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Abstract 

The Raman spectrum of adenine and the surface-enhanced Raman spectrum (SERS) upon 

adsorption of adenine on an Ag8 cluster in aqueous solution were calculated using the 

DFT/PBE0/Def2-TZVP method with the IEF-PCM solvent model. TD-DFT calculations 

were performed to determine the excitation wavelengths of adenine and the Ag8•A com-

plex, thereby selecting excitation wavelengths compatible with available experimental Ra-

man spectroscopy instruments. In addition, excitation wavelengths with the maximum 

oscillator strength were chosen to propose characteristic spectra for experimental studies. 

The calculated Raman activities were converted into Raman scattering intensities, and the 

enhancement factor EF_int was determined. The results show that an excitation wave-

length of 325 nm gives the strongest and most distinct SERS signal, 532 nm provides stable 

signals suitable for commercial instruments, while 442 nm significantly reduces several 

characteristic vibrational bands. Moreover, the Ag8 cluster exhibits excellent enhancement 

of the Raman signal for adenine. This study provides a basis for selecting excitation wave-

lengths and characteristic vibrational modes to identify adenine, supporting the develop-

ment of label-free biosensors based on silver clusters. 
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1. Introduction 

Adenine is an aromatic base that makes up DNA and RNA, and is slightly soluble in 

water. When adsorbed on nanoparticles or precious metal clusters such as silver, gold, 

etc., adenine gives a strong SERS (Surface-enhanced Raman scattering) signal, which is 

useful in disease detection, DNA hybridization, and many biomedical and agricultural 

applications, etc. [1,2]. Adenine has become one of the most studied biological molecules 

in the field of SERS recently, and studies have combined both experimental and compu-

tational studies on clusters such as gold, silver, or bimetallic silver and gold to sense ade-

nine [3,4]. Therefore, understanding the vibrational characteristics and Raman spectrum 
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of adenine is not only important in theoretical chemistry but also has practical significance 

in molecular biology. SERS spectra not only help determine characteristic molecular vi-

brations but also provide valuable information about the interaction between adenine and 

metal surfaces. These insights form the basis for the development of highly sensitive bio-

sensors for the detection of biomolecules at low concentrations. 

2. Methodology 

Structure and vibrational frequency of Ag8 and adenine in water solvent were opti-

mized using DFT method with PBE0 hybrid function and Def2-TZVP basis set, model 

solvent IEF-PCM, using software Gaussian 16 [5]. The calculated results were analyzed 

using software Multiwfn 3.8 [6]. The PBE0 function is combined with Hartree–Fock and 

PBE exchange along with the basis set Def2-TZVP allows accurate simulation of complex 

interactions between silver clusters and adenine in water solvent. [7]. 

Determine the total enhancement factor of the SERS signal [8]: 
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same symmetrical representation in the symmetry point group of adenine and Ag8•A; 

Convert Raman scattering intensity from Raman activity [6]: 
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Ii—Raman scattering intensity of vibration mode i. 

C—normalization constant to bring the entire spectrum to the same scale. In Multi-

wfn 3.8 default C=10−12; 

ν0—wavenumber of the excitation laser; 

νi—wavenumber of vibration; 

h—Planck constant; 

c—speed of light; 

k—Boltzmann constant; 

T—absolute temperature (K); 


− ihc

kTe —exponential component from the Bose–Einstein distribution; 

Ri—Raman activity (unit A4/amu). 

3. Results and Discussion 

3.1. Excited State Calculation TD-DFT (Time-Dependent Density Functional Theory) 

The calculation results of the excited state show that adenine absorbs strongly in the 

region of 124.57–247.03 nm (radiation deep UV to near UV), Ag8 has a range from 235.70–

515.33 nm (near UV to visible green), while the Ag8•A complex extends from 243.76–
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545.80 nm (near UV to blue-green visible). This synthetic wavelength range (≈124–546 nm) 

is suitable for commercial multi-laser Raman systems, typically such as Horiba LabRAM 

HR Evolution (325, 405, 442, 457, 488, 514, 532, 633, 785 nm) [9] and Renishaw inVia Qon-

tor (325, 405, 532, 633, 785 nm) [10]. As a result, many important electronic states predicted 

by Multiwfn can be experimentally excited with the nearest laser in energy, helping to 

obtain optimal Raman spectra and ensuring consistency between theoretical simulations 

and laboratory measurement data. 

Table 1. Excitation energy value (Eexc, eV), excitation wavelength (λ0, nm) and intensity oscillation 

f. 

Substance Eexc λ0 f 

Adenine 
5.019 247.03 0.463 

6.244 198.57 0.620 

Ag8•A 

2.300 539.01 0.547 

2.803 442.37 0.915 

2.897 428.02 1.482 

3.869 320.50 0.003 

3.2. Raman Spectrum Analysis of Adenine and SERS of Ag8•A 

From the TD-DFT calculation results and the wavelength values established from 

experimental Raman spectrometers, the excitation wavelengths (λ0) are chosen to be clos-

est to the calculated values, specifically 325 nm close to 320.5 nm of Ag8•A, 442 nm close 

to 442.37 nm. In addition, a wavelength corresponding to the maximum value of the cor-

responding oscillation intensity f of adenine will be selected as 198.57 nm and of Ag8•A 

is 428.02 nm, and finally the wavelength is 532 nm is the wavelength that many Raman 

spectrometers have established. 

 

Figure 1. The most stable structure of Ag8•A. 
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Figure 2. Raman spectrum of adenine (above) and SERSof Ag8•A (below) at different excitation 

wavelengths. 

The above Raman and SERS analysis results show that the initial excitation wave-

lengths of 325 nm and 532 nm give clear and easy-to-follow characteristic spectral peaks. 

In which the 325 nm wavelength helps increase the Raman scattering intensity very high 

for both adenine and Ag8•A.This can be explained by the fact that the excitation wave-

length of adenine when analyzing TD-DFT is quite small, only ranging from 124.57 nm to 

247.03 nm.When the excitation wavelength increases from 325 nm, 442 nm and up to 532 

nm, the Raman scattering intensity will gradually decrease. 
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When using an excitation wavelength of 442 nm, the characteristic vibrations of ade-

nine in the Ag8•A complex will lose a lotfrom 550–1300 cm−1, this makes it difficult toan-

alyzeadenine recognition sensor. Selecting the excitation wavelength according to TD-

DFT calculations that has the maximum oscillation intensity f will obtain the clearest spec-

tral peak signals. 

Table 2. Vibration modes, wave number(ν, cm−1) Raman activity (Ri, Å4/amu) of Raman spectrum 

of adenine and SERS of Ag8•A, enhancement factor EFint. 

Symbol Vibration 
Raman Adenine SERS Ag8•A 

EFint 
ν Ri ν Ri 

ν1 νb6 530 (529 a,b) 7.1 533 (537 c) 37.8 5.3 

ν2 ω (NH2) 580 (534 e) 0.6 (0 e) 550 223.4 359.1 

ν3 ρ (NH2), ρ (CH), φ6 620 (621 a, 618 b) 16.3 624 (689 c) 21.3 1.3 

ν4 νb 738 (724 d) 57.6 736 (709 e) 67.3 (20 e) 1.2 

ν5 γ6 (CH) 906 (904 b) 5.8 907 1.4 0.3 

ν6 νb5 956 (949 b) 10.9 972 (950 c) 3.8 0.4 

ν7 ρ (NH2) 1020 (1019 a) 11.6 1012 14.6 1.3 

ν8 σ5 (NH, CH) 1130 (1127 b) 22.4 1128 (1190 c) 58.9 2.6 

ν9 ρ (NH, CH) 1282 (1276 e) 95.4 (22 e) 1284 (1299 e) 98.6 (36 e) 1.0 

ν10 σ5 (NH, CH), ρ6 (CH) 1399 (1397 e) 217.1 (27 e) 1398 (1392 e) 295,8 (38 e) 1.4 

ν11 ρ5 (NH), ρ6 (CH) 1459 94.3 1455 (1458 e) 90.7 (32 e) 1.0 

ν12 νas (C-N) 1521 108.3 1522 (1517 e) 110.1 (60 e) 1.0 

ν13 νas5 (C-N), σ (NH2) 1539 125.2 1549 194.7 1.6 

ν14 σ (NH2) 1626 (1596 e) 1.0 1617 164.9 163.9 

ν15 νas6 (C-N), ω5 (N-H) 1657 91,4 1657 (1609 e) 71.0 (38 e) 0.8 

ν16 νas6 (C-H) 3173 (3160 b, 3111 e) 276.7 (120 e) 3174 368.6 1.3 

ν17 νas5 (C-H) 3277 (3269 b) 210.3 3281 186.4 0.9 

ν18 νs (H-N-H) 3572 (3433 b, 3451 e) 306.0 (174 e) 3503 3992.6 13.0 

ν19 νas5 (N-H) 3657 (3497 e) 260.7 (144 e) 3656 536.0 2.1 

ν20 νas (H-N-H) 3709 (3550 b, 3587 e) 128.3 (46 e) 3696 533.1 4.2 

νs: symmetric stretching; νas: asymmetric stretching; νb: ring breathing vibration; γ: out-of-plane ring 

vibration; σ: scissoring vibration; ρ: rocking vibration; ω: wagging vibration; φ: fanning vibration. 

The subscripts 5, 6 are for the five-membered imidazole and six-membered pyrimidine rings. a gEx-

perimental value in water environment [11], b from [12]; c experimental adenine value-silver film 

[13]; d experimental adenine adsorption value-composite-nano silver [14]; e Ag calculation-adenine 

[15]. 

    
ν1 ν2 ν3 ν4 

    

ν5 ν6 ν7 ν8 
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Figure 3. Types of adenine vibrations. 

Research results show that the characteristic spectral peaks of adenine are quite con-

sistent with published experimental studies, however at wave numbersgreater than 3000 

cm−1 of the stretching vibrations of the C-H, N-H groups when adenine is bonded to the 

metal substrate have not been published. 

Among the enhanced peaks, there is a peak at 580 cm−1 of the Raman spectrum of 

adenine shifted down to 550 cm−1 in the Ag8•A complex, this is the vibration with the 

highest total enhancement factor with EFint can reach 359,1. And at the peak of 1626 cm−1 

similarly, there is a decrease in wave number to 1617 cm−1 corresponding to EFint is 163.9. 

Both of these characteristic vibrations are related to the NH2 group are scissoring and 

wagging vibrations, the reason is that the NH2 group is outside the ring of adenine, the 

electron pair on the N atom is freer, when adenine forms a bond with Ag8 through the N 

atom of the imidazole ring, from the surface plasmon effect of Ag8 interacting with ade-

nine leads to the NH2 group free has the strongest vibration enhancement phenomenon. 

Some cases have a reduced Raman activity coefficient (EFint < 1) such as C-H group 

vibrations in and out of the pyrimidine ring, imidazole ring breathing vibrations, C-N 

asymmetric vibrations of the pyrimidine ring, N-H wagging vibrations and C-H asym-

metric vibrations of the imidazole ring. These vibrations are mainly belong to the ring of 

adenine, the reason is that when interacting with the Ag cluster8, the structure of the ade-

nine molecule is more stable, the conjugated system π of the two aromatic rings imidazole 

and pyrimidine is kept more fixed. Besides, the Ag cluster8 has a Raman activity coefficient 

that is always higher than that of the Ag single atom, which has been studied by the 

DFT/B3LYP/6-311+G(d,p) method [15]. 

4. Conclusions and Recommendations 

The study calculated the Raman spectrum of adenine and SERS of the Ag8•A com-

plex with the initial excitation wavelength investigated at different ranges of 325 nm, 442 

nm, 532 nm and 198.57 nm with adenine having maximum vibration intensity, similarly 
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428.02 nm corresponding to the Ag8•A complex has maximum vibration intensity. 

Among the excitation wavelengths investigated, the wavelength at 325 nm helps enhance 

the signal and obtain the most characteristic vibrational spectral peaks, this wavelength 

has also been set up in spectral analyzers on the market. The research results have identi-

fied the characteristic vibrations of adenine, determined the enhancement of the Raman 

spectrum signal due to Ag8 created for adenine, the results obtained have a higher activity 

coefficient than previously published research. These are important results in designing 

adenine sensors using silver metal clusters especially the Ag cluster8. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

SERS Surface-Enhanced Raman Scattering 

DFT Density Functional Theory 

TD-DFT Time-Dependent Density Functional Theory 

IEF-PCM Integral Equation Formalism Polarizable Continuum Model 

EFint Integrated Enhancement Factor 

UV Ultraviolet 

DNA Deoxyribonucleic Acid 

RNA Ribonucleic Acid 

Def2- TZVP Second generation of definitive Triple-Zeta Valence with Polarization basis set 

PBE0 Perdew-Burke-Ernzerhof hybrid functional 
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