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TOM TAT

Hoat tinh khdng oxy héa va co ché trung hoa goéc ti do HOO" ciia
quercetin dirgc nghién ciru bang 1y thuyét phiém ham mdt d¢ (DFT)
¢ mirc Iy thuyét B3LYP/6-311++G(d,p). Cac phén tich orbital
bién, két hop véi tinh todn tham sé nhiét dong va dong hoc phén tir
cho thdy quercetin thé hién hoat tinh khdng oxy héa manh trong ca
méi trwong phan cwe lan méi truong kém phén cue. Qud trinh hinh
thanh quinone bén théng qua phdn img trung hoa goc tir do theo
co ché chuyen nguyeén tu hydrogen (HAT) dién ra theo hai buéec.

Buebe ddu tién la hinh thanh goc tie do quercetin trung gian. O bude
nay, méi trwong pentyl ethanoate dién ra thudn lgi vé ca mdt nhiét
déng hoc lan dong hoc hon so véi trong nwée. Ngwoe lai, ¢ bude
tach nguyén tuw hydrogen lan thir hai d@é tao thanh sdan pham
quinone, nwée chiém wu thé hon. So véi co ché HAT, co ché chuyén
dién tu don lé (SET) kém thudn loi hon vé ca yeu 6 nhiét dong hoc
ldn dong hoc.

Tir khoa: DFT, HAT, khang oxy hoa, quercetin, quinone, SET
ABSTRACT

The antioxidant activity and HOO" radical scavenging mechanism
of quercetin were investigated using Density Functional Theory
(DFT) at the B3LYP/6-311++G(dp) level. Frontier molecular
orbital analyses, combined with calculations of molecular
thermodynamic and kinetic parameters, indicate that quercetin
exhibits strong antioxidant activity in both polar and non-polar
environments. The formation of stable quinone through the
hydrogen atom transfer (HAT) mechanism occurs in two steps. The
first step involves the formation of an intermediate quercetin
radical, which is more favorable both thermodynamically and
kinetically in pentyl ethanoate compared to water. Conversely, the
abstraction of the second hydrogen atom to form the quinone
product is more favorable in water. Compared to the HAT
mechanism, the single electron transfer (SET) mechanism is less
favorable in terms of both thermodynamic and kinetic factors.

Keywords: Antioxidant, DFT, HAT, quercetin, quinone, SET
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hoat tinh manh hon so vé6i dang deproton hoa cua

1. GIOITHIEU n6. Trong mang té bao, HOO® ¢o thé phan tng véi

Céac tac nhan oxygen hoat dong ROS (reactive cac hydrogen allylic ctia cic chudi acid béo khong
oxygen species) 1 san pham phu ctia cic qué trinh bédo hoa, tir 46 khoi phat cac phan ng peroxy hoa
chuyén hoa hiéu khi trong ty thé, ciing nhu tir hoat lipid va gay ton thuong khong hdi phuc cho mang té
dong cua xanthine oxidase, peroxisome, cac qua bao (Guo & Amorati, 2022).

trinh viém, tai tuéi mau sau thiéu mau, hoat dong
thé chét va nhidu yéu t6 khac (Gulcin, 2025; Juan et
al., 2021). Chung hoat dong nhu cic phén tir truyén
tin hiéu, dong vai trd quan trong trong diéu hoa cac
churc nang sinh hoc va duy tri cac qua trinh sinh 1y
cua co thé (Schieber & Chandel, 2014). Cac ROS
thudng mang mot hodc nhidu dién tir doc than (gdc
tu do) nén ching thé hién hoat tinh hoa hoc manh
mg c6 kha nang thn cong nhiéu muc tiéu sinh hoc
khéc nhau (Juan et al., 2021; Sachdev et al., 2023).
Khi duogc tao ra qua muirc hodc tich iy 1au dai, cac
ROS c6 thé giy stress oxy hoa (oxidative stress),
dan dén t6n thuong cac phan tir sinh hoc nhu lipid,
protein va DNA (Pooja et al., 2025). Nhimng ton
thuong nay tich lily theo thoi gian, lam tang nguy co
méc cac bénh man tinh nhu ung thu, bénh tim mach,
x0 vita dong mach va cac bénh thoai hoa than kinh
(Houldsworth, 2024; Jomova et al., 2023).

Dé han ché tac hai cua cac ROS, nhiéu nghién
ctru da tap trung vao viée tim kiém cac chit khang
oxy hoa tiém ning nhiam ngin chin hodc lam cham
qué trinh oxy hoéa. Trong do, rau qua — dic biét 1a
cac loai giau polyphenol va vitamin, dugc xem la
ngudn khang oxy hoa hiéu qua (Pandey & Rizvi,
2009). Céc chat khang oxy hoa hoat dong chu yéu
thong qua viéc trung hoa gbc tu do, lam gian doan
chudi phan tng oxy hoa va tao thanh cac san phim
it nguy hiém hon (Chandimali et al., 2025). Nho d6,
chat khang oxy hoa giit vai tro quan trong trong y
hoc dy phong, hd tro bao vé te bao, duy tri strc khoe
va gop phan ngan ngura sy tién trién ctia nhidu bénh
1y lién quan dén stress oxy hoa (Lobo et al., 2010).
Trong so cac chat khang oxy héa tw nhién, flavonoid
dac bi¢t thu hut sy quan tdm nho sy hién dién phé
bién trong ché do an udng (Li et al., 2024). Chung
thé hién nhiéu hoat tinh dang chii ¥ nhu trung hoa

Mot trong nhiing gbe tu do quan trong trong cac gbc tu do, tao chelate v6i ion kim loai va diéu hoa
qua trinh chuyén hoa cua co thé 13 cac peroxyl, trong tin hi€u cta cac con duong bao vé khang oxy hoa
d6 hydroperoxyl (HOO*) dugc xem la dang don gian (Panche et al., 2016). Mot trong nhimg flavonoid
nhit. Trong méi truong nude, HOO® ¢6 thé phan ly dugc quan tam nhét 12 quercetin, c6 thé tim thiy
tach proton dé tao thanh anion superoxide (0%7), voi trong nhiéu loai trai cdy, rau ct va tra (Boots et al.,
gia tri pK, duoc ghi nhan 1a 4,8 (Bielski et al., 2008). Quercetin (Hinh 1) ¢6 cau tric polyphenol

1985). O pH sinh 1y 7.4 thi chi 0,25% ton tai & dang ddc trung vo6i nhiéu nhom hydroxyl, cho phép
trung hoa HOO®, do d6 dang anion 0%~ ton tai chinh chuyen nguyén tir hydrogen hogc dién tir dé trung
yéu trong dung dich nuéc (C. M. C. Andrés et al., hoa goc tu do, tao thanh cac san pham quinone bén
2023). Tuy nhién, khac v6i 03~ mang dién tich am, vimg. Bén canh do, quercetin con co kha nang diéu
dang trung hoa HOO* ¢6 kha ning thdm nhap dé h(‘).'fl cac enzyme khéng OXy héq noi sinh, tao chelate
dang hon vao méi truong ky nuéc nhu mang vdi cac ion kim loai chuyén tiép, tir d6 han cheé céc
phospholipid kép (Andrés et al., 2023; Méller etal., ~ Phan img tuong tu Fenton hinh thanh cac ROS gay
2019). Chinh vi vay, hydroperoxyl thuong thé hien ~ hai (Boots et al., 2008; Xu et al., 2019).

4 _oH

32 OH 2Hor 2H"/2¢’

p-Quinone quercetin Quercetin 0-Quinone quercetin

Hinh 1. Céu tric phén tir clia quercetin va quinone quercetin

Bén canh cac nghién ctru thyc nghiém vé hoat tir, qua d6 cing cb va giai thich cac quan sat thyc
tinh khang oxy hoa ciia quercetin, nhiéu nghién ctru nghiém. Nghién ctru nay dwoc thyc hién nhim dénh
ly thuyét ciing di dugc thuc hién (Justino & Vieira, gia hoat tinh khang oxy hoa cua quercetin trong ca
2010; Zheng et al., 2017). Cac nghién ctru trén giup pha khi va mot s6 dung moi c6 dd phan cuc khac
chung ta hiéu biét sau hon vé co ché ¢ cap d6 phan nhau. Ngoai ra, dong hoc phan ung hinh thanh cac
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quinone quercetin bén viing (Hinh 1) cling s€ duogc
nghién ctru chi tiét. Thong qua do, co ché trung hoa
gbc tu do HOO" cua quercetin theo cac con dudng
khéc nhau s€ dugc lam sang td.

2. PHUONG PHAP TINH TOAN

Tt ca cac tinh toan ciu trac tdi wu va tin sé dao
dong duoc thyc hién bﬁng chuong trinh Gaussian 16
(Frisch et al., 2016). CAu tric dugce t6i wu hoan toan,
khong co sy rang bude déi xtng hodc hinh hoc nao,
trong khuon kho 1y thuyét phiém ham mat d6 (DFT)
v6i phiém ham lai B3LYP. Phuong phap DFT duoc
st dung do nhiéu vu diém tu than va han ché phu
thudc vao cac h¢ nghién ctu. Phiém ham B3LYP
duoc lua chon trong nghién ctru ndy do sy chinh xac
khi du doén céu triic phan tir, tinh chat quang phd va
cac tinh chét nhiét dong hoc cua cac flavonoid
(Saeidian et al., 2024; ToSovi¢ & Markovié, 2017).
Anh hudng ciia dung méi ciing dwoc xem xét trong
nghién ctru ndy, mo phong bang mé hinh dung moi
dua trén mat do SMD (Solvation model based on
density) (Skyner et al., 2015). Thong thuong, d6i
v6i qua trinh trung hoa gdc tu do, HAT va SET la
hai co ché chinh duoc dé xuit va chép nhén rong rai
(Apak et al., 2016; Rohman et al., 2023).

Co ché chuyén nguyén tir hydrogen (HAT) cua
quercetin (HsQE) cho HOO® c6 thé dugc tom tat nhu
sau:

HsQE + HOO® - H,QE* + HOOH
H,QE* + HOO® - H,QE + HOOH

Trong khi d6, co ché chuyén dién tir don 1¢
(SET) bao gom cac qué trinh:
H<QE + HOO® - HsQE** + HOO~
H;QE** + HOO~ - H,QE* + HOOH
H,QE* + HOO®* —» H,QE* + HOO~
H,QE* + HOO™ - H3;QE + HOOH
Céc tham sb nhiét dong co ban trong khao sat
hoat tinh khang oxy héa bao gom nang lugng phan
ly lién ket OjH (BDE) va nang lugng ion hoa (IE).
Hai tham s6 nay duogc tiph toan thong qua cég
phuong trinh dudi ddy nham danh gid cac co che
khéang oxy hoa tuong ung nhuw HAT va SET:

BDE, = H(H,QE*) + H(H*) — H(HsQE); (1)
BDE, = H(H; QE) + H(H*) — H(H,QE®); (2)
IE; = H(HsQE**) + H(e™) — H(HsQE); (3)
IE, = H(H,QE™) + H(e™) — H(H,QE*); (4)
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Trong d6 H la enthalpy cta cac chu tir tai
298,15K va dugc udc tinh qua phuong trinh sau:

H = Ey + ZPE + Hypqns + Hyor + Hyyp + RT (5)

V6i Hypanss Hyor VA Hyy, 14n luot 13 ning luong
tinh tién, quay va dao dong; E, 1a nang luong di¢n
tir tai OK va ZPE 1a ning luong dao dong diém
khong. Céc gia tri enthalpy cua nguyén tir hydrogen
(H) va dién tr (e") trong ca pha khi va nudc dugc
léy tu cac dir liéu thyc nghiém (Bang 1) (Bartmess,
1994; Parker, 1992; Rimarc¢ik et al., 2010; Wright et
al., 2001). Trong dung mdi pentyl ethanoate, cac gia
tri trén dwgc wdc tinh bang cach gin hydrogen va
dién tir vao phan tir PEA dé hinh thanh céc ciu tir
twong tmg 1a HPEA® va PEA™, nhu d& nghi trong cac
nghién cuu trudc day (Markovié et al., 2013; Truong
et al., 2022).

Béng 1. Gia tri enthalpy ciia hydrogen va dién tir
trong pha khi, nwéc va pentyl ethanoate

(PEA)
A . Enthalpy (kcal/mol)

Cautr — 5 hi N PEA
H 31227 -31323  —313.46
e 0,75 2435 ~15.23

Bén canh cac gia tri nhi¢t dong hoc, mot cong cu
hiru ich khac truc quan hon dé danh gia tiém luc
khéang oxy hoa clia mot chétla phan tich mat do spin
ctia mot gdc tu do hinh thanh sau khi cho hydrogen
hodc dién tir. Mat d9 spin gitp xac dinh do 6n dinh
cua géc tu do dua trén sy phan tan dién tir ddc than
trén toan bd khung cAu truc, dién tur cang dugc giai
toa thi gbe tur do cang bén va chit c6 hoat tinh khang
oxy manh (Trouillas et al., 2006; Zhang et al., 2022).

Nang luong Gibbs cua cac phan tmg dugce tinh
toan bang cach st dung phuong trinh sau:

D+ Geordp = )+ Geordec (6)

Trong d6 (€ + G.orr) 12 nang lugng dién tir hi¢u
chinh nang lugng tu do Gibbs.

AG?

Héng sd tbc do phan ung (k) dugc tinh toan
trong moi truong nudc va pentyl ethanoate bang
cach sir dung 1y thuyét trang thai chuyén tiép (TST)
cua Eyring thong qua chuong trinh Eyringpy (Dzib
et al., 2019; Eyring, 1935; Truhlar et al., 1983):

kBT _AT'Gi
k= O'KTG RT

()

Trong d6 o 1a hé s6 suy bién ciia phan tmg, K 1a
hé s0 xuyén ham lugng tr dugc tinh toan theo
phuong phap cua Eckart (Eckart, 1930), k5 1a hang
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6 Boltzmann, 4 la héng $6 Planck, R la héng $6 khi,
T la nhiét do, ArGfF la nang lugng hoat hoa Gibbs.

Dbi voi phan tng chuyén don dién tir (SET),

A,G* dugc tinh toan bang cach sir dung ly thuyét
cua Marcus (Marcus, 1993):

; ®

0 \2
AG* = ’—1<1 + AGSET)
4

Trong d6 A 12 nang luong tai t6 hop va AG%, 1a
nang lugng tu do Gibbs phan ung. Gia tri ning
luong tai to hop duoc dinh nghia 1a chénh 1éch nang
lugng phi doan nhiét giita tac chit va san pham theo
phuong trinh (9).

A= AEgpr — AGgpr 9

Trén thuc té, héng sb toe d6 thu duoc tu thuyét
TST trong mot s6 trudng hop co thé dong nhét hodc
vuot qua gidi han khuéch tan, lic nay dong hoc cua
phan ting duoc quyét dinh boi qua trinh khuéch tan
(Galano & Alvarez-Idaboy, 2013). Nhim xéac dinh
chinh x4c gia tri thuc nghiém, hing sb téc do biéu
kién dugc tinh toan bang cach sir dung 1y thuyét cia
Collins — Kimball thong qua phuong trinh (10)
(Collins & Kimball, 1949).

kpk
kp+k
Tropg d('), k,lé héng s6 tc do nhiét dong TST va
kp 1a hang s6 toc dg trang thai dimg Smoluchowski,
md ta phan ung kiém soat khuéch tan ludng phan tir
khong thudn nghich, dugc tinh toan bdi
phuong trinh:

k (10)

app =

kp = 4mR,pDapNy (11)

v6i Ry 12 khoang cach phan tng, N, 14 hing s6
Avogadro va Dag dugc uéc tinh tr D, and Dg theo
Truhlar. Gié tri cua D, va Dy duoc xac dinh béng
cach st dung phuong trinh Stokes — Einstein (12)
(Einstein, 1905; Stokes, 2009).

— (12)
6mna, g

Dyyp =

Trong d6 ky la héng $6 Boltzmann, T'1a nhiét do,

n la do nhdét cia dung moéi, a 1a ban kinh cua
chat tan.

Khi thu duoc tat ca hing sb tbc do kha di trong
phan g trung hoa gdc tu do, hang sb téc do tong
quat k;,, dugc tinh toan thong qua phuong trinh (13)
(Galano & Alvarez-Idaboy, 2013).

ktot — Z kf—HAT + Z kSET

(13)
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Cudi cung, cac tham $6 luong tir nhu thé hoa hoc
(1), d6 ctmg toan phan (1)) va chi sb than dién tir (w)
duogc tinh toan dya trén nang lugng ion hoa va ai lyc
dién tir theo céch tiép cén cuia Pearson va Parr theo
cac phuong trinh (14) — (16) (Chermette, 1999; Obot
et al., 2015; Parr et al., 1999).

U= —%(IE + EA) (14)
= %(IE — EA) (15)
w= g—n (16)

3. KET QUA VA THAO LUAN
3.1. Pac tinh dién tir va quang phé

Mbi hé hoa hoc c6 thé ton tai dudi nhidu dang
hinh hoc khac nhau trong khong gian, do dd, viéc
xéc dinh cau trac toi wu 14 co sO de tinh toan nang
lugng va danh gia cac thong sd can khao sat trong
tung truong hop cu thé. Bén canh do, viéc tinh toan
tan s6 dao dong diéu hoa 1a can thlet nhim xdc dinh
d0 bén cua ciu trac, voi didu kién tit ca cac tan sb
dao dong phéi duong. Trong nghién ctru nay, hinh
hoc tdi wu cuia quercetin (Hinh 2) dugc khao sat &
mirc 1y thuyét B3LYP/6-311++G(d,p).

©c
Hinh 2. Céu tric t6i rru cuia quercetin trong pha
khi tai mirc ly thuyét B3LYP/6-311++G(d,p)

2H @O

Hoat tinh khang oxy hoéa cua céc hop chat
polyphenol nhu quercetin gén lién véi kha niang cho
dién tir hodc chuyén nguyén tir hydrogen dé trung
hoa cac gbe tu do. Cac chi sb lugng tir nhur thé hoa
hoc s, dd cimg toan phan 7 va chi s6 than dién tir @
1a nhitng dai lugng then chét phan anh xu hudéng
nhuong hodc nhan dién tr cia mot hé hoda hoc.
Nhing hé¢ c6 mirc ning lugng HOMO cao, thé hoa
hoc x it 4m, d6 clmg toan phan 7 thap va chi s than
dién tir @ nho thuong dé nhuong dién tir hon, do d6
c6 hoat tinh khang oxy héa manh hon. Cac muc
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nang lugng HOMO va LUMO cua quercetin dugc
tinh trong pha khi, nudc va pentyl ethanoate tai muc
ly thuyét B3LYP/6-311++G(d,p) va dwoc minh hoa
trén Hinh 3.

Cac gia tri nang luong HOMO, LUMO, nang
lwong vung cAm E,, thé hoa hoc 4, d6 cliing toan
phan 7 va chi sO than dién tir @ ctia quercetin dugc
tinh véi phiém ham B3LYP va b ham co sé 6-
311++G(d,p) duogc liét ké trong Bang 2.

Tdp 62, S6 34 (2026): 126-140

HOMO

LUMO

Hinh 3. Orbital bién phin tir ctia quercetin tai
mirc ly thuyét B3LYP/6-311++G(d,p)

Bang 2. Cic chi so lwong tir clia quercetin trong pha khi, nwée va pentyl ethanoate (PEA) tai mirc ly

thuyét B3LYP/6-311++G(d,p)

Chi s6 lwong tir (eV)

Pha HOMO LUMO E, u " ©
Pha khi 7597 231 3,66 414 1,83 4,68

Nuée 5,89 2,21 3,68 4,05 1,84 4,46

PEA 5,87 2,22 3,64 4,05 1,84 4,46

Theo két qua trong Bang 2, giita pha khi, nudc
va pentyl ethanoate, cac chi sé lugng tr gan nhu
tuong dong, cho thay sw anh huong ctua dung méi 1a
khong déng ké. Quercetin tu do trong nude co mirc
ning lugng HOMO 1a —5,89 ¢V va thé héa hoc u 1a
—4,05 eV, thé hién xu huéng nhudng dién tir twong
dbi tét khi so sanh véi cac hop chét phenolic khac,
¢6 gia tri £ Am hon nam trong khoang tir —6,62 dén
—6,75 eV (Farrokhnia, 2020). Vé6i n = 1,84 eV,
quercetin ¢6 do cung dién tir thdp so vdi cac
polyphenol khac nhu catechin (7 = 2,03 eV) va
resveratrol (7 = 2,85 eV) (Murakami et al., 2015).
Nhu vay, quercetin c6 dam may dién tir dé bi phan
cuc hon, giap ting cuong kha nang cho dién tir, phu
hop cho vai tro chit khang oxy héa.

TD-DFT vs Experimental UV-Vis Spectrum

== Quercetin Exp
—— Quercetin TO-DFT

Benzoyl band on
w .
A=378mm O J
- -«
I L1 cinnamoyl band
-

400
Wavelength (nm)

2,006+04
[X:]
1,506+04
0.6

1,00e+04
04

Absorbance (a.u)

H
02 5,00¢+03

(w0 jow ) 2 Ayandiosae Jejol

0,0

0,00e+00

200 600

Hinh 4. Ph6 UV-Vis TD-DFT (B3LYP/6-
311++G(d,p)) va thue nghiém ctia quercetin
(Das et al., 2020)

Phé hép thu UV—Vis cuia quercetin, duge mé ta
trén Hinh 4, cho thdy hai dai hip thu dic trung,
tuong tng v6i cac chuyén dich dién tir m—* trong
hé lién hop. Phé thyc nghiém (duong dit nét mau
den) thé hién mot cuc dai hép thu manh tai budc
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song 260 nm va mot dai rong thr hai & khoang 378
nm (Das et al., 2020). Hai dai nay 1an luot twong tmg
v6i hé benzoyl (vong A, 260 nm) va hé cinnamoyl
(vong B, 378 nm), diic trung trong cau tric cla cac
hop chét flavonoid.

Phé hap thy tinh toan béng TD-DFT (duong lién
mau xanh) md phong tét xu hudng cua phé thuc
nghiém, v6i hai ving chuyén tlep chinh trung khép
ve budc song, du co dich chuyen dé nhe. Ngoai ra,
dai hap thu 400—430 nm cho thay quercetin c6 kha
nang hap thu anh sang kha kién, goi mé tiém ning
ing dung trong bao v¢ anh sang va khang oxy hoa
cam Ung quang. Su tuong ddng gitta phd thuc
nghiém va tinh toan cho thdy TD-DFT la céng cu
hiéu qua trong du doan tinh chét quang hoc cua
polyphenol, dong thoi gitip cung cép thong tin dinh
tinh vé dac trung cAu trac dién tur.

3.2. Co ché khang oxy héa

3.2.1. Co ché chuyén nguyén tir hydrogen HAT

D01 v6i cac hop chét polyphenol, cac gia tri BDE
tai tit ca cic nhom —OH khéc nhau can duoc khao
sat. Khi d6, nhom —OH nao c6 gia tri enthalpy phan
ly lién két (BDE) nho nhét duoc xem 14 c6 kha ning
cho nguyén tir hydrogen dé dang nhét trong hop chat
dang khao sat. Gi4 tri nang lugng phan ly lién két
O-H tht nhat (BDE,) cia quercetin dugc so sanh
v6i hai chat ddi chig (acid ascorbic va trolox). Day
1a cac chat khang oxy hoa duoc g dung rong rai
trong nghién curu va lam sang do c6 kha nang trung
hoa goc tu do manh mé& (Boulebd, 2020). Cac tinh
toan duoc thuc hién trong pha khi, nudc va pentyl
ethanoate tai murc Iy thuyét B3LYP/6-311++G(d,p),
va dugc trinh bay trong Bang 3.
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(¢) Radical 4-O

Hinh 5. Mat d spin ciia cac goc tw do quercetin bén

Vé mit cdu trac, quercetin ¢6 5 nhom —OH ¢6
kha nang tach nguyén tr hydrogen. Trong pha khi,
gia tri BDE; ctia lién két 4'—OH (75,54 kcal/mol) va
3°~OH (78,22 kcal/mol) thip hon so v&i cac lién két
O-H tai vi tri 3-OH, 5-OH va 7-OH (dao ddng tu
82,1 dén 96,9 kcal/mol). So vé6i chat d6i chung,
BDE, cua 4—OH va 3’~OH gan tuong duong voi
acid ascorbic va trolox (80,09 va 74,36 kcal/mol),
trong khi BDE cua 3—OH, 5-OH va 7-OH cao hon.
Két qua nay phi hop véi cac nghién ciru trude, tai
vi tri 4’-OH va 3’—OH khi tach nguyén tir hydrogen
tao thanh cac gbc bén hon (Zheng et al., 2017). Phan
tich mat do spin (Hinh 5) cho thay dién tir doc than
ctia cac gde tu do quercetin khong chi tap trung trén
nguyén tir oxygen bi tich H, ma phan bd trén ca hé
thom, cha yéu trén vong B va C ctia khung ciu tric.

Bang 3. Enthalpy phén ly lién két O—H thi nhit
(BDE,, kcal/mol) ciia quercetin va hai
chit dbi chimg (acid ascorbic (AA) va
trolox) trong pha khi, nwéc va pentyl
ethanoate (PEA) tai mic 1y thuyét
B3LYP/6-311++G(d,p)

BDE; (kcal/mol)

Vi tri

Pha khi Nude PEA

3—OH 82,08 76,54 78,43
5-OH 96,89 87,54 91,49
7-OH 88,69 86,23 86,37
3’-OH 78,22 78,65 76,37
4-OH 75,54 75,88 74,35
AA 80,09 56,60 77,36
Trolox 74,36 72,26 72,07

Ngoai pha khi, cac cdu truc ciing dugc khao sat
trong méi trudng nudc va pentyl ethanoate nhim
danh gia sy anh huong cua dung moi dén kha ning
chuyén nguyén tir H. Két qua tinh toan trong nudc
va pentyl ethanoate cho thiy gia tri BDE, giam
khong dang ké. Ly do dugc dua ra la cac cau tur trong
phan tmg tich nguyén tr hydrogen déu 1a gbc tu do
khong mang dién tich, do do6 sy hién dién cua cac
dung moi nhu nude va pentyl ethanoate khong that
su 1am bén dang ké cac cau tir trén dé lam giam gia
tri BDE;.
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Tiép dén, ning luong phéan ly dong ly lién két
O-H (BDE,) cua cac gbc tu do bén duoc khao s,
bao gom Radical 3-0, 3’-0 va 4’-0. Két qua tinh
toan duoc trinh bay trong Bang 4. Pbi voi Radical
3-0, qua trinh tach nguyén tir hydrogen th hai tai
vi tri 4°—OH c¢ gia tri BDE, tuong ung la 66,53
kcal/mol, thap hon dang ké so v&i lan tach thir nhat
(BDE, = 82,08 kcal/mol). Diéu nay cho thay rang sy
tach nguyén tir hydrogen thir hai 1a thuan loi hon do
hinh thanh dang quinone bén vimg (Hinh 6). Trong
truong hop Radical 3°~0, vi tri tach hydrogen uru thé
ciing 1a 4—OH vé6i BDE, 1a 73,59 kcal/mol, thip
hon so v6i BDE; 1a 78,22 kcal/mol. Di véi Radical
4’-0, nguyén tir hydrogen thir hai c6 thé tach tai ca
hai vi tri 3-OH va 3’~OH v&i BDE, lan lugt 1a 73,07
va 76,26 kcal/mol. Ngoai ra, sy anh hudng cua dung
mdi cling dugc xem xét ¢ giai doan tach thir hai nay,
trong cac dung mdi nhu nude va pentyl ethanoate d
bén ciia cic quinone quercetin tao thanh ting 1én,
kéo theo su giam gi4 tri BDE, trong da sb trudng
hop.

Bang 4. Enthalpy phan ly lién két O—H (BDE,,
kcal/mol) ciia cic gbc tw do quercetin
trong pha khi, nwéc va pentyl ethanoate
tai mirc Iy thuyét B3LYP/6-311++G(d,p)

BDE, (kcal/mol)

Céu tir Vi tri

Pha khi Nuégce PEA

5-OH 101,82 85,58 93,82

Radical 7-OH 90,77 106,35 84,84
3-O 3’-OH 83,28 81,55 80,54
4-OH 66,53 68,57 65,48

3-OH 87,15 79,44 82,61
Radical 5-OH 110,26 97,89 105,00
3>-0 7-OH 101,27 94,35 97,90
4-0OH 73,59 69,44 70,24

3-OH 73,07 69,23 69,56
Radical 5-OH 101,48 91,01 96,23
4-0 7-OH 92,25 87,35 88,89
3’-OH 76,26 72,22 72,26
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(b) 0-Quinone (2,99)
OH @O0

Hinh 6. Cau tric ctia hai sin pham quinone bén
nhat ciia quercetin

(a) ijinone (0,00)
©c

(Ghi chu: Gia tri trong ngodc don la ndng lwong tiong
doi (keal/mol))

3.2.2. Co ché chuyén dién tir SET

Trong nghién ctru co ché SET, ning lugng ion
hoa (IE) 14 yéu t6 quan trong, quyét dinh kha ning
khang oxy héa ctia hop chat. Gia tri IE cang nho,
hop chét cang d& dang bi ion héa. Két qua tinh toan
ning lugng ion hoa thir nhét (IE,) ciia quercetin va
hai chat d6i chimg (acid ascorbic va trolox) tai mirc
ly thuyét B3LYP/6-311++G(d,p) dugc trinh bay
trong Hinh 7.

o Pha khi Nugc ®PEA

167,94
102,20
121,37
94,79
Il 13867
93,60
Il 110,81

I 192,44
I 161,26

QUERCETIN

AA

—

ROLO

>

Hinh 7. Nang lwgng ion héa (IE{, kcal/mol) cia
quercetin, acid ascorbic va trolox trong pha khi,
nuée va pentyl ethanoate tai mirc Iy thuyét
B3LYP/6-311++G(d,p)

Trong pha khi, quercetin c6 nang lugng ion hoa
cao hon trolox 6,68 kcal/mol nhung thip hon acid
ascorbic khoang 24,5 kcal/mol. Trong nudc, gié tri
IE; giam dang ké, cho thdy anh huéng manh cia
nude dén kha ning nhuong dién tir. Didu nay dwoc
giai thich boi su solvate hoa trong dung méi phan
cuc nhu nudc, giup on dinh cac cdu tir nhu dién tur
va cation gdc tur do, tir d6 thuc ddy qué trinh cho dién
tir. P61 vi dung moi pentyl ethanoate thi gia tri IE;
giam khong giam manh, bdi vi pentyl ethanoate la
dung mdi kém phan cyc hon, do d6 s€ khong solvate
t6t cac phan tir mang dién, dan dén ning luong ion
hoéa trong PEA c6 gia tri cao hon trong nudc. Phan
tich mat d¢ spin ¢ Hinh 8 cho théy dién tir doc than
ctia cation gbc tur do dugc phan bd trén toan céu tric.
Hinh dang cua orbital chtra dién tir nay gidng voi
orbital bi chiém véi muc ning luong cao nhat
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(HOMO) ctia quercetin. Trong khi d6, thé tinh dién
phan tir cho thay dién tich duwong tap trung chu yéu
trén cac nguyén tir hydrogen ctia cac nhom nhu 3—
OH, 7-OH va 3’-OH, cho thay déy l1a vi tri tach
proton thuén loi dé hinh thanh gdc tw do trung gian.

(P _ f\
i

(b) Thé tinh dién phan tir

(a) Mat do spin

Hinh 8. Mit dd spin va thé tinh dién phan tir
cua cation goc tu do quercetin

Thé ion héa cua cic gbc tu do quercetin bén
duoc tinh todn va trinh bay trong Hinh 9. Nhin
chung, cac gi tri IE, ctia chung thay d6i khong déang
ké so vi quercetin. Radical 3-O c6 ning lugng ion
hoa giam, trong khi d6 Radical 3’-O va 4’-O co
ning lugng ion hoa ting 1én. Diéu nay c6 thé duoc
giai thich bdi sy phu thudc cua nang lugng ion hoa
vao do bén cua cation dugc tao thanh. Vi Radical
3-0, cation hinh thanh c6é dién tich duong duogc
phan tan t6t hon trén khung ciu trac. Sy phan tan
nay da lam giam nang lugng ion héa. Nguoc lai, tai
cac vi tri 3’-O va 4’-0, cation c6 sy phan tan dién
tich kém hon, dan dén tang nang luong ion hoa.

B Pha khi m PEA

RADICAL 3'-O RADICAL 4'-0

Nuoc

169,92

176,6
102,51

162,51
106,71

96,62

I 114,28

128,16
130,39

RADICAL 3-0

Hinh 9. Nang lugng ion héa (IE,, kcal/mol) ciia
cac gbc tw do quercetin trong phase khi, nwéc
va pentyl ethanoate tai mirc ly thuyét B3LYP/6-
311++G(d,p)

3.3. Nhiét dong hoc va dong hoc caa qua
trinh trung hoa goc tu do

Céc tham s6 nhiét dong va hoat tinh hoa hoc gitup
danh gia nhanh chong mot luong 16n cac hop chat
khang oxy héa tiém nang, giap ching ta c6 cai nhin
tong quan vé co ché khac nhau. Tuy nhién, dé ¢
nhiéu thong tin hon, dac biét 1a sy canh tranh giira
céc co ché khang oxy hoa, cac tinh toan dong hoc
can duoc thyuc hién. Bén canh d6, mot trong nhitng
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yéu cau cho mot chit khang oxy hoa tdt 1a ¢6 tdc do
bit giit gbc tur do nhanh, ngan can gdc tu do pha hiy
c4c phan tir sinh hoc. Nham danh gia dong hoc cua
phan tmg bat gdc tw do HOO® ciia quercetin, cac
tham s dong hoc duoc tinh toan tai 298,15K trong
nudc va pentyl ethanoate sir dung 1y thuyét trang
thai chuyén tiép (TST) va chuyén dién tir cua
Marcus.

(a) Vi tri 3-O-H

RC1

RC1

Tdp 62, S6 34 (2026): 126-140

Mot cach tong quat, phan ung gitra quercetin voi
hydroperoxyl theo co ché chuyén nguyén ti
hydrogen HAT trai qua ba budc co ban:

(1) Hinh thanh trang thai phtic hop tac chat RC;

(2) Chuyén nguyén tr hydrogen tir quercetin
sang HOO® thong qua trang thai chuyén tiép TS;

/(3) Hinh thanh trang thai phic hop cia san
pham PC.

RC1

TS1

PC1

Hinh 10. Cac cAu triic toi wu ciia phirc hop tac chit RC1, trang thai chuyén tiép TS1 va phitc hop sin
phidm PC1 ciia phin tng HAT giira quercetin v6i HOO® tai mirc 1y thuyét B3LYP/6-311++G(d,p)

(Ghi chii: Pon vi khodng cdch la Angstrom A)

Céu trac t6i wu cia trang thai chuyén tiép TS
theo co ché HAT giita quercetin va HOO® dwoc
minh hoa trén Hinh 10. Tat ca cac phan ung HAT
déu trai qua hai trang thai trung gian bao gdm phirc
hop tac chat (RC) va phirc hop san pham (PC), véi
mot trang thai chuyén tiép (TS) trude khi tao thanh
hai san pham riéng biét. Qua trinh chuyén nguyén tir
hydrogen bat dau véi sy tac kich ciia HOO® vao vi
tri cho hydrogen kha di cta quercetin, hinh thanh
lién két hydrogen giira quercetin véi HOO®* (RC).
Do dai lién két hydrogen trong phirc hop tac chat RC
dao dong tir 1,84 dén 1,92 A. Bén canh d6, nguyén
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tir hydrogen ciia HOO® ¢6 thé hinh thanh thém lién
két hydrogen thtr hai v6i quercetin, nhu & cac cau
tric RC — 3—OH va RC — 4’~OH, gbp phan lam ben
virng hé phue hop tac chat Tiép theo, phan ng tién
dén trang thai chuyén tiép (TS), khi d6 lién két O—H
cua quercetin kéo dai, dao dong trong khoang 1,07
dén 1,10 A (so v6i do dai trung binh 0,98 A cua lién
két O—H), trong khi lién két hydrogen H---OOH
ngan lai, dao dong tir 1,26 dén 1,37 A. Géc lién két
O(OOH)~H-O(H5QE) trong trang thai chuyén t1ep
TS gan nhu thang hang, dao dong tir 170,4 dén
178.2°. Dic biét, tat ca trang thai chuyen tlep déu co
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mot tan sb dao dong am, xac nhén tinh chét cua TS.
Qué trinh chuyén nguyén tir hydrogen sang nguyén
tir oxygen cia HOO® dan dén sy hinh thanh cau tu
méi hydrogen peroxide, nhung van ton tai & dang
phtc hop san pham (PC). Sau d6, H,O, va san pham
trung gian gdc tu do quercetin tach ra thanh cac san
pham riéng biét

Két qua & Bang 5 cho thiy, trong méi trudng
nudc, co ché HAT xay ra véi nang lugng hoat hoa

Tdp 62, S6 34 (2026): 126-140

(A,G¥) dao dong tir 12,87 dén 14,98 kcal/mol. Hing
s6 tbc do biéu kién (kapp) cta phin tng HAT dao
dong tir 6,50 x 10* d&én 5,50 x 10° M's!, twong
(g tai hai vi tri 4'—OH va 3—-OH. Cac phan tmg déu
tu dién véi ning lugng tw do Gibbs phan ung (A,G°)
4m va déu nho hon —6 kcal/mol. Do d6, co ché HAT
tai cac vi tri 3-OH, 3°~OH va 4’—OH la thuan loi ca
vé nhiét dong hoc 1an dong hoc, trong dé vi tri 3—
OH chiém wu thé (T’ 76,92%).

Bing 5. Enthalpy phan tng (A, H®, keal/mol), ning lwgng Gibbs phén ing (4,6°, keal/mol), ning lwgng
Gibbs hoat hoa (A G*, kcal/mol), nang lugng tai t6 hop (l kcal/mol), hang s6 téc do nhiét (kr,
M-'s™), hiing s6 téc dd khuéch tan (kp, M's™), hing s6 téc do biéu kién (Rapps M7'sT) va ty 1€
phan tng (I', %) tai 298,15K cho cac co ché HAT va SET cua quercetin véi gbc tw do HOO"
trong nuédc va pentyl ethanoate tai mirc ly thuyet B3LYP/6-311++G(d,p)

Vitri A H°  AG° AGH 2 kr kp K appy r
HAT Moi truong nudc

3-OH -8,61 -9,88 12,87 - 5,50 x 10> 8,54 x 10° 5,50 x 10° 76,92

3>-OH -6,49 —-6,77 14,96 - 1,00 x 10° 8,54 x10° 1,00 x 10° 13,99

4-0OH  -9,27 -9,87 14,98 - 6,50 x 10* 8,54 x10° 6,50 x 10* 9,09
SET 20,89 20,56 20,76 16,8 3,73 x107% 8,54 x10° 3,73x1073 0,00
HAT Pentyl ethanoate

3-OH —4,20 -6,95 11,58 - 521x10° 9,13 x10° 2,10 x 10° 64,60

3>-OH —-6,26 6,26 12,31 - 1,10 x 106 9,13 x10° 1,10 x 10° 33,83

4-OH -8,28 -10,44 14,82 - 510 x 10* 9,13 x10° 5,10 x 10* 1,57
SET 63,04 61,53 96,97 152 5,05x107% 9,13 x10° 5,05 x 107>° 0,00

Trong moi trudng kém phan cuc nhu pentyl
ethanoate, mic du gid tri ning lugng hoat héa A,.G*
va nang luong tu do Gibbs phan tng khong c6 chénh
léch déng ké so vai trong moi truong nude, nhung
vé mat dong hoc, hé“mg s6 tbe do biéu kién kapp 1ai
c6 gia tri 1én hon trong nudce, dao dong trong khoang
tir 5,10 x 10* dén 2,10 x 10® M 's™. Piéu nay chi
ra rang trong moi truong kém phéan cyc nhu pentyl
ethanoate, sy chuyén nguyén tir hydrogen xay ra dé
dang hon va c6 toc do cao hon so vdi trong nudc.
Dbi v6i co ché chuyén don dién tir SET, gid tri ning
luong Gibbs phan tng (ArGO) va nang luong hoat
hoa (A,G*) ctia bude chuyén dién tir déu duong, 1an
Iwot 1a 20,56 va 20,76 kcal/mol. biéu nay cho thay
viéc tach mot dién tu tr mot phan tir trung hoa nhu
quercetin kho khian hon so véi tir anion, din dén
héng sb tbe do biéu kién kapp rat thép, chi dat 3,73
x 1073 M's”! (T' 0,00%). Nhu véy, co ché SET
khong thuan lgi trong méi truong nudc ca vé mit
nhiét dong luc hoc 1an dong hoc. Trong dung moi
PEA, gia tri nang lugng Gibbs phan Ung ting 1én
61,53 kcal/mol va ning lugng hoat héa A,G* cling
tang 1én 96,97 kcal/mol. Diéu nay chi ra rang sy
chuyén dién tir dé hinh thanh gdc tu do cation 14 rat
khong thuan lgi trong méi truong kém phan cuc.
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Trong PEA, gdc tu do cation khong dwoc 6n dinh vi
dién tich dwong khong dugce solvate hoa tét. Su ving
mat cia qua trinh solvate hoa trong PEA 1a nguyén
nhan khién trang thai chuyén tiép hinh thanh gdc tu
do cation can phai cung cap nang luong rat I6n, dan
dén ning lugng hoat hoa cao va hing s6 toc do biéu
kién kg, rat thip chi dat 5,05 x 10752 M s ™.

Tiép theo, cac tham sb nhiét dong hoc va dong
hoc cua qua trinh trung hoa hydroperoxyl 1an thir hai
cua quercetin duoc khao sat va trinh bay trong Bang
6. Vé mit nhiét dong hoc, qua trinh chuyén nguyén
tor hydrogen thtr hai c6 ning luong Gibbs phan tng
4m hon lan thir nhat, cho thay viéc hinh thanh cac
san pham quinone tir gbc tu do trung gian 1a thuan
loi va tur dién bién. Trong khi do, vé mat dong hoc,
cac trang thai chuyen tiép cla qua trinh chuyen
nguyén tir hydrogen 1an thir hai lai yéu cau cung cap
murc nang lugng cao hon dé dat dugc trang thai nay,
nang luong Gibbs hoat hoa dao dong tir 19,38 dén
20,12 keal/mol. Hé qua 1a hang sb toc do kapp thap
hon buée phan tmg tht nhét, thay déi tir 1,10 x 1072
dén 3,83 x 1072 M's™.. Pidu nay thé hién mot
nghich ly gitra khia canh nhi¢t dong hoc va dong
hoc, & budc thur hai nay cé nang luong phan ng am
nhung tde do thép do rao can dong hoc cao.
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(a) Radical 3-O (4’-OH)

159,8°

RC2
(b) Radical 3~O (4’~OH)

9

RC2 PC2

1504 (2 '

1,85 - 1,61

1,84

159,3° (io’gs 5 1.79

RC2 TS2 PC2

Hinh 11. CAu triic tbi wu trang ciia phirc hop tic chit RC2, trang thai chuyén tiép TS2 va phirc hop
san phAm PC2 ciia phin tng HAT giira cc radical quercetin véi HOO® tai mitc 1y thuyét B3LYP/6-
311++G(d,p)

(Ghi chii: Pon vi khodng cdach la Angstrom A)

Bing 6. Enthalpy phan ing (A, H°, kcal/mol), niing lwgng Gibbs phan rng (A, G°, keal/mol), niing lwgng

Gibbs hoat héa (A,.G*, keal/mol), ning lwgng tai to hop (4, keal/mol), hing s6 téc do nhiét (kr,
M's™), hang so toc d§ khuéch tan (kp, M's™") va hing so toc d§ biéu kién (k,p,, M's™) tai
298,15K cho cic co ché HAT va SET cua cac gbc tw do quercetin véi gbe tw do HOO® trong

nudéc va pentyl ethanoate tai mirc ly thuyét B3LYP/6-311++G(d,p)

CAu tir (Vi tri) AH°® AGY  AGH 2 ky kp Kapp
HAT Moi truong nudce
Radical 3-O (4'-OH) —16,57 —16,19 20,12 -  1,10x1072  8,60x10°  1,10x1072
RadlcagH;O @= 1570 -1605 2201 -  458x10*  849x10°  4,58x10~*
Radical -0 (3-OH) —1591 —-16,19 1938 -  383x1072  836x10°  3,83x102
SET
Radical 3-O 1531 17,72 1897 29,9 7,74x102  8,60x10°  7,74x1072
Radical 3°-O 2540 2572 2576 279 813x10~7  849x10°  813x1077
Radical -0 21,20 2211 2227 262 293x10™*  836x10°  2,93x10~*
HAT Pentyl ethanoate
Radical 3-O (4'-OH) —17,15 —16,85 19,68 -  2,34x10"2  8,92x10°  2,34x1072
Radlcaglﬁo = _1239 —1443 1528 - 3,88x10°  883x10°  3,88x10
Radical -0 (3-OH) —13,07 —1336 13,90 - 4,02x102  8,66x10°  4,02x10?
SET
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CAu tir (Vi tri) AH® AGY  AGE 2 ky kp Kapp
Radical 3-O 55,95 59,20 67,33 28,7 2,71x107% 8,60x10° 2,71x10737
Radical 3°-O 69,33 68,74 85,02 269 2,91x107°° 8,49x10° 2,91x10750
Radical 4’-O 62,61 65,20 7795 27,7 4,44x107% 8,36x10° 4,44x1074>

Eo + ZPE .
(kcal mol-') , 3-OH-4-OH
3'-OH-4’-OH
) 1732( 140 T N
s
> 2 l',"m\ 5 ,
00— 4T 2,21 N
A aan
6,38 O
-9 66__._—3]’7‘2,:‘:\\ e v
1032 = _ﬁ 1T -12,03

187 g 57

176
169,1°( iu'gs 179

Téc chét RC1 T$1 PC1

Trung gian

RC2 TS2 PC2 San pham

semiquinone

Hinh 12. Bé mit thé ning (PES) ciia phan ng trung hoa goc tw do HOO® béi quercetin tai mirc ly
thuyét B3LYP/6-311++G(d,p)

(Ghi chii: Cdc cdu triic theo con duong 3—OH, 4" -OH dwoc minh hoa trén hinh)

Quan sat trén co thé dwoc ly giai dua trén ly
thuyét Marcus m& rong cho cic phan tng chuyén
ghép cdp proton — dién tr (Hammes-Schiffer &
Stuchebrukhov, 2010). Trong budc trung hoa
hydroperoxyl thir hai, qua trinh chuyén nguyén tir
hydrogen (HAT) khong con thuan tay 1a sy tach
hydrogen, ma c6 xu hudng dién ra dong thoi ca sy
chuyén proton va chuyén dién tir. Theo 1y thuyét
Marcus, nang luong hoat héa khong chi phu thude
vao d¢ thuan loi nhiét dong ma con bi chi phéi manh
boi ning lwong tai t6 hop. Khi phan tmg tré nén qué
toa nhiét, hé c6 thé roi vao vung nghich ddo Marcus,
khi d6 nang lugng hoat hoda lai tdng thay vi gidm
(Grampp, 1993). i v6i co ché chuyén don dién tir
SET & lan trung hoa géc tu do thu hai, két qua dugc
ghi nhan twong ty nhu & lan thir nhit. Nang luong
Gibbs phan g va nang luong Gibbs hoat hda trong
moi trudng nude déu duong, cho thdy phan tng déu
bat lgi v& mat nhiét dong hoc 1an dong hoc. Khi
chuyén sang dung méi kém phan cyc nhu PEA, thi
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hai dai luong trén tré nén duong hon do qua trinh
solvate hoa cac cau tir giam.

Tién trinh phan tng trung hoa goc ty do HOO®
clia quercetin dugc mo ta trong Hinh 12. Pau tién,
khi HOO" tac kich vao nhom —OH cua quercetin,
ching hinh thanh phirc hé tac chat nho cac lién két
hydrogen lién phan tu, lam cho nang luong cua hé
giam xudng. Tur trang thai nay, nang luong hé bat
dau tang dan va dat t6i trang thai chuyén tiép (TS),
tai d6 nguyén tir hydrogen dao dong giira hai nguyén
tir oxygen ctia nhom phenolic —OH va gbc HOO".
Sau khi vuot qua hang rao nang luong nay, hé di
xudng ving nang luong thdp hon, hinh thanh phirc
hop san pham. Trong phtc hop nay, phén tu
hydrogen peroxide van con lién két voi goc tu do
quercetin trung gian bang lién két hydrogen. Cudi
cung, khi hai phan tir tach ra 1am nang lugong ctia hé
tang nhe do mat twong tac lién két hydrogen. O lan
phan tmg véi gde tr do HOO" thir hai, qué trinh dién
ra theo con dudng tuwong ty nhu lan dau tién, tir hinh
thanh phtrc hop tac chét, sau do 1a trang thai chuyén
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tiép, tlep dén 1a phirc hop san phim va cudi cung la
san pham riéng biét. Tuy nhién, so véi 1an thi nhét,
qua trinh chuyén nguyén tir hydrogen lan thtr hai
dién ra khé khan hon, can nang luong hoat hoa cao
hon. Mic du vay, vé mit nhiét dong hoc, phan g
thir hai lai thuan loi hon vi san pham cudi cling c6
d6 bén cao hon. Trong nhimg con dudng phan tmg
duoc khao sat, qua trinh tdich H & nhém 3—OH trude
nhém 4-OH (3—-OH, 4’-OH) duoc danh gid 1a
thuan loi nhét.
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cua quercetin trong ca mdi truong phan cuc va kém
phén cuc. Cac phéan tich orbital phan tir bién, cling
nhu dénh gia cac tham s6 nhiét dong va dong hoc
cho thy co ché chuyén nguyén tir hydrogen (HAT)
dong vai trd chu dao trong qua trinh trung hoa gbc
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