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Tém tit

Ly thuyét phiém ham mat do (DFT) dwoc sir dung dé lam sdng t6 co ché tuwong tdc giita
déc 16 Aflatoxin B; (AFB,) va cdc cluster vang Au, (n = 2 — 6). Cdc tinh todn dwoc thuce hién
Véi tai mire Iy thuyét PBE/cc-pVTZ/cc-pVDZ-PP, két hop mé hinh IEF-PCM dé khao sat anh
hieong ciia méi truong mede. Két qua cho thdy AFB; wu tién hdp phu lén cluster vang thong
qua nguyén tir oxygen (020 va O21), véi bién thién enthalpy va ndng lwong Gibbs déu mang
gia tri am, khcfng dinh qud trinh dién ra tw phdt va téa nhiét manh. Pdc biét, phirc hop
Aug*AFB; thé hién cdu hinh lién két déc dao véi su tham gia phéi tri cua lién két doi C=C trén
vong furan, ghi nhdn nang hrong nhiéu loan bdc 2 vieot tréi. Phén tich dién tich NPA va orbital
lién két tw nhién (NBO) gitip xdc nhén co ché chuyen dich mat d¢ electron song phuong, tir
cdc tam giau electron cua AFB; sang cdc orbital tréng cua cluster vang. Twong tdc nay dan
dén su gidm déng ké nang lwong viing cam (Eg), minh chitng cho do nhay cao cua vt ligu doi
véi su hién dién cia AFB,. Hon thé nita, ph6 Raman tang cuong bé mdt (SERS) ghi nhdn suw
khuéch dai tin hiéu vuot troi cung cdc chuyén dich do dic trung, dong vai tro quan trong dé
nhdn dién djc t6. Nghién ciru cung cap thong tin dinh luong vé ddc diém twong tdc vi mé giita
AFB; va cluster vang, dong thoi khdng dinh tiém ndng g dung ciia cdc cluster vang trong
phat trién cam bién sinh hoc hiéu ndng cao, phuc vu gidm sdt an todn thuwe pham.
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Abstract

Density functional theory (DFT) was employed to systematically elucidate the
interaction mechanisms between Aflatoxin B; (AFB)), a highly potent mycotoxin, and small
gold clusters Au, (n = 2 — 6). All calculations were performed at the PBE/cc-pVTZ/cc-pVDZ-
PP level of theory, while IEF-PCM was utilized to investigate the influence of the aqueous
environment on the adsorption properties. The results indicate that AFB; preferentially
adsorbs onto the gold clusters through its oxygen atoms (020 and O21), establishing stable
coordination complexes. The consistently negative values obtained for both enthalpy changes
and Gibbs free energies in both gas and aqueous phases confirm that the binding processes
are thermodynamically spontaneous and exothermic. Notably, a unique bonding configuration
is observed in the Aus*AFB; complex, involving the direct coordination of the C=C double
bond from the furan ring, characterized by exceptionally high second-order perturbation
energies. Natural Population Analysis (NPA) and Natural Bond Orbital (NBO) analysis
further verify a synergistic charge transfer mechanism, involving the migration of electron
density from the electron-rich centers of AFB; into the vacant orbitals of the gold clusters.
This chemical interaction results in a substantial narrowing of the energy band gap (Eg) of
the complexes, highlighting the exceptional sensitivity of small-sized gold clusters to the
presence of AFB,. Furthermore, simulated Surface-Enhanced Raman Scattering (SERS)
spectra reveal dramatic signal amplification and distinct red-shifts in characteristic
vibrational modes, providing a definitive spectral fingerprint for selective toxin identification.
This research provides crucial quantitative data regarding the microscopic interactions
between AFB; and gold clusters, ultimately affirming their potential as high-performance
sensing platforms for biosensors in food safety surveillance and public health protection.

Keywords: Aflatoxin B;, DFT, gold cluster, energy gap, SERS.
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1. Gidi thiéu

Aflatoxin (AF) 1a nhém cac chat chuyén hoa thir cip co ddc tinh cao, chil yéu dugc san
sinh boi nam mdc Aspergillus flavus va thuong xuyén dugc tim thiy trong cac san pham nong
nghiép nhu ngo, gao va cac loai hat co dau (Gacem and Ould, 2016; Monson et al., 2015;
Vijaya et al., 2018; Zhao et al., 2024). Trong b hon 20 loai AF d3 duoc xé4c dinh, AFB, (Hinh
1) 12 dang pho bién va doc tinh manh nhat, duoc Co quan Nghién ctru Ung thu Qudc té (IARC)
thuoc WHO xép vao tac nhan gdy ung thu nhom I (Danesh et al., 2018; Hu et al., 2023). Viéc
phoi nhiém AFB, c6 thé dan den ton thuong gan nghiém trong va lam tang nguy co ung thu
(Gallo et al., 2020), dit ra yéu cau cap thiét vé viéc phat hién doc td nay ¢ nong do vét nham
dam bao an toan thyc pham va sirc khoe cong dong.

20

Hinh 1. CAu tric héa hoc ctiia Aflatoxin B; (AFB))

Trong nhitng nim gan ddy, cac hé cam bién dya trén vat liéu nano vang (AuNPs) di tro
thanh cong cu phan tich quan trong nho tinh tuong thich sinh hoc cao va kha nang chirc hoa
bé mat linh hoat (Gonzalez-Rosell et al., 2020; Antoine et al., 2022). Dac biét, k¥ thuat phé
tan xa Raman ting cuong bé mit (SERS) tan dung hién twong cong hudng plasmon bé mit
trén nén kim loai quy nhu vang va bac da mang lai d nhay va do chinh xac vuot trdi trong
viéc nhén dién cac phan tir hitu co (Goswami et al., 2014; Wang, 2017; Piacenza et al., 2018;
Du and Jin, 2019). Nhiéu nghién ciru thyc nghiém da ghi nhan thanh c6ng trong viéc ing dung
AuNPs dé phat hién AFB, thong qua co ché khuéch dai tin hiéu trong ngii cdc (Liu et al.,
2024), phat trién cam bién aptamer (Jalalian et al., 2021), hoic két hop hé nano vang—bac de
xac dinh déng thoi cac dang aflatoxin (Ebanks et al., 2023; Cao et al., 2024; Lv et al., 2024,
Chen et al., 2024; Yi et al., 2023).

Mic du cac ing dung thuc nghiém da phat trién manh mé&, co ché vi mé chi phéi su hip
phu va ting cudng tin hiéu cia AFB, trén bé mit vang van chua dugc lam rd day di. Trude
day, cac md hinh bé mat khdi (slab models) thuong duge st dung dé mé phong twong tac kim
loai-phén tir, nhung cach tiép can nay chua phan anh chinh xac hiéu ing giam ham luong tir
(quantum confinement) tai cac cum nano kich thuéc nhé, noi thuc t& hiéu tng SERS dién ra
manh mé nhat. Cac nghién ciru 1y thuyét DFT hién c6 vé hé Au-AFB, con kha han ché. Nghién
ctru cua Lian et al. (2024) vé hé Aus-AFB1/M, chi méi dimg lai & viéc khdo sat mot cu tric
don 1¢, thiéu di cai nhin hé théng vé su phu thudc theo kich thudc cum cling nhu anh huéng
clia moi truong dung méi nude. Viée thiéu hut dir 1idu vé sy bién thién tinh chét dién tir trong
ving chuyén tiép tir nguyén tir don 1¢ dén cum nano chinh 1 mét khoang tréng nghién ciru
can dugc giai quyét.

Dé khic phuc cac han ché nay, nghién ctru hién tai ap dung 1y thuyét phiém ham mat
d6 (DFT) dé khao sat mot cach co hé thong tuong tac Au,*AFB; véi kich thude cum vang bién
thién tir 2 dén 6. Viéc lya chon pham vi nay nhdm mo hinh héa viing chuyén tiép tir cac nguyén
ttr don 1é dén cac dic tinh so khai ctia bé mit nano, dam bao sy can b:?mg gitta d6 chinh xac va



Tap chi Khoa hoc Pai hoc Pong Thép, Online First (2026): 1-14

chi phi tinh toan. Nghién ciru tap trung kiém chimg ba gia thuyét cdt 16i: (i) Cac nhom carbonyl
(C=0) ctia AFB; 14 tim than hach (nucleophilic) chinh tao lién két phdi tri voi cum vang; (ii)
Hoat tinh hip phu va do bén nhiét dong bién thién phi tuyén tinh theo kich thirc cum vang;
(iii) Su thay doi nang luong vung cam () cung co ché chuyén doi dién tich 1a nhan t5 chinh
quyet dinh sy khuéch dai tinh hiéu SERS. Két ‘qua cua nghién ctru ky vong s€ lam sang t6 ban
chat lién két héa hoc, tir d6 tao tién dé 1y thuyét quan trong cho viéc thlet ké va t6i uru cac cam
bién nano vang c6 d¢ nhay va tinh chon loc cao trong phat hién doc td AFB,.

2. Phwong phap nghién ctru

Tt ca cac tinh toan trong nghién ctru ndy duoc thyc hién dya trén ly thuyet phiém ham
mat do (DFT) thong qua goi phan mém Gaussian 16 (Frisch et al., 2016). Phiém ham trao d6i-
tuong quan PBE dugc lwa chon dé t6i wu hoa hinh hoc va tinh toan ning lugng nho su can
bang tbt giita do chinh xac va chi phi tinh toan ddi véi cac hé cum kim loai chuyén tiép va
tuong tac hitu co-kim loai. Pbi v6i cac nguyén tir vang, b ham co sé cc-pVDZ-PP két hop
v6i thé ning 16i hiéu dung (psseudopotential core) dugc sir dung dé xir 1y cac hiéu ing tuong
dbi tinh, trong khi cac nguyén tir nhe (C, H, O) trong phan tir AFB, dugc mé ta bang bo ham
o s& cc-pVTZ. Anh hudng ciia méi truong nude dugc xem x¢ét thong qua md hinh dung moi
phan cyc lién tuc (IEF-PCM). Dé dam bao xac dinh duoc cuc tiéu toan cuc, quy trinh khao sat
cau hinh hé thong da duoc thyuc hién bang cach dat cum vang Au, (n = 2 — 6) tai sau vi tri
nguyén tir oxygen kha di trén phan tr AFB,. Tét ca cac ciu triic sau khi t6i uu hoa déu duoc
thuc hi€n phan tich tan s6 dao dong dé xac nhan khong co tan s6 40, ddm bao cac ciu hinh thu
duoc 1a cac diém cuc tiéu thuc su trén bé mit thé nang (PES).

Do bén nhiét dong cua qua trinh gén két giira cac cum Au, va AFB; dugc dinh luong
thong qua nang luong twong tac (Ep), bién thién enthalpy (AH®) va néng luong Gibbs (AG °).
Céc gia tri nay duoc x4c dinh tai diéu kién tiéu chuan (298,15K va 1 atm d6i v6i pha khi; trang
thai chuan 1 M ddi v6i méi truong nudc) theo cac biéu thire dudi day:

Ey, = E(Au, » AFB,) — E(Au,,) — E(AFB,) €))
AH® = AE + AZPE + ATCH )
AG® = AE + AZPE + ATCG (3)

Trong d6 E 1a ning luong diém khong (ZPE) cua cic cdu tir tai trang thai tdi uu, AE 1a
chénh 1éch ning lugng electron, AZPE 1a chénh léch ning lwong dao dong. Cac tham s6 ATCH
va ATCG lan luot 1a cac gia tri nhiét hiéu chinh (thermal corrections)cho enthalpy va ning
lugng tw do Gibbs dé chuyén mirc ning lwong cua hé tir 0K 1én 298,15K.

Pé 1am rd dic tinh hoa hoc va d6 nhay cua hé, cac tham sb luong tir trong khudn kho 1y
thuyét DFT bao gdm thé hoa hoc (1), d6 cimg toan phan (7) va ning luong ving cAm (Eg) da
duoc xac dinh dua trén nang lugng cia cac orbital bien (HOMO va LUMO) théng qua cac
cong thic sau:

Exomo + ELumo
= 4
> 4
Erumo — Enomo  Eg
= = - 5
> > (5)
Eg = Erumo — Enomo (6)
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Do nhay cua cac cum vang ddi voi su hién dién cta doc té6 AFB, cling dugc khao sat
thong qua sy bién thién phan tram cua nang lugng vung cam (AEg):
|E

—E
=192 il A x 100% )

AE
g
Egl

Trong d6 E;, va Egy, la ndng luong ving cAm cua cluster vang Au, va cua cac phirc hop
Aun°AFB1.

Ban chit cua tuong tac cho-nhén electron va qua trinh chuyén dich dién tich dugc lam
1d thong qua phan tich orbital lién két ty nhién NBO va phan tich dién tich NPA (Natural
Population Analysis). Cudng dd cta cac tuong tac cho-nhan gitra cac orbital cia AFB; va cac
cum vang duoc dinh luong bang ning lwong nhidu loan bac hai (E?). Su tai phan bé mat do
dién tich tai ving tao phdi tri dugc danh gia thong qua viée so sanh téng dién tich NPA trén
cac nguyén tir cua AFB; va nguyén tir vang trong cum Au, trudc va sau khi tao phtrc. Ngoai
ra, ddc trung quang hoc cua hé dugc khao sat bang cach mo phong phd Raman va pho tan xa
Raman ting cuong bé mit (SERS) tai ciing mirc 1y thuyét. Cac dich chuyén tin s6 dao dong
(Av) va sy bién thién cuong do tin hiéu (a.u.) duoc phan tich chi tiét nham 1am sang to co ché
tang cudong hoa hoc chi phdi hiéu ing SERS, dong thoi xac dinh cac dau van tay pho dic trung
cho muc dich nhan dién doc t AFB;.

Trong nghién ctru ndy, méc du hiéu chinh sai s6 chong 14n bd ham (BSSE) khong duoc
ap dung truc tiép, do tin cdy cia cac xu hudéng niang luong van dugc dam bao nhd tinh nhat
quan cua quy trinh tinh toan trén toan b hé khao sat. Do ban chét twong tac trong cac hé
Au*AFB, chi yéu 1a twong tac phdi tri manh véi ning lugng nhidu loan E? dang ké, dong
gop ctia BSSE duoc du doan 1a khong dang ké so véi cac hé chi chira cac luc phén tan yéu.
Viéc st dung cac by ham co s¢ ho Dunning (cc-pVTZ va cc-pVDZ-PP) gitip ddm bao su hoi
tu nang lugng va do chinh xac cho cac phép tinh trén hé cum kim loai tuong tac voi phbi tir
hitu co.

3. Két qua va thao luan

3.1 Vi tri va ning lugng twong tac

CAu tric t8i vu cta cac cluster Au, (n =2 — 6) duoc thé hién trén Hinh 2. Két qua tinh
toan cho thiy dimer Au, co dang dudng thing véi d6 dai lién két Au—Au dat 2,53 A va tan sb
dao dong dic trung tai 172 cm™'. Sy phu hop tuong ddi giita cac gia tri nay va dir lidu thuc
nghiém (2,47 Ava 191 cm™) cho thiy do tin cdy ctia murc ly thuyét duoc lya chon. Trimer Aus
0 hitu cau truc tam giac can (d01 xtng Cy). Cau cluster kich thudc 16n hon nhu Aus (Don) va
Aus (Cay) déu duy tri hinh hoc phing dwoc hinh thanh tir viéc phat trién cac nguyén tir Au trén
khung Aus. D6i voi cum Aug c6 cdu triic bén nhét dugc xac dinh 1a mot tam giac déu ddi xtng
D3y cao.

“« A ‘\t:‘ ‘o ;&S

Au (Dooh) Auz (sz) Auy (Dzh) Aus (sz) Aug (D3h)

Hinh 2. Hinh hoc t6i wu ciia cluster Au, (n =2 — 6) & mikc Iy thuyét PBE/cc-pVDZ-PP
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Song song véi do, ban chit hoa hoc ciia phan tir AFB; duoc danh gia thong qua ban do
thé tinh dién (ESP) (Hinh 3). Két qua phan tich cho thdy mat d6 dién tich tap chung chu yéu
tai cac nguyén tr oxygen thudc nhom nhom carbonyl (021), vong lactone (020), vong furan
(01, O18). Sy tich lily dién tich am tai cac vi tri ndy bién ching thanh cac tdm than hach
(nucleophile) uu ti€n, c6 kha nang dong vai tro la tdc nhan cho electron trong cac tuong tac
phéi tri v6i bé mat kim loai. ¢ dién tich Am hon céc vi tri khac nén c6 khuynh hudng dong
vai tro cho electron trong cic phan trng hoa hoc (Lian et al., 2024).

-0.47

Hinh 3. Céu triic toi wu (trai) va thé tinh dién phan tir (phai) cia AFB;

Dua trén cac tdm phan ung duogc xac dinh tur bé mat thé tinh dién (ESP), cac cAu hinh
hép phu ctia Au, 1én AFB, da dugc khao sat mét cach co hé théng nham xéac dinh trang thai
6n dinh nhat (Hinh 4). Két qua tinh toan chi ra rang tat ca cac phirc hop déu duoc 6n dinh hoa
thong qua tuong tac hoa hoc gitra cum vang va cac nguyén tir oxy cua doc t6, véi su wu tién
phéi tri khac nhau tuy thudc vao kich thudc cum.

Fay-0 = 2,396 A

Fau—0 = 2,157A o= 2120k

J\y (’/) Tau-c =z.121 A

AU4°AFB 1

TAu-022 = 2,606 A ; L’

Tau-021 = 2,398 A

Aus*AFB; Aug*AFB;

Hinh 4. Céu triic toi wu ciia cac phire tao bai cluster Au, (n =2 - 6) va AFB; tinh ¢
mirc ly thuyét PBE/cc-pVDZ-PP/cc-pVTZ

Cu thé, d6i voi cac hé Auy, Aus, Aus va Aug, nguyén tu oxygen thudc nhom carbonyl
(021) déng vai trd 1a tim hép phu cha dao, hinh thanh lién két phoi tri voi nguyén tir vang.
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Bén canh d6, oxygen thudc vong lactone (020) cling tham gia dong gop vao su 6n dinh cua
ciu triic thong qua viéc hinh thanh cac diém tiép xuc bo trg, rd rét & cum co kich thudc 16n
nhu Aue. D9 dai lién ket Au-O trong cac phirc hgp nay dao dong trong khoang tir 2.124 dén
2.606 A, gia tri nay nam trong pham vi cua lién két ph01 tri gitra oxygen va vang. Dang chu y
nhat 13 truong hop cua phirc hop AusAFB) noi co ché gan két thé hién sy khac biét rd rét so
v6i cac cau hinh con lai. Thay vi chi gidi han ¢ cac tuong tac qua nguyén tir oxygen, Aus cO
thiét 1ap twong tac voi hé lién hop 7 ciia lién két d6i C=C trén vong furan. Khoang cach giita
cac nguyén tir carbon trong ving lién két nay dat gia tri 2.121 A, cho thdy kha ning tao phdi
tri hidu qua giita orbital 7 ciia lién két boi v6i nguyén tir vang.

Vé mit ban chat, co ché hinh thanh lién két trong toan bd cac hé phirc hop nay duoc chi
phdi boi s chuyén doi mat do electron song phuong. Trong d6, mot dong dién tich dich
chuyén tur cap electron ty do trén nguyén tir oxygen va electron m cua vong furan vao cac
orbital trong ciia cluster vang, dong thoi co su dong gop nguoc lai tir tir cac orbital hoa tri
giau electron cua vang (5d, 6s) dén cac orbital phan lién két cia AFB,. Su chuyén doi dién
tich nay s& duoc ban luan chi tiét & phan phan tich NBO phia sau.

Do bén nhiét dong ciia qua tinh hap phu duge dinh luong qua nang luong tuong tac (Es),
bién thién enthalpy (AH®) va ning luong ty do Gibbs (AGP), duoc trinh bay chi tiét & Bang 1.
Két qua tinh todn ghi nhan trong sd cac cau hinh khao sat, vi tri 021 (nhom carbonyl) phan
l6n ghi nhén cac gia tri nang luong twong tac, blen thién enthalpy va nang lugng tu do Gibbs
am nhét, cho thiy day la tim hip phu uu tién vé mit ning lugng.

Bang 1. Niing lwong twong tic (Ep), sw thay ddi bién thién enthalpy (AH®) va niing
lugng ty do Gibbs (AG®) cia qua trinh gan gan két cluster Au, (n =2 - 6) véi AFB; tai
mirc ly thuyét PBE/cc-pVTZ/cc-pVDZ/PP (kcal/mol) trong pha khi va méi trudng

nuée.
Es AH° AG°

Phirc hop

Khi Nudce Khi Nudc Khi Nudc
Au°AFB; -21,40 -16,42 -21,08 -16,03 —-11,61 -7,28
Auz*AFB; —24,77 -17,77 —24,18 -17,13 —14,13 -7,30
Aus*AFB; -33,58 -24,29 -33,30 -24.21 —-19,34 -11,75
Aus*AFB; —-15,50 -12,18 —14,77 -11,49 -5,64 -0,82
Aug*AFB; -14,30 -11,34 —-13,54 -10,59 5,18 —-0,96

Nhin chung, cac gia tri Ey, AH® va AG® ludn c6 gia tri am trong ca hai moéi truong, minh
chung cho tinh ty phat va tda nhiét ciia qua trinh hinh thanh phttc hgp. Tuy nhién, trong moi
truong hop, AG® déu c6 gia tri it am hon AHC. Su chénh léch nay dwoc giai thich boi su sut
giam entropy (AS < 0) khi hai hé tu do két hop thanh mét phirc hop duy nhat, lam ting gia tri
ctia s6 hang —TAS trong phuong trinh Gibbs.

Bén canh d6, danh gia sy anh hudng cta dung méi cho thay khi chuyén tir pha khi sang
moi truong nudc, do bén nhiét ddng cua cac phirc hop c6 xu hudng gidm. Hié€n tugng nay cod
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thé dugc giai thich do hi€u ing bao quanh cua dung méi lam tai phan cyc lai mat d electron
va che chan mot phén dién tich gitta AFB, va cum vang. Mac du vay, cuong do tuong tac van
du 16n dé duy tri cdu triic phirc hop bén viing, cho thiy kha nang tmg dung hip phu ctia cum
vang trong cac mdi trudong khac nhau.

3.2 Phan tich NBO

Két qua phan tich orbital lién két tu nhién (NBO) dugc trinh bay & Phu luc 1, khing
dinh ban chét lién két trong cac phuc chit Aus*AFB, dugc dic trung bdi co ché chuyén dich
dién tich tir phén tir aflatoxin sang cum vang. Su twong tac cho nhin chu yéu duoc thiét 1ap tir
cac cap electron ty do cua nguyén tur oxygen (LPo) va hé thong lién két trén vong furan (BDc—c)
ctia AFB, d&én cac orbital trong (LP"a,) hoic orbital phan lién két (BD"au_au) clia cac cum vang.
Pang chu ¥, tai co cdu Aug*AFB,, nang lugng nhiéu loan bac hai (E(z)) dat gia tri cyc dai lén
téi 53,1 keal/mol d6i voi kiéu chuyen dich BDco-c3—LP"Aw, cho thay su uu tién tuong tac
dién tir vuot troi tai vang furan so voi cac vi tri phdi tri khac.

Sy nhét quan giita phén tich orbital lién két ty nhién (NBO) va céc thong sb nhiét dong
hoc déng vai tro then chdt trong viéc 1am sang to ban chat twong tic cua cic phic hop nay.
Két qua khao sat cho thdy mot mdi twong quan tuyén tinh chit ché gitra tong nang luong nhiéu
loan béc hai (E®) va do bén nhiét dong. Khi cac gia tri E? dic trung cho su chuyén dich dién
tich tang 1én, cac gia tri bién thién enthalpy (AH®) va ning luong tur do Gibbs (AG®) twong tng
tré nén 4m hon, phan 4nh mot qué trinh gin két bén viing va ty phat hon.

Cu thé, phtic chat AussAFB; thé hién sy hoi tu tdi vu giira hai yéu t6 nay; sy xuét hién
clia twong tac nhidu loan rat dang ké (53,06 kcal/mol) truc tiép dan dén viéc AH® va AG® co
gia tri 1an luot 14 —33,30 va —19,34 kcal/mol, dat gi trj Am nhit trong toan bd diy cluster khao
sat. Nguoc lai, dbi v4i cac hé nhu Aus va Aus, mic du sd luong cac kiéu chuyén dich dién tich
tuong dbi nhiu, nhung d6 16n cua timg twong tac don 1¢ lai kha thap (thuong dudi 10
kcal/mol). Sy suy giam vé cudong do nhidu loan orbital nay dan dén viéc AH°va AG® cia
Aus*AFB) va Aus*AFB; it am nhét, khang dinh ring d¢ bén ciia phirc hgp phu thudc vao cudng
dd cua cac tuong tac nhiéu loan nay.

Dudi goc do ly thuyét Lewis, su chuyén dich méat dg electron tir cac trung tam giau
electron trén AFB, dong vai tro 12 base Lewis, sang cac orbital tréng clia cum vang, dong vai
tro la acid Lewis, tao nén mdt dong van chuyén dién tich lién tuc, lam cho téng dién tich trén
cum vang mang gia tri Am. Hién tuong tich lity dién tich nay khong chi giai thich co ché lién
két hoa hoc ma con 1a co so vat 1y quan trong cho cac tmg dung cam bién sinh hoc. Su thay
doi dang ké vé mat do electron trén bé mat cluster vang khi twong tac voi AFB, s& dan dén su
bién ddi cac tin hiéu dau ra nhu dién thé, d6 din hodc tinh chit quang hoc, cho phép thiét lap
cac phuong phap nhan dién doc t6 v6i do nhay va d¢ tin cy cao dua trén su thay ddi ban chat
dién tir cua vat liéu nano.

3.3 Cac chi s6 lwong tir

Bén canh céc thong sé nhiét dong, ban chat twong tac giita cac cum Au, (n =2 — 6) va
AFB; con duoc lam ro thong qua cac chi so lugng tir vé hoat tinh hoa hoc, bao gom thé hoa
hoc (u), 6 cung hoa hoc (77) va nang lugng ving cam (Eg) dugce thong ké tai Bang 2.

Két qua cho thiy gia trj thé hoa hoc (u) cua hau hét cac phirc hop Au,AFB,; déu ting
(tré nén it am hon) so véi cac cluster Au, cd 1ap trong ca hai moéi truong pha khi va nude. Su
dich chuyén mirc thé hoa hoc vé phia nang lugng cao hon cho thdy AFB, lam ting kha ning
cho dién tir cua cluster vang, mang ham ¥ riang mat do electron tai cum vang duoc ting dang
ké. Xu huéng nay phu hop véi két qua phan tich dién tich NPA va twong tac NBO da thao
ludn & phan trudc.
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Bang 2. C4c chi sb lugng tir (€V) va sy thay doi niing lugng viing cAm (AE,, %) ciia
Auy, AFB; va Au,AFBI (n =2 — 6) & mitc Iy thuyét PBE/cc-pVTZ/cc-pVDZ-PP

CAu tir Pha khi Nude

Enomo Ewwmo 4 7 A4E; Enwomo Ewwmo p n A4E,

Au 63 43 -53 10 - 54 31 -42 12 -
Aus 48 46 -47 01 - 37 33 -35 02 -
Auy 56 46 -51 05 —  -45 33 -39 06 -
Aus 54 38 -46 08 -  -42 26 -34 08 -
Aug 59 -39 -49 10 - 48 -26 -37 11 -
AFB; 53 29 -41 12 -  -55 29 42 19 -

AurAFB, 48 35 -42 0,7 345 52  -31 -41 10 105

AupAFB;, -39 35 -37 02 1192 37 31 -34 03 363

AugeAFB, 49 35 42 0,7 473 —42 32 37 05 207

AusAFB, —47  -36 40 04 456 41 -31 36 05 338

AueAFB, —47 37 -42 05 534 —47 30 -39 08 267

Do cimg hoa hoc (77) thé hién sy bién thién khong dong nhat theo kich thudc cluster.
Trong d6, Aus s& hitu gia tri 7 thip nhit (0,10 eV trong pha khi va 0,23 eV trong nudc), twong
g voi khoang cach HOMO-LUMO nho nhit. Biéu nay dan dén Aus 1a mot ciu tir mang tinh
mém, cho thdy mat do electron ciia cluster niy d& bi bién dang dudi tac dong cia cac truong
bén ngoai, Khi hinh thanh phirc hop Au,*AFB;, mot xu hudng chung dugc quan sat thiy 1a su
sut giam gia tri 77 so voi cac cluster don 1é. Sy sut giam d9 ctimg hoa hoc nay chi ra ring qua
trinh gén Kkét voi doc tb 1am tang d6 phan cuc cta hé. V& mit vat ly, diéu nay c6 nghia la cAu
trac dién tir cua phirc hop trd nén nhay cam hon dbi v6i cac tac dong cua dién trudong bén
ngoai so vai cac cluster ban dau.

Nang luong ving cam (E,) 1a chi s6 then chét dé danh gia do nhay cua vat liéu trong
cac ung dung cam bién sinh hoc. Sy xuét hién ctia phan tir AFB1 géy ra sy tai phan bd mat do
electron va lam thay doi dang keé gié tri E, cta cac cluster. Cy thé, trong pha khi, bién d6 bién
thién E, sau khi hép phu dat muc 16n, dao dong tir 34,5% dén 119,2%. DPic biét, cac cluster
Aua, Ausva Aus c6 su thu hep ving cAm 1o rét, trong khi Aus va Augs lai ghi nhén sy gia ting
E,. Trong mbi truong nudc, mic du hiéu tmg dung mdi lam 6n dinh héa cau tric dién tir, sy
bién ddi tin hiéu sau khi hap phu doc td van duy tri & muc dinh lugng dang ké. Cu thé, Aus
giam 33,9%, Aus giam 26,7% va Aus ting 36,3%. Sy bién d6i dinh lugng dang ké cia cac chi
sO E, va n (dac biét 1a & Aus, Aus va Aus) khang dinh rang viéc gan két AFB, tao ra nhiing
thay ddi dic trung va co thé do dac duge trong cAu trac dién tir cua vat liéu cam bién. bay la
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co s& khoa hoc dé cho thiy rang cac cum vang kich thudc nho khong chi ¢6 kha ning hap phu
tot ma con tiém nang trd thanh vat liéu cdm bién phat hién nhanh doc tinh AFB; dya trén su
chuyén doi tin hi¢u dién tu.

3.4 Ph6é SERS

Pho Raman tinh toan ctia phan tir AFB; dugc mé phong trong méi truong nudc tai mirc
PBE/cc- pVTZ (Hinh 5) cho thay céc tin hiéu dao dong déc trung tap trung trong ving 6007
1800 cm ™. Cac dinh phd quan trong bao gom dao dong “tho™ clia vong pyran tai 669 cm- 'va
dao dong bién dang khung vong tai 1365 cm . Trong ving sb séng cao, h¢ lién hop 7 dong
gop dao dong kéo gidn C=C tai 1522 cm™'. Dac biét, hai tin hiéu manh tai 1663 cm™' va 1741
cm! dugce xac dinh tuong tmg voi nhom carbonyl ty do va nhom C=0 ctia nhoém chire lactone.
Su phu hop chat che gitra tan s6 dao dong tinh toan va dir liéu thyc nghiém (Wang, 2022)
khong chi cung ¢b tinh chinh x4c ctia mé hinh 1y thuyét dugc lya chon ma con cung cip co sé
dé danh gia sy bién dbi sau khi tao phirc hop véi cac cum vang.
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Hinh 5. Phd SERS ciia phitc bén r}hét Au,*AFB; (n =2 — 6) trong méi trwong nwoc &
miurc ly thuyét PBE/cc-pVTZ/cc-pVDZ-PP
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Bang 3. Vi tri (cm™) va cwong d) Raman (don vi tay y, gia tri trong diu ngoic don)
cia AFB; va phirc hop Au,*AFB; (n =2 - 6) 6 mirc ly thuyét PBE/cc-pVTZ/cc-pVDZ-
PP

Tin hléu AFB1 AlleFBl AU3AFB1 AU4AFB1 AllsAFBl Au6AFB1

Dao déng ths 669 683 680 676 674 673
vong pyran (14) (41) (156) (34) (30) (35)
Bién dang 1365 1367 1367 1360 1368 1368
vong (34) (38) (223) (33) (40) (38)
Dao dong kéo 1522 1499 1497 1499 1505 1504
gian C=C (57) (123) (2079) (251) (80) (285)
Dao dongkéo 1463 1554 1547 1547 1558 1580
gian C=0
(carbonyl) (37) (174) (3626) (160) (71) (137)
Dao dongkéo 1741 1724 1716 1740 1680 1740
gian C=0
(vong lactone) (16) (41) (2264) (13) (112) (14)

Sy twong tac giita cic cum vang Au, (n =2 — 6) va AFB, dan dén hién twong ting cuong
tin hiéu Raman vuot trdi, mot dac di€ém dién hinh cua co ché tang cuong hoéa hoc. Trong do,
phuc hop AusAFB; thé hién hiéu ting khuéch dai manh mé nhat.

Sy chuyén dich do6 dugc ghi nhan théng qua dao dong kéo gian C=O (carbonyl) dich
chuyén tir 1663 cm™ xudng 1547 cm! (Av = 116 cm™'). Tuong tu, nhom C=O trong vong
lactone dich chuyen tir 1741 cm ™! xubng 1716 cm™'. Sy suy giam s6 song nay 1a minh chung
cho théy viéc suy yéu béc lién két C=0 do mat do electron tir cac nhém chirc ndy chuyén dich
vao cac orbital trong ctia cum vang di duoc ban luan ¢ cac phan trudce do.

. Su khuéch dai cudng d6 dao dong ctia nhdém carbonyl, ting vot tir 37 a.u. 1én 3626 a.u.
(g4n 98 lan), trong khi nhom C=0 lactone tang tir 16 a.u. 1én 2264 a.u. (141 lan). Cac dao dong
lién két C=C tai 1522 cm™' cling ghi nhan muc tang cudng 36 lan.

Vé mit Iy thuyét, cudng do Raman (I) ti 1¢ thuan véi binh phuong dao ham ciia d6 phan
cuc () theo toa do dao dong binh thuong (Q): I = (da/: 9Q)?%. Su gia tang cuong do tin hiéu
trong cac phurc Aup*AFB, duoc giai thich théng qua su két hop cua hai yéu t6. Dau tién 1a viée
hinh thanh lién két phdi tri gilra nguyén tr oxygen va cac nguyén tir vang tao ra mét dong
chuyén doi dién tich. Theo két qua phén tich NBO cho thiy, su xen phu tir cc electron clia
oxygen vao céac orbital trong ctia cum vang 1am thay d6i dang ké sy phan bd mat do electron,
dan dén su gia tding manh mé ctia d§ phan cuc, tir d6 khuéch dai tin hiéu Raman duoc ghi
nhan. Thir hai, cac tdn sb dich chuyén dic thu dong vai tro nhu mot ddu véan tay phd
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(fingerprint). Su thay d6i ning lugng ving cAm (Eg) dang ké, tao diéu kién cho sy cong hudng
dién tr gitra trang thai co ban va trang thai kich thich cua phirc hop, lam tang xac suat tan xa
Raman tai cac vi tri tiép xuc giira cluster vang va phén tir doc t0.

) Ket‘qua nay cho thiy rang cum vang, dic biét la Aus, khong chi hoat dong nhu mét chat
h{lp phu bép virng ma con la co chat khuéch dai tin 7hiéu hiéu gué, cho phép phat hién AFB, ¢
nong d6 thap vai do chon loc tot dya trén cac chuyén dich phd déac trung riéng biét.

4. Két ludn

Nghién ciru di 1am cung cap cai nhin vé co ché tuong tac giita cum vang kich thudc
nho Au, (n =2 — 6) va doc tdc AFB, thong qua 1y thuyét phiém ham mat d6 (DFT) ¢ muc ly
thuyét PBE/cc-pVTZ/cc-pVDZ-PP va md hinh IEF-PCM mé phong anh huéng ciia moi
truong nude. Két qua cho thiy hai nhém C=0 ciia phan tir AFB, 1 tim hap phu uu tién nhit
voi su 6n dinh cao vé mat nhiét dong hoc, dac biét 1o rét véi co ciu Aus*AFB,. Phan tich
orbital lién két tw nhién NBO va phan b dién tich NPA da lam sang to co ché chuyén dich mat
d electron song phwong tir cc trung tim giau dién tir cua doc t& AFB, sang cac orbital tréng
clia cum vang, hinh thanh céc lién két phdi tri bén vimg dua trén tuong tic acid-base Lewis.
Su sut giam do cimg hoa hoc (77) va bién thién ning lugng ving cim (4E,) dang ké chimg
minh tinh nhay ctia hé dbi voi su hién dién cua doc to AFB,, trong d6 cum Aus thé hién kha
ning thay dbi tin hiéu dién hoa dang ké. Hiéu tng ting cuong Raman bé mit (SERS) véi
cuong do khuéch dai 1én dén 141 lan cung voi sy dich chuyén do dic trung cua cac nhom chire
phdi tri da thiét 1ap dau van tay phd quan trong. Nhimg phat hién thu dugc gop phan minh
chung vai tr6 cua cac cum vang, ti€u biéu 1a Aus va Ausla nén tang vat liéu tiém ning cho viéc
thiét 1ap cac phuong phap nhan dién doc t6 AFB; voi do nhay va tinh chon loc cao trong cac
mg dung cam bién sinh hoc thé hé méi.
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Phu luc 1. Két qua phan tich NBO ciia cac phirc chit Aun*AFB; bao gdm ning
lwgng nhiéu loan bac 2 (E®, keal/mol) va dién tich NPA ciia cac nguyén tir tai trung
tam tao phdi tri (a.u).

Phtrc chat Nhiéu loan bac 2 Dic diém dién tich
Kiéu chuyén dich E® Nguyén tir Dién tich
Auy*AFB, LPo2i—BD" Aul-Aw2 18,86 Aul +0.08
LPo21—LP Aul 5,62 Au2 -0.21
LPo21—LP aul 4,91 021 —0.54
LP021—BD" Aul-Aw 3,32 C10 +0.53
BDc10-021—BD " Aut-Auw2 2,06
LPAui—BD c10-021 1,95
Au3+AFB; LPo2i—BD" Aul-Aw2 8,10 Aul +0.11
LPo21—LP Aul 5,63 Au2 —0.09
LPo21—LP Aul 4,54 Au3 —0.09
LPo21—LP Aul 4,01 021 -0.54
Aus*AFB; BDcor-c3—LP" aw2 53,06 Aul +0.02
LPan—BD" co=c3 28,33 Au2 +0.18
BDc-c3—BD* Auwr-Aua 21,48 Au3 -0.20
LPo20—BD" Aui-Au3 11.90 Au4 —-0.08
BDc3u—LP an 6,41 C2 +0.05
BDco-c3—LP aw 4,20 C3 —0.38
BDc2-c3—LP aw2 4,03 020 -0.52
LPo20—LP"Aul 3,24
BDco-c3—LP Aw 2,83
BDc2-n—LP Aw2 2,49
LP020—BD" Aul-Au3 2,44
Aus*AFB, LP021—BD Aul_au3 7,84 Aul -0.06
LPo2i—LP"Au 2,20 Au2 —0.06
LPo2i—BD" Aui-Au3 1,11 Au3 +0.11
Au4 —-0.06
Aus —0.15
021 -0.30
Aug*AFB; LPo21—LP"Au 10,79 Aul +0.11
LPo20—LP" Ay 4,72 Au2 —0.06
LPo2i—LP" Ay 438 Au3 —-0.07
LP020—LP"ay 3,02 Aud —0.02
LPoro—LP Ay 2,71 Au5 —0.10
LPoy—LP Ay 2,64 Aub -0.01

LPo2i—LP" Ay 2,40 021 -0.52




	Bảng 3. Vị trí (cm(1) và cường độ Raman (đơn vị tùy ý, giá trị trong dấu ngoặc đơn) của AFB1 và phức hợp Aun•AFB1 (n = 2 – 6) ở mức lý thuyết PBE/cc-pVTZ/cc-pVDZ-PP
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