements (Ac, 

U, Gd),15-19 the designed mixed-metal of gold-actinides has great 

applying prospect in biosystem.  10 

Nowadays, the observed huge SERS signal in experiments 

have two contribution origins20, 21 : one is a long-range 

electromagnetic (EM) effect and the other one is a short-range CT 

effect also called a chemical (CHEM) enhancement effect. The 

former is due to the localized surface plasmon resonance at the 15 

surface of metal nanoparticles, and the latter is based on a 

photoinduced transfer of an electron from the Fermi level of the 

metal to an unoccupied molecular orbital of the adsorbate (Metal 

→ Molecule) or vice versa. It should be noted that the CT process 

is closely related to the coupling of the complicated metal surface, 20 

adsorbed molecules and other external sources. Until now, the CT 

enhancement mechanism still cannot be fully explained under 

certain conditions, despite the existence of the direct or indirect 

CT effect in some models, such as metal-semiconductor-molecule 

model and Au/Ag nanoparticles-molecule model etc.22-28 As a 25 

consequence, we will focus on the CT enhancement mechanism 

when the incident light is resonant with a molecular or charge-

transfer excitation of the system. 

Time-dependent density functional theory (TDDFT) as a 

useful first-principles method has been widely-used to describe 30 

SERS enhancement mechanism, and their theoretical data can 

also match well with the experimental results.25, 29-34 Moreover, 

pyridine molecule has become one of the most commonly used 

adsorbates due to its sensitive SERS-active effect.29-32 In this 

work, a theoretical study of the enhanced Raman scattering of 35 

pyridine-actinides model systems is presented by employing the 

TDDFT method. We anticipate this study will provide a 

theoretical basis for future study of spectroscopy properties of 

actinide elements doped gold nanoparticles. 

Models and Computational methods 40 

It is common knowledge that actinide elements have 

distinctive optical and magnetic properties, and can present a 

series of electron transitions in a wide range of energy.35 In 

addition, the optical and magnetism properties of actinide 

elements vary with their coordination environment.36 In this case, 45 

to explore a stable SERS substrate based on actinide elements is a 

very challenging, important and interesting work in biomedical 

applications. With the development of nano-science and 

technology, planar structures are recently found to be a new class 

of nanoparticles with highly tunable optical properties, which 50 

depend on their own size and composition. These nanoparticles 

can be designed to either absorb or scatter light in the visible and 

infrared region where the penetration of light through tissue is 

maximal.37-40 Based on the above considerations, a typical closed-

shell planar structure is selected as SERS substrate material, 55 

Ac@Au7, i.e. an actinium atom encapsulated in the center of Au7 

ring. When pyridine is adsorbed on metal surface in parallel and 

vertical directions respectively, the properties of seven gold 

atoms are equivalent due to Ac@Au7 has a D7h-like symmetry. 

Moreover, as a comparison, we also selected an existent Au8 60 

planer structure41 as SERS substrate, which is the most similar 

model to Ac@Au7 and has two different adsorption 

configurations as shown in Fig 1. 

 

Fig. 1 Stabilized structures of six complexes. P-complex and V-complex 65 

represent two Ac@Au7 planar structure with a pyridine molecule 

absorbed on its surface in parallel and vertical directions, respectively. 

The subscripts 1 and 2 represent the different adsorption sites of Au8 

structure. (Ac: orange, Au: luminous yellow, N: deep blue, C: deep grey, 

H: white) 70 

The TDDFT method, which is based on a short-time 

approximation to the Raman scattering cross section, has been 

widely used in the theoretical study of SERS. This method not 

only can deal with the molecule and the metal at the same level of 

theory, but also can describe the different SERS enhancement 75 

mechanisms and their relation to other optical properties in a 

uniform way, thereby providing accurate microscopic insights 

into SERS. And its theoretical results for some closed-shell 

molecular systems are consistent with the experimental data.42, 43 
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All calculations in this study have been done by employing the 

Amsterdam density functional (ADF) program.44 Considerable 

researches have shown that the exchange correlation functional 

BP8645, 46 is appropriate for describing electronic and optical 

properties of metal-molecule coupled systems, whether it is pure 5 

theory or the combination of the theoretical and experimental 

work.30, 33, 42, 43 And BP86 functional usually gives harmonic 

frequencies close to experimental results without the use of 

scaling factors,47 thereby it is used in this work. Whereas we also 

used the statistical averaging of orbital potential (SAOP)48, 49 to 10 

further provide more evidence for the validity of this method. The 

potential SAOP which displays the correct asymptotic behavior 

has been specially designed for calculating optical properties.50-52 

It has yielded very good results for response properties on gold 

dimer.50 Relativistic corrections of heavy elements (Au, Ac) have 15 

been taken into account through zeroth order regular 

approximation (ZORA).53-56 A triple-ζ with polarization functions 

(TZP)57 uncontracted Slater-type orbital basis set have been used, 

with a [1s2-4d10] frozen core for Au and Ac, and with full 

electrons for N, C, and H. The geometry optimizations have been 20 

performed without imposing any symmetry constraint. All 

obtained structures were analyzed with vibration frequency 

calculations at the same level to avoid imaginary frequencies. 

Absolute Raman intensities are presented as the differential 

Raman scattering cross-section (DRSC). For Stokes scattering 25 

with an experimental setup of a 90o scattering angle and 

perpendicular plan-polarized light, the cross-section is given:58 
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here, ' 0 and ' i respectively denote the frequencies of the 

incident light and the ith vibrational mode; 
(�
("�  and 

(%
("�

 30 

respectively denote the derivatives of the isotropic and 

anisotropic polarizability of the ith vibrational mode; and h 

(Planck constant), c (light speed), kB (Boltzmann constant), and T 

(Kelvin temperature) also respectively denote corresponding 

physical quantities. The finite lifetime is included 35 

phenomenologically using a damping parameter Г ≈ 0.004 a.u., 

which is reasonable for metal clusters and resonant Raman 

intensities.29 

RESULTS and DISCUSSION 

UV-visible absorption spectra 40 

The absorption spectra of optimized complexes are obtained 

by TDDFT calculations in the range of ultraviolet visible (UV-vis) 

light, because the excitation lights are often used in SERS 

experiments, especially in SM-SERS detections.3, 59-61 And the 

specific changes in the absorption spectra of the six complexes 45 

are shown in Supporting Information (SI) Part 1. For Ac@Au7 

planar structure, the UV-vis spectrum is principally composed of 

intracluster excitation (IE). However, when pyridine molecule is 

adsorbed on it in the form of parallel and vertical two types, in 

addition to intracluster transition contribution to UV-vis spectrum, 50 

the interaction between pyridine and Ac@Au7 nanoparticle can 

also result in a new CT excitation transitions from the metal to 

the molecule. As mentioned in the introduction, the CT resonant 

mechanism is very important when the incident light is resonant 

with a molecular or CT excitation of the system. Therefore, to 55 

further understand the electron transitions behavior of the 

adsorption systems, we listed the typical CT excitation energies in 

Table 1 (the additional CT excitation energies are shown in SI 

Part 2). Among them, the CT excitation energy of V-complex is 

about 0.63 eV lower than that of P-complex, which is similar to 60 

the corresponding energy difference between surface-complex 

and vertex-complex for Ag20 cluster that is about 0.50 eV.29 The 

difference of CT excited energy is easily understood if one 

consider the orbitals involved in the transitions. From Table 1 it is 

apparent that the electron transitions all from occupied MOs to 65 

thrid lowest unoccupied MO (LUMO+2), while the second 

highest unoccupied MO (HOMO-1) of V-complex is more active 

than the HOMO-5 of P-complex.  

Table. 1 Calculated excitation energies (E in eV), excitation wavelengths 

(λ in nm), oscillator strengths (f) and orbital transitions of CT excitations 70 

for six complexes, respectively. 

Geometry E / λ f Transitions 

P-complex 3.35 / 370 0.0058 HOMO-5    →  LUMO+2 

V-complex 2.72 / 456 0.0976 HOMO-1    →  LUMO+2 

P1-complex 3.21 / 387 0.0231 HOMO-10  →  LUMO+2 

V1-complex 2.46 / 505 0.0151 HOMO-1    →  LUMO+2 

P2-complex 2.75 / 450 0.0588 HOMO-6    →  LUMO+2 

V2-complex 2.78 / 446 0.0440 HOMO-5    →  LUMO+2 

In most cases, the intensity of resonance Raman scattering is 
approximately proportional to the square of oscillator strength. 

By comparison, we found that V-complex reveals the larger 
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oscillator strength than any other complex, which might induce a 

strong resonance-enhanced Raman signal. To confirm the 

accuracy of CT excited energy (2.72 eV) for V-complex, we 

performed the calculation of absorption spectrum at SAOP/TZP 

level, and found that the typical CT excitation energy increased 5 

by only 0.10 eV comparing with that at BP86/TZP level. In 

addition, the typical IEs excitation energies are listed in SI Part 3. 

First, for pyridine-Ac@Au7 complexes in Table S2, the orbitals 

involved in excited transitions are all from HOMOs of Ac@Au7 

to unoccupied MOs (above LUMO) of pyridine. In contrary, for 10 

the pyridine-Au8 complexes, the electron transitions are from 

occupied MOs (below HOMO) of Au8 to LUMO or LUMO+1 of 

pyridine. Thus, whether in the CT or IEs excited transitions, there 

are many obvious differences among these six complexes, 

although they are all formed by pyridine adsorption on gold 15 

atoms. 

 

Fig. 2 Calculated static Raman spectra of Pyridine alone (a), P-

complex (b), V-complex (c). Differential cross-section is 

measured in the unit of 10-30 cm2/sr. Spectra have been broadened 20 

by a Lorentzian having a width of 20 cm-1. 

Enhanced Raman scattering 

In order to explore how the interaction between the molecule 

and the metal affect the intensity of the Raman scattering, we 

firstly analyzed the well-known six vibrational modes of the 25 

pyridine molecule, i.e. ring deformation (598 cm-1), ring 

breathing (978 cm-1 and 1021 cm-1) and ring stretch vibrational 

modes (1205 cm-1, 1468 cm-1, 1568/1574 cm-1), which have very 

obvious signals strength in SERS experiment.3, 62 Fig 2a shows 

that the static DRSC is of the order of 10-31 cm2sr-1 for pyridine 30 

alone, which is consistent with that of previous reported 

theoretical data.30 The static Raman scattering spectra of pyridine 

is mainly dominated by ring breathing and stretch modes, and the 

relative Raman intensity of these vibrational modes is closely 

related to the adsorption site of pyridine. For P-complex (Fig 2b), 35 

the maximum Raman peak corresponds to ring breathing 

vibrational modes. Its intensity enhances by a factor of about 4 

than that of pyridine alone, and several new vibration peaks 

appear in the SERS spectrum. For V-complex (Fig 2c), the 

maximum Raman peak corresponds to ring stretch vibrational 40 

mode, and its intensity increases by 16 times. The relative 

intensities might be attributed to sensitive to adsorption 

orientation of pyridine molecule. Next, for the other four 

complexes (see SI Part 4), their maximum Raman peaks are also 

correspond to ring stretch vibrational modes, and their 45 

enhancements range from 10 to 40 times. Besides the 

enhancement of intensity, when pyridine is adsorbed on metal 

surface, the typical Raman peaks will show a blue shift about 1-

40 cm-1. This results are consistent with the recent theoretical 

calculation for a pyridine adsorbed on Ag20 surface.29 All these 50 

changes are induced owing to the polarization effect caused by 

charge redistribution of complex. 

 

Fig. 3 Calculated CT resonance-enhanced Raman spectra for six 

complexes at the corresponding incident wavelength. (a) P-55 

complex, (b) V-complex, (c) P1-complex, (d) V1-complex, (e) P2-

complex, (f) V2-complex. 

Next, the SERS spectra based on typical CT resonance 

excitations are shown in Fig 3 in the range of 300 to 1800 cm-1. 

By comparison, we found that the CT resonance-enhanced 60 
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Raman spectra are mainly dominated by ring breathing and 

stretch vibrational modes, and other weaker vibrational modes 

(see Fig 3). This relative Raman intensity is closely related to the 

adsorption site of pyridine and the composition of SERS substrate 

materials. For P-complex, the typical absorption peaks located at 5 

370 nm is denoted as SERS (370 nm) which is presented in Fig 

3a. The Raman scattering intensity is in the order of 10-28 cm2/sr, 

presenting an enhancement of the order of 103 compared to the 

10-31 cm2/sr of pyridine. For V-complex, the typical absorption 

peaks located at 456 nm is denoted as SERS (456 nm) which is 10 

shown in Fig 3b. The intensity of the order of 10-26 cm2/sr 

corresponds to an enhancement of the order of 105. Next, we also 

simulated the CT resonance-enhanced Raman spectra for 

pyridine-Au@Au7 complexes under their own corresponding 

excited light. Among them, although the CT enhancement factor 15 

is of the order of 104 for P2-complex and V2-complex, it is still 1 

order of magnitude lower than that of V-complex, and these 

complexes are distorted seriously. In addition to list the typical 

CT excitation energies in main text, some additional CT 

excitation energies have been considered (see SI Part 2). 20 

However, due to the intensity of resonance Raman scattering is 

approximately proportional to the square of oscillator strength, 

the corresponding CT-SERS largest enhancement only can reach 

the order of magnitude of 103.  

Therefore, from the above comparison, we found that the 25 

SERS enhancement intensity has a significant difference between 

P-complex and V-complex, even though they all have the same 

metal substrate. That might result from the difference of the 

initial orbitals involved in electron transitions. Furthermore, 

molecular orbital analysis shows that the SERS (456 nm) electron 30 

transitions from the 6d-5d6s (6d orbital of Ac, 5d6s hybrid orbital 

of Au7 ring) hybrid bonding orbital to the π orbital of pyridine 

and slight charge transfers to the metal (HOMO-1 → LUMO+2). 

For other five complexes, the electrons involved in excited 

transitions are all from 5d or 5d6s hybrid orbitals of Au7 ring. 35 

Through the above analysis, it is clear that the originate of 

electron transition (HOMO-1) in V-complex contain non-

ignorable contribution from 6d electrons of the Ac atom. 

However, it is not contained in the originate in other five 

complexes. Therefore, the 6d electron involved in excited 40 

transitions is more likely to lead to a strong CT enhancement. 

The deformation densities analysis can reveal visually 

photoinduced charge transfer, which has been used in SERS 

studies.29, 34 From Fig 4 we can clearly see that a majority of the 

electron exchanges between Ac@Au7 and pyridine take place in 45 

the junction of molecule-metal complexs (within black frame). 

However, for pyridine-Au8 complexes, the electron exchange 

occurs in overall systems (Fig 4). Zayak et al. have confirmed 

that the intense electron exchange in interface is beneficial to 

chemical enhancement.63 Therefore, Ac@Au7 is more suitable to 50 

be used as SERS metal substrate material compared with pure 

gold system. However, for P-complex and V-complex, although 

they all have the same metal substrate, their Raman enhancement 

intensities are obviously different. To explore how the adsorption 

structural difference affect the Raman scattering intensity, we 55 

further analysis the process of electron exchange for P-complex 

and V-complex. In V-complex, the process is accomplished just 

in Au-N bonding region (Fig 4b). However, in P-complex, with 

the exception of the Au-N bonding region, we also saw enhanced 

electron density in the Au-H bonding region (Fig 4a). When the 60 

incident light is resonant with CT excitation of system, the 

electron involved in excited transition is delocalized on the 

molecular N-C ring, not on the H atoms. This means, the flow of 

electron density from the H atoms to Au atoms occurs in the Au-

H bonding region, (Fig 4a, within black frame), which is enough 65 

to weaken the intensity of Au-N bonding, and then reduce the 

CT-SERS enhancement of P-complex. Therefore, all these facts 

explain why the Raman enhancement intensity of V-complex is 

greater than that of P-complex. 

 70 

Fig. 4 Calculated deformation density (∆ρ = ρAc@Au7+Pyridine - 
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ρAc@Au7 - ρPyridine) isosurface for the six complexes. Red and blue 

respectively denote an enhanced and a depleted electron density. 

(Isosurface value = 0.0004 a.u.) 

The previous SERS experiment about actinide elements has 

shown that 6d electron involves in electron transitions and leads 5 

to greater intensity in the CT transition.4 Through the above 

comparative analysis, the CT-SERS enhancement of V-complex 

is the strongest, and from Fig 3 it can be seen clearly that 6d 

electron of Ac atom did participate in CT excited transition of 

system. Inversely, although 6d electron also involved in the 10 

electron transitions in P-complex, due to pyridine molecule is 

adsorbed on Ac@Au7 in a parallel direction, the contribution of 

6d electron to excited transition is weakened. As a whole, it can 

be confirmed the 6d electron of actinide element induces a strong 

CT enhancement effect. 15 

Table. 2 Calculated Energy decomposition analysis (kcal/mol), Au-N 

bond length (Å) and Voronoi deformation density (VDD)44 charge (e) 

transferred for the two complexes. Values in parentheses give the 

percentage of each attractive term with respect to the sum of the attractive 

terms. 20 

 P-complex V-complex 

∆Eelectrostatic -45.97 (70.51%) -46.17 (71.34%) 

∆Epauli 56.62 57.12 

∆Eorbital -19.23 (29.49%) -18.55 (28.66%) 

Etotal binding energy -8.58 -7.60 

Etotal binding energy (BEES corrected) -4.23 -3.94 

Au-N bond length  2.43 2.42 

VDD charge (molecule → metal) 0.16 0.18 

∆Eelectrostatic is the classical electrostatic interaction term; ∆Epauli is the Pauli 

repulsion term; ∆Eorbital is the orbitals interaction term. Within this energy 

decomposition scheme the attractive and repulsive terms are negative and 

positive, respectively. 

Furthermore, to get a better understanding of the bonding 25 

characteristics between metal and molecule, we performed energy 

decomposition analysis (EDA) for P-complex and V-complex 

(see Table 2). Basis set superposition errors (BSSE) have been 

accounted for using the counterpoise method64 by calculating the 

bonding energies with respect to the isolated fragments. It should 30 

be noted that, if the stabilized complex has a good symmetry, it 

could be seen as a typical model system. Since the conformations 

of pyridine-Au@Au7 complexes are distorted seriously, we 

would not perform EDA for them. In Table 2, the Au-N bondings 

of the two complexes are mainly dominated by electrostatic 35 

interaction (70.51/71.34%). And despite the proportion of orbital 

interaction term (29.49/28.66%) in attractive term is small, it 

suggests an important polarization of the electron density on the 

surface of the cluster. The total binding energy between Ac@Au7 

and pyridine nicely agrees with previous reported results of 40 

another complex which is also with pyridine but adsorption on 

Ag20 nanoparticles.29 In addition, because of the increase of 

electron density in Au-H bonding region (see Fig 4), the total 

binding energy of P-complex is a little lower than that of V-

complex. To quantify the charge density redistribution occurring 45 

upon pyridine bonding, atomic charges have been computed 

within the VDD scheme. We found that the electron exchange of 

V-complex is indeed more drastic than that of P-complex in Au-

N bonding region, and the Au-N bond length is also shorter. 

 50 

Fig. 5 Molecular orbitals (MOs) and MO energy level correlation 

diagram for Ac@Au7 planar structure. 

The binding properties of Ac@Au7  

In addition, to more demonstrate the reliability of our 

selected model, we analyzed the binding properties of Ac@Au7 55 

planar structure. The bonding in the Ac@Au7 planar structure can 

be viewed as an Au7 ring interacting with an Ac atom, which 

possesses a s1, d3 valence configuration for Au, Ac, respectively, 

(i.e., the 7s electrons are promoted to the 6d orbitals). The 10 
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valence electrons in this planar structure represent a closed-shell 

electronic structure (Fig 5), which is consistent with previous 

reported structures, such as Ti@Au6, Sc@Cu7.
65, 66 Among them, 

the two in-plane 6d orbitals (dxy and dx2-y2) of Ac atom play a 

positive role in the bonding. The average total binding energy per 5 

atom and HOMO–LUMO gap for Ac@Au7 are 2.70 eV and 2.42 

eV, respectively. In general, nanocluster structures with binding 

energy greater than 2.40 eV and HOMO–LUMO gap larger than 

1.70 eV are commonly regarded to be stable.67 Therefore, our 

current results suggested that Ac@Au7 belongs to stable 10 

structures similar to those previously reported, such as W@Au12, 

U@Au14, Sc@Au15 etc.68-70  

Conclusions 

In this work, we have researched the SERS enhancement 

mechanism of pyridine-Ac@Au7 and pyridine-Au8 model 15 

systems using TDDFT method. By calculation and comparison of 

the CT-SERS enhancement of these six complexes, we found that 

the SERS enhancement of V-complex is the strongest and can 

reach the order of magnitude of 105  at an incident wavelength of 

456 nm, which could hardly be achieved in the pure gold system 20 

(about 103 ~ 104). Together with a detailed molecular orbital 

analysis, we surprisingly found that the initial occupied molecular 

orbital involved in CT excited transition in V-complex contains 

non-ignorable contribution from 6d electron which is not found in 

other five complexes. Furthermore, just as the visually 25 

deformation density isosurface shows, although the electron 

exchanges are drastic in Au-N bonding regions of both P-

complex and V-complex, the electron exchange process occur in 

the Au-H bonding region is very strong enough to weaken the 

intensity of electron exchange of Au-N bonding. This weakening 30 

phenomenon is more specifically reflected in the charge transfer 

and interaction energy between the metal cluster and the molecule. 

Besides, the electronic structure analysis indicates that, Ac@Au7 

planar structure is stabilized by covalent interaction. 

Spectroscopic studies of these systems that focus on 35 

molecular excited-state properties (e.g. charge-transfer states) 

promise a further understanding of actinide electronic structure 

and actinide-molecular bonding schemes. In recent years, the 

SERS experiment about U atom has found that the 6d orbital 

involved in electronic transition have greater radial extent and 40 

might lead to greater intensity in the CT transition compared with 

5f orbital.4 However, the SERS enhancement mechanism of 

mixed-metal substrate materials, which is consisted by actinide 

elements and gold nanoparticles, is still unclear. Based on a 

comprehensive prediction for the enhanced Raman scattering of 45 

the gold-ring structure with embedded Ac atom, we hope this 

study will contribute to providing a theoretical basis for the 

research and synthesis of new SERS substrate materials. 
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