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TOM TAT

Phan ng ozone héa (ozonolysis) ctia pyridine (Pyr) da duoc tinh toan bang nhiéu
phuong phap ly thuyét ham mat do (DFT) két hop véi cac b ham co so khac nhau.
Céc co ché€ oxy hoa, bao gom phan ting cdng (Add), cong déng vong (Cycloadd), va
chuyén don dién ti (SET) da dugc khao sat trong pha nwdc d6i voi hai dang trung
hoa va proton hda cuia Pyr & muc ly thuyét M06-2X/6-311++G(3df,3pd)//6-31+G(d, p).
Céc phan tng cong cua dang trung hoa, ddc biét tai cac vi tri N1, C2, va C6, duoc
xac dinh 1a déng vai tro quan trong nhat trong qua trinh nay. Hiéu qua cua cac mic
ly thuyét DFT khéc nhau cling da so sanh. Trong nghién ctu nay, muc ly thuyét
wB97XD/aug-cc-pVTZ//aug-cc-pVDZ cho két qua dang tin cdy nhat doi véi phan
ting ozone hoéa pyridine trong nuéc. Hang s8 toc dd tinh toan duoc 1a 1,77 M1 s,
phu hop t6t voi gia tri thue nghiém 1,6 + 0,17 M s1. B§ tin cay cua phuong phap
nay cho thdy tiém ndng cta no trong viéc moé hinh hoéa chinh xac phan tng ozone

héa cta cac hop chét di vong chita nito.

Tw khéa: Pyridine, ozonolysis, so sanh DFT, dong hoc, thudc trir sau.

1. MO PAU

Chat 6 nhiém hitu co khé phan hay (persistent organic pollutant — POP) dugc dinh
nghia la cac hop chat kho bi phan huy, thuong duoc hinh thanh tir cac hoat dong nong
nghiép, duoc pham va sinh hoat.[1] Cac hop chat nay trong qua trinh san xuat va st
dung da tao ra mot legng du Iwong, phan tan theo gié va nudc, gy ra su 6 nhiém cac
moi mdi treong khac nhau. Mot sd cac cong nghé xtr ly nuwdc thai da va dang duoc
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nghién ctru dé€ xtt Iy POP, trong d6 cd cac qua trinh oxy hoa tién tién (Advanced Oxidation
Processes — AOPs).[1-3] Trong cac qua trinh AOPs, cac chat 6 nhiém ban dau bi phan huy
thanh cac san phdm phuy, sau d6 bi khoang hoa tao thanh nwdc, carbon dioxide, va cac
ion vd co.[1-3] C4c qua trinh xtt Iy bang ozone (O:-AOPs) lam mdt phuong phap AOPs
da va dang thu hat su chu y ctia gidi khoa hoc.[1-3] Ozone ¢é thé phan huy cac hop chat
POP thong qua hai co ché. Trong co ché truc ti€p, Os c6 thé tham gia phan tng cong —
Addidtion (st dung mot nguyén tit oxygen bién dé€ phan ting véi cac nguyén tix khong
no, nhu carbon hay nitrogen[3]) hoac phan ting cong dong vong — Cycloaddition (dung
hai nguyén tr oxygen bién d€ phan ting voi lién két C=C d€ tao thanh cdu tric vong 5
canh[2]). Bén canh d6, Os c6 thé phan huy gién tiép cac POP bang cach tao thanh cac gdc
tw do hoat dong, thuong 1a HO* hodc 'O2.[1] Vi vay, Os-AOPs thuong két hop véi cac
hop chat khac, gitp tdng hiéu qua ctia qua trinh x ly nuwdce thai.

Pyridine (Pyr) — CeHsN (Hinh 1) la tién chat quan trong ctia cac hop chét Gng
dung trong néng nghiép (chu yéu la thudc trir sau), cong nghiép va duwoc pham.[3] Véi
pKa bang 5,23,[4] Pyr c6 thé ton tai ¢ ca dang trung hoa va proton hda trong diéu kién
moi truong (pH ~ 7). La mot chat ¢ kha nang tan vo han trong nuwdc[4], Pyr ¢6 thé duoc
phat tan vao cac moi treong nwde khac nhau, nhu mua, nwde bé mat hay nudce thai, tie
dé tich tu trong dat, nudc va tram tich. Ngoai ra, Pyr c6 kha ndng bay hoi vao khong khi
voéi diém soi la 115,2 °C (latm) va 4p sudt hoi bao hoa tai 25 °C 1a 2,76 kPa,[4] kha tuong
dong voi nudce, co cac gia tri twong tng la 100°C va 3,169 kPa[4]. Do d6, Pyr cing duoc
xac dinh la ¢6 kha nang phén tan cao qua khong khi vao méi treong khi quyén.

Qua trinh oxy hda ctia Pyr, bao gom ozone hda, da duoc khao sat trong cac
nghién cttu trudc day.[3,5] Tekle-Rottering va cac cong sur (2016) [3] da nghién cttu qua
trinh oxy héa Pyr bang Os, sit dung chat khtr goc twe do va 8 dinh pH 6,5. Gid tri hang
s0 toc d0 k trong qua trinh nay 14 1,6 £ 0,17 M' s, chti yéu xay ra cac phan ting tai nguyén
tr nito. Andreozzi va cac cong su (1991) [5] trong mot nghién cttu triede d6 cling da dwoc
xéc dinh hang s6 k ctia qua trinh Pyr — Os ¢6 gid tri bang 2,0 + 0,3 M- s tai 298 K. Gia tri
héng s0 toc do 1,6 £ 0,17 M s trong diéu kién pH = 6,5 sé dugc sit dung lam sd liéu
chuan dé so sanh vdi cac két qua ly thuyét trong nghién cttu cua chiang toi.

Dai v6i cac nghién ctru ly thuyét, cac co ché€ phan huy va ddng hoc phan tng cua
Pyr vé6i ozone van con nhiéu diéu chwra duoc 1am sang to. Nguyén nhan ctia diéu nay la
do cdu truc dién ti phtrc tap cua Os, bao gom ca ddc tinh gdc tw do kép (biradical) va vo
dong (close-shell).[6] Ngay ca phuong phap ab initio CCSD(T), két qua vé nang luong
phan tng cling c6 sai s6 vuot qua 10 kcal/mol.[7] Viéc ap dung cac phuong phap ly
thuyét phiém ham mat d¢ xap xi hién dai (modern density functional approximations) vao
cac phan ting ozone hoda ciing da xuat hién nhiing sai sd khac nhau, tuy thudc vao doi
teong bi oxy hoa[8].
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Do d6, nghién cttu nay nhdm tim hiéu qué trinh ozone héa cta Pyr trong mdi
truong nudc, tap trung vao cac co ché va dong hoc phan tng bang phuong phép tinh
toan. Cac phuwong phap DFT khac nhau sé dugc so sanh véi dit liéu thiee nghiém. Tt do,
ching t6i mong mudn xac dinh mttc ly thuyét pht hop nhat dé tinh toan phan ting ozone
hoéa ctia cac hop chét di vong chita nito. Két qua thu duoc gdp phan nang cao hiéu biét
vé co ché va ddong hoc phan ting ozone hoa trong moi truong nudce cua Pyr va xac dinh
mttc ly thuyét pht hop cho phan ting nay va cac phan ting tuong tu.

2. PHUONG PHAP NGHIEN CUU

C4u trtc hinh hoc va tan s6 dao dong diéu hoa duoc tinh todn trong nuwdc bang
phan mém Gaussian 16 Rev C.01[9]. Phiém ham (functional) M06-2X két hop vdi bd ham
o s0 (basis set) 6-31+G(d,p) dwgc chon lam phwong phép khoi dau dé khao sat co ché va
dodng hoc cta cac phan ting Pyr + Os. B ham co s¢ 6-311++G(3df,3pd) dugc sit dung dé
cai thién d6 chinh xac ctia nang luwong. Tiép theo, cac phiém ham khac nhau sé duoc st
dung va so sanh vodi két qua thuc nghiém, bao gom cic phiém ham M06-2X, BMK,
HSE06, PBEO, and wB97XD, két hop hai bo ham co s& (gom 6-311++G(3df,3pd)//6-
31+G(d,p) va aug-cc-pVTZ//aug-cc-pVDZ). Bén canh d6, mo6 hinh dung mé6i SMD [10]
cting sé duoc sit dung d€ mo6 phong dung dich nwde. Tét ca cac cau trac sé dwgc hiéu
chinh ttr diéu kién tiéu chuan 1 atm sang dung dich 1M theo qui trinh QM-ORSA.[11]

Co ché va dong hoc ctia phan ting duoc tinh toan qua cac phan tng cong (Add),
cong dong vong — cycloaddition (Cycloadd), va chuyén don dién t (SET). D6i voi cac
phan tng Add va Cycloadd, dong hoc phan ting sé dugc xac dinh bang so d6 phitc chat
tién phan ting, dwoc tinh toan bang chwong trinh GPOP[12]. D&i véi phan ting SET, nang
lwong tu do Gibbs hoat héa (AGH) duoc tinh toan bang ly thuyét Marcus[13], tir d6 tinh
toan thong qua ly thuyét trang thai chuyén tiép c6 dién (TST)[11]. Chi ti€t vé viéc tinh
toan gia tri hang s& tdc d6 phan tng (kapp) ¢ thé dregc tim & mot & tai liéu khéc ctia
chang t6i[14].

Cac héng sd t8c do biu kién ctia mdi dang ton tai cua Pyr sé duoc hiéu chinh boi
phan mol caa Pyr, duogc goi la h?mg sO kapp™. Gia tri kapp™ duwoc xac dinh béng tich cua
kapp va phan mol Mf ctia dang acid-base lién hop cta Pyr theo cong thirc (1).

kappr: kapp X Mf (1)
Vi pKa ctia Pyr 1a 5,23 tai 298K, [4] céc gia tri Mf cua dang trung hoa va proton hoa dwoc
tinh toan tai pH 6,5 lan luot 1a 0,949 va 0,051.
Hang s8 t8c dd tdng quét ctia qud trinh ozone hda ctia Pyr duwoc x4c dinh 1a tong

ctia cac hang s8 tdc d6 phan ting Add, Cycloadd, va SET.
kovemll = ZkAdd + ZkCyclaadd + kser (2)
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Cudi cing, ty 1 phan nhanh - T' (d6ng gép ctia mdi phan tng vao qud trinh ozone
héa tdng quat) dugc tinh toan bang ti s8 gitta kapp™ va Kovera.

3. KET QUA VA THAO LUAN
3.1.C4u triic ctia Pyridine

Cac cdu trtc tdi wu, phan bé orbital cac orbital bién, gom orbital bi chiém chd ¢
ning luong cao nhat (HOMO), orbital khong bi chiém chd c6 nang luong thap nhat
(LUMO) va gian d6 bé mét thé nang tinh dién (ESP map) ctia hai dang ton tai cua Pyr,
bao gom dang trung hoa (A) va proton hda (B), tinh toan tai muc ly thuyét M06-2X/6-
31+G(d,p) duoc trinh bay trong Hinh 1.

Dua vao Hinh 1, t4t ca cic nguyén tir trong ca hai dang ctia Pyr déu dong phang.
Phan b6 HOMO d6i xting trén di vong, bao gom vung khong gian xung quanh céc lién
két C2-C3 va C5-Cé6. Trong khi d6, cac LUMO phan bd tai cac nguyén ti N1 va C4, va
cac lién két C2-C3 va C5-C6. Gian d6 ESP cua dang trung hoa cua Pyr cho thdy vung ¢
dién tich 4&m nhat tai nguyén tir N1, la nguyén tt s& hitu mot cdp electron tw do, vdi cac
vung duwong nhat xung quanh cac nguyén tit hydrogen thudc lién két C3H, C4H, va
C5H. Nguoc lai, N1H la vi tri dwong nhét ctia dang proton hda, do nguyén tr N1 da
nhén proton mang dién tich duwong, khién cho méat d¢ dién tich duong tang 1én.
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Hinh 1. C4u trtc t6i vu, phan bé cac orbital bién, va ban d6 bé mit thé nang ctia (A) dang trung
hoa va (B) dang proton hda cua Pyr tai mtc ly thuyét M06-2X/6-31+G(d, p).

Trong phén tiép theo, qua trinh ozone hoa cua Pyr ctia ca hai dang sé duoc
nghién cttu qua cac phan tng cong tai tat ca cac nguyén tix C va N, ngoai trir N1H cta
dang proton hoa. Ngoai ra, cac phan ting Cycloaddition tai cac lién két C=C va cac phan
tng chuyén don dién t cling dwgc xem xét.
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3.2.Co ché phan hay caa Pyridine bang Os

Hinh 2 trinh bay cac ciu tric tdi wu cua trang thai chuyén tiép (TSs) ctia cac phan
tng cong (Add) va cong vong (Cycloadd) gitta Pyr va ozone trong nudc, dugc tinh toan
tai mtc ly thuyét M06-2X/6-31+G(d,p). Két qua cho thdy, cac phan tng cong xay ra tai
cac nguyén tir C2, C3, C4, C5 va C6, vdi khoang cach twong tac O(Os)--C(Pyr) dao dong
tir 1,80 dén 1,91 A. Ngoai ra, nguyén tir N1 ctia dang trung hoa c6 thé tuong tac voi Os
khoang cach tuong tac O-+N 1a 1,85 A. Trong khi d6, cac phan ting Cycloadd xay ra tai
céc lién két C=C c6 khoang cach twong tac tir 2,00 dén 2,21 A.

Thoéng tin vé cac gia tri nang luong tu do Gibbs phan tng (A:GP) va nang luong
te do Gibbs hoat hoa (AGY) ctia tat ca cac phan tng xay ra gitta Pyr va Os trong nuwdc
(Bang 1). Két qua cho thdy, d6i véi dang trung hoa, gia tri AG* ctia cdc phan tng Add
duoc xac dinh la thap nhat, tir 68,8 k] mol' (Add-N1) dén 89,3 k] mol"! (Add-C4). Trong
khi d6, AG* ctia cac phan ting Cycloadd va chuyén don dién ti (SET) c6 gia tri twong doi
cao hon, 86,2 k] mol! cia Cycloadd[C2C3] va CycloAdd[C5C6], 91,9 k] mol! ctaa
Cycloadd[C3C4] va CycloAdd[C4C5] va 143,2 k] mol! ctia phan ting SET.D6i véi dang
proton hda, két qua trong Bang 1 cho thdy rang s proton héa Pyr da lam tang dang k&
rao can nang lugng hoat hoa, tir d6 lam giam kha nang phan tng ctia né vdéi ozone. That
vay, AGt ctia cac phan ttng Add ctia dang proton hoa cé gia tri tir 88,6 k] mol! (Add-C2
va Add-Cé6) dén 106,7 k] mol! (Add-C4); AG! cta cac phan tng Cycloadd ttt 97,5 k] mol-
1 (Cycloadd[C2C3]) dén 108,3 k] mol! (Cycloadd[C2C3] va CycloAdd[C5C6]); AG* cta
phan tng SET la 306,8 k] mol'. Ngoai ra, dang proton hda cling chi chiém 5,10 % trong
cac diéu kién duoc nghién cttu (pH = 6,5), thdp hon nhiéu so v6i dang trung hoa (94,90 %).
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Hinh 2. C4u truc cta trang thai chuyén ti€p cuia cac phan tng cong (Add) va cong vong
(Cycloadd) gitta Pyr ¢ dang trung hoa (A) va proton hoa (B) véi ozone trong nuedc tai mikc ly
thuyét M06-2X/6-31+G(d,p). Céc gi4 tri mau xanh la khoang cach lién két (A) va gid tri mau do

la gdc tuong tac nhi dién (%). Cac gid tri trong ngodc la tan s6 ao (imaginary frequency) ctia TSs.

Hinh 3 minh hoa so d6 nang lugng enthalpy tai 0K c6 hiéu chinh nang luong
diém 0 (ZPE) cua cac phan tng xay ra gitta hai dang trung hoa va proton hda ctia Pyr
véi ozone trong nude. Két qua cho thdy, ¢ dang trung hoa, nang luwong ctia cac trang thai
chuyén tiép (TS) dao dong twr 23,3 dén 38.1 k] mol* ddi vdi voi cac phan tng cdong (Add)
va tlr 38,2 dén 43,9 kJ mol” d6i véi cac phan tng cong déng vong (Cycloadd). O dang
proton hoa, cac gia tri nay 1a cao hon, tir 41,1 dén 59,6 k] mol! (Add) va 48,3 dén 59,4 k]
mol! (Cycloadd). Xét riéng cac phan tiing ¢ dang trung hoa,, phan ttng Add tai C2 va C6
c6 hang rao nang lueong thap nhat (23,3 k] mol™), tiép theo vi tri N1 (25,4 k] mol*). Do
do, ba phan ttng nay dugc du dodn la cac phan ting chinh trong qua trinh ozone hoda ctia
Pyr. Vé nang luong phan ng, cac phan tng cdng tai N1, C2, C3 va toan bd cac phan
tng Cycloadd déu c6 ArG® am, cho thdy chung thuén loi va c6 kha nang tu xay ra o ca
hai dang trung hoa va proton hoa. Nguoc lai, cdc phan tng tai C3, C4 va C5 ctia hai dang
ton tai ctia Pyr véi Os néu c6 gia tri A«GY, chting t6 rang chiing kém thuan loi vé mét
nhiét dong hoc.
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Hinh 3. Nang luong enthalpy tai OK c6 hiéu chinh nang luong diém 0 (ZPE) ctia cac
phan ting cong va cong vong cua Pyr ¢ dang trung hoa (A) va proton héa (B) vdi ozone trong

nudc tai murc ly thuyét M06-2X/6-311++G(3df,3pd)//6- 31+G(d,p).

Nhin chung, trong qud trinh ozone hda ctia Pyr, cac phan ting lién quan dén dang
trung hoa duoc dy doan la chiém wu thé, dac biét tai vi tri Add-N1, la phtt hgp véi cac
két qua thuc nghiém[3,5].

3.3. BPong hoc cta qua trinh ozone hda cta Pyr

Cac héng sO toc do biéu kién (kapp, M s1), hr?mg sO toc do biéu kién hiéu chinh
bdi phan mol (kapp™, M s1), va ty 1é phan nhanh (I, %) ctia cac phan ting ban dau gitra
Pyr va ozone trong nudc tai 298,15 K & muc ly thuyét M06-2X/6-31+G(d,p) dwgc trinh
bay trong Bang 1.

Két qua cho thdy qua trinh ozone hda cta Pyr tai pH 6,5 chu yéu xay ra qua cac
phan tng Add ctia dang trung hoa. Trong s6 d6, phan tiing Add-N1 dwgc xac dinh la
phan ting chinh trong quad trinh ozone hda cta Pyr, véi gia tri kapp™ 16n nhat la 1,08 x 102
M1 s?. Do d6, gia tri ti 1é phan nhanh - T ctia phan Gng nay dwogc xac dinh 1a cao nhat
trong toan bo qua trinh — 41,36%. Bén canh Add-N1, cdc phan tng Add-C2 va Add-C6
cling dong vai tro quan trong trong qua trinh ozone hoéa Pyr vdi cac gia tri kapp™ turong
ddi cao, lan luot 1a 5,89 x 10! va 5,87 x 10' M' s™. Céc gia tri I ctia 2 phan tng nay lan
lwot 1a 22,56% va 22,46%. Trong khi d6, cac phan ting Add-C3 va Add-C4 doéng vai tro
thap hon, v6i gia tri kepp™ 1a 1,77 x 10' M s va I [an luot 14 6,76% va 6,77%. Nguoc lai,
tat ca cac phan ting Cycloadd va SET gan nhu khong c6 dong gop dang k€, vdi cac gia
tri I’ déu nho hon hodc bang 0,02%. Twong tu, tat ca cac phan tng lién quan dén dang
proton hda ctia Pyr xay ra rat cham. Tong I ctia ching xap xi 0%, diéu nay phu hop voéi
thiec nghiém ctia Andreozzi va cac cong su[5].
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Bang 1: Ndng luong tw do Gibbs cua phan ting (A-G?, k] mol') va nang lwong tu do Gibbs hoat

héa (AGt, k] mol), hang s t8c dd biéu kién (kapp, M s1), hing s6 tc d6 biéu kién dugc hiéu

chinh béi phan mol (kapp™, M1 s1), va ty 1€ phan nhanh (I, %) cua cac phan ting ban dau gitta
Pyr va ozone trong nudc tai 298,15 K & muec ly thuyét M06-2X/6-311++G(3df,3pd)//6-31+G(d, p).

Vi tri phdn tng
Dang trung hoa (94,90 %)
Add-C2

Add-C3

Add-C4

Add-C5

Add-Ceé

Add-N1
Cycloadd[C2C3]
Cycloadd[C3C4]
Cycloadd[C4C5]
Cycloadd[C5C6]
SET

Tong (Trung hoa)
Dang proton héa (5,10 %)
Add-C2

Add-C3

Add-C4

Add-C5

Add-Ce
Cycloadd[C2C3]
Cycloadd[C3C4]
Cycloadd[C4C5]
Cycloadd[C5C6]
SET

Téng (Proton héa)
Téong

A:G°

35,3
49,5
59,2
49,5
35,3
-120,5
-118,5
-95,4
-95,4
-139,7
121,0

44,1
72,1
65,3
72,1
44,1

99,2

-69,9

69,9

99,2

219,9

AGH

69,4
72,2
89,3
72,2
69,4
68,8
86,2
91,9
91,9
86,2
143,2

88,6
98,2
106,7
98,2
88,6
97,5
108,3
108,3
97,6
360,8

kapp

6,21 x 10t
1,86 x 10t
2,15 x 102
1,86 x 10t
6,19 x 10t
1,14 x 102
6,75 x 102
6,99 x 103
6,96 x 10
6,78 x 102
1,24 x 1014

2,98 x 102
5,56 x 10+
2,08 x 105
5,56 x 10
2,98 x 102
6,78 x 10+
8,95 x 10
8,95 x 10+
6,77 x 10+
9,43 x 10-%3

Kapp™f

5,89 x 101
1,77 x 101
2,04 x 102
1,77 x 101
5,87 x 101
1,08 x 102
6,41 x 102
6,63 x 10
6,60 x 10
6,44 x 102

1,18 x 10-14
2,61 x 102

1,52 x 103
2,84 x 105
1,06 x 10
2,84 x 105
1,52 x 103
3,46 x 10
4,56 x 107
4,56 x 107
3,45 x 10
4,81 x 10-%
3,16 x 103

2,61 x 102

r

22,56
6,76
0,01
6,77

22,48

41,36
0,02
0,00
0,00
0,02
0,00

100,00

0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

100,00
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Nhu vay, hang s8 tdc d6 tong quat ctia qud trinh ozone hoéa cta Pyr trong nudc,
duoc tinh todn bang phuwong phap M06-2X/6-311++G(3df,3pd)//6-31+G(d,p), 1a 2,61 x 102
M s, Tuy nhién, gia tri nay c6 lai 16n hon khoang 160 Ian so véi hang s8 toc dd thuc
nghiém la 1,6 + 0,17 M s tai pH 6,5[2]. Diéu nay nay cho thay mtc ly thuyét nay la
khong phu hop d6i v6i hé Pyr + Os. Do d6, & phan tiép theo chung tdi sé tién hanh mot
khao sat cac phwong phap DFT théng dung, chi tap trung vao cac phan tng chinh dé
tiet kiém thoi gian tinh toan, va xac dinh dwoc mot mo hinh tinh toan chinh xac cho hé
nay. Trong do, cac phan ttng Add-C2 (22,56 %), Add-C6 (22,48 %), va Add-N1 (41,36 %)
duoc xéac dinh 1a cac phan tng c6 hang s8 t8c d6 cao va ti 1é phan nhanh 1én trong qua
trinh ozone héa ctia Pyr. Vi vdy, cac phan ting nay sé duoc lya chon dé€ nghién cttu dong
hoc va so sanh két qua véi thuc nghiém.

3.4.So sanh dua trén phan ng chinh ctia qua trinh ozone héa cta Pyridine

Bang 2 trinh bay hang s6 tdc do biéu kién duoc hiéu chinh boi phan s6 mol —
kapp™ ctia ba phan tng ozone hda chiém wu thé nhat ctia Pyr trong nudc — tai cac vi tri
Add-C2, Add-C6, va Add-N1. Céac phiém ham DFT duoc st dung d€ so sanh danh gia
bao gom M06-2X, BMK, HSE06, PBEO va wB97XD. Mbi phiém ham duoc két hop véi hai
bo co sd: 6-311++G(3df,3pd)//6-31+G(d,p) va aug-cc-pVTZ//aug-cc-pVDZ.

Béang 2. Héng s0 tdc do biéu kién duoc hiéu chinh boi phan mol (kapp™, M s1) ctia ba phan tng
chiém wu thé nhat ctia qua trinh ozone hoa ctia Pyr, bao gébm Add-C2, Add-Cé6, va Add-N1,
dugc tinh toan tai 298,15 K trong pha nudc bing cac mitc ly thuyét DFT khac nhau.

Mt 1y thuyét KappMAdd-CD)  JeoppMAAAA-CO)  Jpp MAIAd-N1) Téng
BMK/6-311++G(3df,3pd)//6-31+G(d,p) 1,77 x 100 1,74 =< 10° 1,10 x 102 1,13 x 102
BMK/aug-cc-pVTZ//aug-cc-pVDZ 2,85 x 100 2,85 x 100 2,10 x102 2,16 x 102
HSE06/6-311++G(3df,3pd)//6-31+G(d,p) 1,44 x 10t 1,44 x 10t 2,34 x102 2,63 x 102
HSEO6/aug-cc-pVTZ//aug-cc-pVDZ 2,83 x 100 2,83 x 100 8,09 x 10" 8,66 x 10!

MO06-2X/6-311++G(3df,3pd)//6-31+G(d,p) 5,89 x 101 5,87 = 101 1,08 x 10> 2,25 x 10?2

MO06-2X/aug-cc-pVTZ//aug-cc-pVDZ 2,11 x 101 2,11 x 101 8,88 x10' 1,31 x 102
PBE0/6-311++G(3df,3pd)//6-31+G(d,p) 8,03 x 100 8,11 x 100 9,74 x10' 1,20 x 102
PBEO/aug-cc-pVTZ//aug-cc-pVDZ 1,58 x 100 1,58 x 100 3,90 x 10t 4,21 x 101

wB97XD/6-311++G(3df,3pd)//6-31+G(d,p) 3,69 x 101 3,69 x 101 9,23 x10° 9,97 x 10°
wB97XD/aug-cc-pVTZ//aug-cc-pVDZ 6,52 x 102 6,52 x 102 1,64 x10° 1,77 x 100
Thuc nghiém|[2] 1,6 £0,17

Co6 thé thay rang phan ting Add-N1 la phan ting c6 tdc d6 cao nhat trong qua
trinh ozone héa Pyr d6i véi toan bd cac muee ly thuyét duoc nghién ctu. Cu thé, gia tri
kappAddN1 Judn 16n hon nhiéu so véi hai gia tri kappdd-C2 va kappdd-C6, gap tir 4 lan (MO6-
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2X/aug-cc-pVTZ//aug-cc-pVDZ) dén 73 lan (BMK/aug-cc-pVTZ//aug-cc-pVDZ). Bén
canh d6, hang s6 toc dd tong quat dugc tinh tai cac muc ly thuyét da nghién ctru déu 16n
hon so vdi gia tri thiee nghiém (1,6 £ 0,17 M1 s7[2]). Trong cac phwong phap nay, phuong
phap c6 do chinh xac gan nhat so véi thuc nghiém la wB97XD/aug-cc-pVTZ//aug-cc-
pVDZ, véi ktota bf?mg 1,77 M1 s — xap xi 1,11 Tan gid tri thwe nghiém. Do d6, phuong
phép nay 1a phtt hop nhat d€ mo hinh héa dong hoc phan ting ozone hda cta Pyr trong
nudc. Nguoc lai, cdc muike ly thuyét khac déu cd sai 1éch 16n so véi két qua thuc nghiém.
Cu thé, cac gia tri ko xac dinh trong cac miec ly thuyét nay ¢ gia tri thwee nghiém gap
tir khoang 6 lan (wB97XD/6-311++G(3df,3pd)//6-31+G(d,p)) dén 164 lan (HSE06/6-
311++G(3df,3pd)//6-31+G(d,p)). Vi vay, cac phwong phap nay co sai s6 16n va khong
duoc khuyén nghi d€ stv dung cho cac nghién ctru ly thuyét vé sy ozone hda cua Pyr.

Nhin chung, d&i v6i nghién cttu vé sy ozone hda ctia Pyr, wB97XD/aug-cc-
pVTZ//aug-cc-pVDZ la phuong phap phtt hop nhét trong cac mtee ly thuyét duoc khao
sat, v6i sai s6 vé hang s8 toc d6 phan tng chi 11%. Phuong phap nay vi vay duoc khuyén
nghi d& khao sat dong hoc ctia sw ozone hda ctia Pyr cling nhu cac dan xuat cia né. Phat
hién nay cua ching t6i hoan toan khép véi mot nghién ciru moi day ctia Cardona va
cOng su (2025) khao sat vé phan tng ozone hda cta allyl sulfides trong pha khi[15].
Nguoc lai, tat ca cdc muic ly thuyét khac déu thu dwoc cac hiang s8 tdc dd cao hon nhiéu
so voi gid tri thue nghiém.

4. KET LUAN

Co ché' va dong hoc ctia qua trinh ozone hda cuia Pyr trong nudc da duoc nghién
ctu va so sanh tai cac mue ly thuyét khac nhau. Mot s6 két luan dwgc tom tit nhw sau:

¢ Gia tri nang luwgng tu do Gibbs hoat hoa (AGY) cua tat ca cac phan ting trong qua
trinh ozone hoa Pyr déu tuong ddi cao. Trong do, cac phan tng cong (Add), déc
biét tai N1, C2 va C6, duoc xac dinh la ¢ ¢d cac gia tri AGt thap nhat va do do
doéng vai tro quan trong nhat.

e Hang sd toc dd ctia qua trinh ozone hoéa Pyr 1a twong ddi thap. Cac phan tng wu
thé nhdt duwgc tinh toan tai muc ly thuyét MO06-2X/6-311++G(3df,3pd)//6-
31+G(d,p) la cac phan tng cdng, bao gom Add-N1, Add-C2 va Add-Cé6 vdi ti 1é
phan nhanh lan luot 1a 41,36, 22,56 va 22,48%.

¢ Hiéu qua cua muc ly thuyét khac nhau da duoc khao sat va so sanh. Két qua cho
thay muc ly thuyét wB97XD/aug-cc-pVTZ//aug-cc-pVDZ duoc xac dinh la
phuong phép déng tin ciy nhat véi hang s6 tdc do tinh toén chi gap 1,11 lan gid
tri thwc nghiém la 1,6 £ 0,17 M s'. Mtec ly thuyét nay la phtt hop dé€ nghién ctru
phan ting ozone héa ctia cdc hop chat di vong 6 chita nito khac, chang han nhuw
cac dan xudt caia Pyr.
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Nhin chung, nghién cttu da lam sang t6 cac co ché va dong hoc ctia qua trinh
ozone hoa cua Pyr. Nghién cttu ciing da dé xuat mac ly thuyét phu hop véi d6i tuong
nghién cttu 1a Pyr va cac dan xuat ctia nd. Két qua nay hi vong nang cao hiéu biét va tng
dung cac nghién cttu ly thuyét vao cac phan ting ozone hda ctia cac hop chat di vong
chtra nito.

LOI CAM ON

Nghién cttu nay xin cam on SEAGrid (http://www.seagrid.org) vi da cung cap
tai nguyén va dich vu tinh toan cho cac két qua trinh bay trong nghién cttu nay.
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OZONOLYSIS OF PYRIDINE IN WATER: A DETAILED DFT STUDY OF
REACTION PATHWAYS AND METHOD BENCHMARKING

Dinh Hieu Truong'?3, Nguyen Thi Ai Nhung?, Duy Quang Dao'?"
Institute of Research and Development, Duy Tan University, Da Nang, Viet Nam
2School of Engineering and Technology, Duy Tan University, Da Nang, Viet Nam
SUniversity of Sciences, Hue University, Hue City, Viet Nam
*Email: daoduyquang@duytan.edu.vn
ABSTRACT

The mechanism of pyridine (Pyr) ozonolysis in water has been investigated using
several widely employed density functional theory (DFT) functionals, including
MO06-2X, BMK, PBEO, HSE06, and wB97XD, in combination with Pople and Dunning
basis sets. In this study, three oxidation pathways were considered: addition (Add),
cycloaddition (Cycloadd), and single electron transfer (SET). The ozonolysis was
first studied at the M06-2X/6-311++G(3df,3pd)//6-31+G(d,p) level of theory, with
solvation effects modeled by the SMD continuum approach for both the neutral and
protonated forms of Pyr. The results indicate that, at pH = 6.5, the Add reactions at
N1, C2, and C6 positions for the neutral form are the dominant channels. These
reactions have the lowest activation energies and highest rate constants at 298.15 K.
Benchmark calculations at various DFT levels revealed that the wB97XD/aug-cc-
pVTZ//aug-cc-pVDZ method yields the most accurate prediction for the rate
constant (1.77 M1 s1), in close agreement with the experimental value (1.6 + 0.17 M-
1s1at pH 6.5). This observation underscores how complex it can be to model ozone,
given its biradical nature. Overall, this work suggests that wB97XD performs
particularly well for this type of reaction, making it a strong candidate for future

studies on nitrogen-containing heterocycles.

Keywords: Pyridine, ozonolysis, DFT benchmark, kinetics, pesticides.
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