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Abstract

HMTA (Ce¢H12N4) plays a significant role in production and daily life. However, some unscrupulous
individuals take advantage of its bleaching properties to conduct secondary processing on food, and
its residues are carcinogenic to the human body. In this paper, Raman spectroscopy, surface-en-
hanced Raman spectroscopy (SERS), and density functional theory (DFT) simulation methods were
adopted to conduct theoretical research on the CsHizN4 molecule and its complexes with nano-gold
particles. The electrostatic potential (MEP), adsorption energy, frontier molecular orbitals (FMO)
and Raman activity spectra of CcH12N4 molecules, as well as the Raman activity spectra of complexes,
were investigated by taking advantage of the selective binding of nano-gold particles to the analyte.
Adsorption sites of CsH12N4 were found in MEP, and it was speculated that these sites might be the
adsorption sites of this molecule in nano-gold. The adsorption energy at the N7 site was calculated.
The adsorption energies of CéH12N4-Au, Au2, Au3, Au4, Au5 and Au6 were -24.92, -34.92, -39.39,
-58.68, -44.6 and -34.58Kcal/mol, respectively. This result indicates that CéH12N4+ and Au4 are the
optimal combination forms. The FMO band gap of C¢H12N4 is 0.30258 eV. After adding 4 nano-gold
particles, the FMO band gap is 0.10947 eV. The results show that C¢éH12N+ with Au added is more
likely to undergo chemical enhancement. Moreover, when Au4 is added, the simulated SERS spec-
trum is the closest to the experimental SERS spectrum, and its characteristic peaks correspond to
710, 756, and 1047 cm-1, respectively.
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1. 518

Bisttdh, LANRKHERENE[L], 707N CeHwpNg, JET 3540tk i RIS A PR,
FE— S T AN S 06 % N PR BB AT, BRI SRBGH RBREE ™ fh . SI%sta ik
JERERE AP AL T, RRRRAEIE AT KRS 2. B EmiEaE, SWENH
WS AN K L RE, AL BRI 51 J9[3]. AR ¥E 2010 4F 3 1 22 HAARRIEE UL (& sl il Reidiik
INEYAE R YU 5 i R B b s sl 42 ), R DAERE, R A Lasd, by
WACH[4]. EIMEEA SR U IS HoAN Bis LMt T i, HOPk i SR i PRIA$) 1.54 ng, E &
PRy 4.98 ng. &2 W] ZEA5[61 - 3L | — Rk T OB (5 B I FE 2 7705, Aty 4.00 mglkg,
FSC) S KT ) it RS I o o SRR SR [TIEE T B RO TR T — R REBUZ . wERA RO R A 5
1%, BARKNERAK T 0.007 ng-kg™, W& Tt bt St 0ot R _EIRFARLE RO RAER 5
LI, AR AL T R PR BB SR A . RAE IR b PEBRE S SEA E . Blt,
TR — R EHE BRI JEAAS I BE 7T (K 5E BT B .

RIEGORH SO [81 A R R e KRR E S TPV E S . BB AL 00 AT,
FEALSAASTIN PR I S5 0 5 S 1 T2 ORI ST -7 . AR ORL S 7 Mr R # kA (2t 19K
SRR IREEAN SERS IR RIS LR, AR KI5 CoHioNa 70 T HITL 245 S[9]. Uk, T TS
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JiR 35 JE 3 1R (1) BT 9T SERS HLEE R L EL ). 2 R FER (DFT) J7 v B T R 4F Hh R Al SERS
BN R 43T AE G K & ORI T BIR A5 [10]. SERS J5ikgt & DFT W58 41181 (1) A0 B A FH 2 B A Ak 2 it
RS BT BE[11] DA FLr, I % B2 pR B 25 & R Y SR 7 2 Y6 T CoHaoNag TEANK G Uk
) A, 27 W B 255 L AR A TR AR 2>

AR SCR % B 7 bR RV (DFT) A T 48 5 2 U (SERS)MI 45 A (19771 X CoH1aNa 43 IR B £ 42K
LT IR 2 GRS . 7 FER R (MEP). ITZR 4 T HUE (FMO) A L S 40T T &l MW 7t . BF7iss
SN A BT U B AR SERS RN 4 5 Y s R R 2 R FIAE BAE A, 2 SERS FE £ s i 7l i R B
or I e ) B2 AR A I SRR

2. MIFERS
2.1 e &E

B FC T B S G Renishaw inVia Raman 2y 2 G5 (FE 785 nm #otas, 2R T 1
cm™Y). A - 7] W6 i (PerkinElmer Lambda %1, F T &g Kbr RIS W) B o BT R T
(&% 0.1mg, Sartorius). 8 B iEVEAR(H T & #UEH) . pH 48(Mettler Toledo). 1HIRE /KB (H T %
I P 2 )
2.2. Wiss

8 FEA (CeHaNg, AT 4l). & &RV /KA YI(HAUCH-4H0) . AT RREN (BT 2l B [ 254 F1k 2
WAERAR, FTH%& 9K R SERS RIK. LI/ N2 F/AK(EFH <0.1 uS/em).
2.3. AARENHE

IR LK) Frens J7 EEH & 440K 2. 18] 100 mL #B % 1) 0.01%(wiv) HAUCI, 73 R# i\ 10 mL
1% (W) FFAEEREAVE I, I FE o OB ik B2 v 3 B CdR T R R 38 (0 AR TR 2T 0, 3R I G G oK O
o ARSEIMAGFEREE 10 4 E, BE=IRAE, .

2.4. SERS MK 312

B SRR V8 FT A R R S S K IR (% 500 uL)iR A, BRIRGIEEE 2 7 Bh vl H ki fa
o SRIGTINE TR IE R, R B R TR I RE & o (8 Hz 2 i (Boe K 785 nm,
FThE 5mwW, FrEFIE] 10, B0 3 WR)BEATIE, B3k H bR T SERS Jeils, FAMRFAEIEHEIT 24T
2.5. EIpIEHL

ASCfE ] Gaussian 09 &0 227 W THEUR THR[12], T8 Gauss View 6.0 15, A5
FIH Gaussian 09 #2FF L% CeHiaNa FJUATE G IEAT A4k . FESS ML ISR b, SR ARIRI K 77 V28047
THRRITE . THEIE R, R DFT 19 B3LYP 444biz ik ik, 418 6-311+G(d, p) (C. H. O+ N)F
LanL2DZ(Au).

3. XWERSWE
3.1. CeH1oNs - FHIZEHE

M.H B3LYP/6-311+G(d, p)JEZHXt CeHiNa 73 F AT S M AL A2 155, AL S TR 8 an 14 1
B, fE88 FrpRR BB AL, UL IR B0 o F a5 2R e .
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Figure 1. Diagram of CeH12N4 molecular structure
[E 1. CeHuNs 3 FEEHIRERE

3.2. CeHuNs F FHIREERER

B 4315 e #(Molecular Electrostatic Potential, fii#k MEP) [13] 7] LA 7~ 731 P &6 B 143 i () A )
SV, NIfIA B T B F AR A S T, Gl TR S, W RAHE 2 R B L R HLAE
YA R . For g i X A 5 R BCR R B R AE s TR PRI LU R 5 52 BISEAZ  SL )
KA o FERr A B 2)rT LA H, CeHiNa 73 FH N1, N5, N6. N7 JiF i rfuf 25 B i o, A2 FL
FVERCRII X8, 20N Au SR BL RS, Tl 32 2@ 085d N1. N5 N6+ N7 A7 s AR B FH

B

3 el

Figure 2. CeH12N4 molecular electrostatic potential
& 2. CsHNs 7> FEFEE R

3.3. BUHEARRE Au = AR AE

R4 _E 0 CoHioNg 192 T, A SCIE$FRAE NI N5, N6. N7 _EECAr Au #4715, KA N7 475
A HAAL SIS A RETE R, BT LIRS N7 NEALAT, i —PRAr Aul (B 3(a)), Au2 (4 3(b)), Au3
(4 3(c)), Aud (4 3(d)), Au5 (1 3(e)), Aub (1 3(R)ANK 4 T8 pika i (ML A 454 .

CeHiaNg ) C2-N7 #Kh 1.476A, BEFHTE N7 (B LRG0k ESHEHIEZ, C2-N7 i nE
1.477~1.501 A, Au-N7 [ AE 2.161~2.357 A, PUANGEK ST %, Au-N7 8K 2,161 A, H5H
fh AP b R B A ), R SCHR P R TE — E[14].

R 455 58 A R Ebinding = Ecomplex — (Emetal + EABEE), 1154533 CeHi2Ns-Au. CsH1aN4-Au2.

DOI: 10.12677/hjfns.2025.145066 608 58 RR


https://doi.org/10.12677/hjfns.2025.145066

PR, IR
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—39.39 Kcal/mol. —58.68 Kcal/mol. —44.6 Kcal/mol #1-34.58 Kcal/mol, 1% 1 ffic. HoH Aud-CeHioNa e
EEE A REN-58.68 Keal/mol, 18 CeH1Ng 73115 Aud A EAE FR, TR Aud-CoHioNa FL A Bk e -
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Figure 3. Molecular structure of HMTA-Au
3. HMTA-Au o FE5H9E

Table 1. Comparison of optimized parameters for 2-1CsHi12N4 and Au-CsH12N4 Complexes
%% 1. 2-1CsH12Na F1 Au-CsH12Ns BL & MR S B EL B

Geometry CsH12N4-Au  CsHi12N4-Au2  CsHi12N4-Au3  CeHi2Ns-Aud  CeHizNs-Au5  CsHi12N4-Aub

E E E E E E
Bond
Lengths (A)
Au-Au 2.577 2.823 2.663 2.758 2.637
Au-N7 2.357 2.173 2.165 2.161 2.215 2.306
Energy (Kcal/mol) ~ —24.92 ~34.92 —39.39 —58.68 —44.66 —34.58
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3.4. BRI HE S FRYERREE

S TR HE B Z H PN HOMO-LUMO fEBRER 4> T-REFR, X NBERR L 1 4> T BT H R R
T3+ FEF VR R RNE 1 o BN BEBRIE T R 4 T T R DGO S5 T VR ER,  ARCK M RE
B U R 3 FAEIX e T T BEANE R . CeHoNs 4311 HOMO-LUMO #liE e Re 72 Wl 4. A SCRH
B3LYP Jji%, fE 6-311+G(d, p)ZEZH b, 43X CeHioNg 1 CeH12Ns-Aud 73 FRERR TR, HAorTReBi 7
125 0.30258 eV A1 0.10947 eV . 45 HZR B, Au 1 5] NFEAK T CeH1aNa B2 BEFR, MM 51 HE T CeH12N4
(R B RS AN, i — DI T A S, AR AR G R AE AR O

LUMO LUMO
E, yo=-0-21292¢V @ E, yuo=-0-18655¢V
(First Excited State) { (First Excited State)

' Eq,p=0.30258¢V EGaP=0.10947eV

HOMO " 0 "
) 3
E, . =0.08966¢V Q \

HOMO q
(Ground State)

HOMO

E_.,,=0.07708eV

HOMO

(Ground State)

Figure 4. HOMO-LUMO orbital maps and energetic polarization of CsH12N4 and CeH12Ns-Au complexes
[E] 4. CeH12Na F1 CoH12Ns-Au BL & 48 HOMO-LUMO HuEEIMEERRE

3.5. CsHuN: 0 F5 Au FRIF R EHEE R S i B

B 5 AR CeH1aNg BS Hr 2 61 B AN sLIG H 2 et i, I 5 TRAEH, 7E CeHiaNg B 770, 813,
1011 cm L Abf BB AR SN, 7E N7 A7 AUE L Aus Au2. Au3. Aud FiTJn, FiS RIS 2] 8
G TRAUR . CoH1aNs-Aud BRI R B REE I 5 SLIGF B RFAEIE 710 756+ 1047 cm L AHXT B, SE56
S a5 RRAAW) G, R DURAE 4 58 FE I Fh ) S0 PR 2 R U

3.6. SERS #5RHLHIRY B A 53 3¢

R A 21 (SERS) 48 5 24N E BT PR HL A -

ML G SR (UL, EM): B R PRSI SRR I 45 25 1AL IR(LSPR) 512, /& SERS 155
(1 3= ZE ok G & o5 155 51 1 80% LA L)

EEIE IR (L], CM): SIS 7 AT 45 s 3R (A A AR LR (B r 642 . B 1E ) SR B, 3
Rt DFT THE RO RE . AT Bl RERR ARS8 T k3K .

R IR A% O SR B RPIEER 45 2 TR ILIR(LSPR), S ASPGIFR 5 & R A Bk B i ¥
RIS ASRG AR ILRCS , WO LSPR RN, BN, < @R ME i A B 5 1G5, TR “ #nd”
(Hot Spots). X KMk, H LSPR Uif & (L Al Wt - IEZLAhXHk, S rh i 785 nm #OL

DOI: 10.12677/hjfns.2025.145066 610 RS ETRRE


https://doi.org/10.12677/hjfns.2025.145066

PR, IR

WK UGES, MG B0 R B 8 i o R RS 37 186 5 11 25 18] A A s, 32 BRSO P 1) B (o — SR A
= RARSUCREELE M 42T, AL R IR 5 S AR A PR B sR . 1 5m N 5 R 5 [ Y
WIT(EQ)RIELL, R4 KA] B (~1 nm~10 nm) A 47 245 S AT B 50K 108~10%2 4%
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Figure 5. SERS theoretical and experimental Raman spectra of the CéH12N4 molecule
5. CeH12Na 9 FHJ SERS IR FNSLIEHi S E

AR P 25 K 5

e Rif24 50~100 nm (e 40K B0 LSPR 2N fe i, SCRRHAT Frens il 4 1) 94K B
ERALAED

TR BRI 2 AR B ARIER, Mo oedm o B S A ] P A B B M 2 AR, ik — 2D sz .

REWE: HEFIRE] “ QRGBS - VIR RS S et IR SERS IR miN” , &)
IO (B BT B e A R, 0 A PR PT R IEE S 22 ORE AR 5 3 5 P 3

4, g5ig

ARWFFLIEET DFT #1185 SERS RGURTT T SV HE 8 (CoH12Na) 75 £ 44 K JHURL K 1H (19 W B AT v 5 38 5 AL
#il. KA B3LYP /i, 454 6-311+G(d, p) (T C. H. O. N)5 LANL2DZ (Fi-T Au)i) 5= & kTR
Wi, BHAINER, CeHNa 7T N1. N5, N6 5 N7 £ f BA S M7 ik, H A 3 2
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B AR o BE— DI AE N7 A7 5T NAS R0 R < J 5 BB B4 22, I CoHaaNa-Aua B3 AP Ff
AE X fI(-58.68 kcal/mol), e HI i1 .

X LR > T RERR, S RRMIGUR G B E SINFER T 70 T IRIBREE, A8 T i 514

SRR R A, TG IR 2 A5 5 o BB TR CoH1aNa-Aug £ 201 55 S0 Hodl i 2 — 2, ik
—IPIAE T IZA T A B EIREE TSSO B L VAT S A B KIS L A s L B4 1
BGSCHE, oy SERS HURTE R dhig Jeil S H At REY) o ve RS 1 B 358 1T S (R At

E&WE

TWHYS: YKICX2420415; TiH 4 : 3T DFT HiLH) SERS MM &5 1455t a5t ;

TiH S R .
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