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Abstract

The mechanism for the reaction of the oxygen atom (O'D) with methanol (CH;0H) molecule is studied using
computational quantum method, namely B3LYP/aug-cc-pvtz. The potential energy surface (PES) for this system shows
that eight different products have been found. The interesting result is that all reaction routes for the (0'D) + CH,0H
needed through pre-association C1 (CH;3(O)OH) complex. The formation of the product H,O+H,C=O is the most
favorable. Our study would be contributing to understand more about the reaction mechanisms of the oxygen atom with

methanol and in fact this reaction is one of the important ones in the atmosphere and combustion chemistry.

1. GIOI THIEU

Céc phan ng cua nguyén tir oxi ¢ trang thai
singlet, O('D), déng vai trd quan trong trong héa hoc
khi quyén vi O('D) la mét tac nhan phan ng c6 hoat
tinh manh v&i cac phan tir nhé trong méi truong [1].
Phan (ng cua nguyén to O vé&i cac phan tu
hidrocacbon thudc linh vuc hdéa hoc cac qua trinh
dbt chay ciing la mét chu dé quan trong dugc nghién
ciru nhiéu trong vai thap ky gan day [2]. Cac cong
trinh nay dugc nghién ciru nhiéu ca ve ly thuyét lan
thuc nghiém nhu phan (rng cua O('D) véi benzen
[1], xiclopropan [2, 3], axetilen [4], c4c ankan [5-8],
nudce [9],..

Phan ung cia O('D) véi metanol gan lién voi
thuc tién do metanol c6 thé duge sir dung nhu mot
loai nhién liéu thay the c6 tac dung gay 6 nhiém thap
hon so véi cac nguon nhién liéu phd bién hién nay
va ¢6 thé dugc san xuit tir con dudng sinh héa [10].
Vi vy, trong cong trinh nay, ching toi da tién hanh
nghién ciru Iy thuyét co ché phan tng day di cho hé
phan img O('D) + CH;OH.

2. PHUONG PHAP TiNH

Tt ca cac tinh toan duoc thuc hién bing phén
mém Gaussian 03 [11]. C CAu trac hinh hoc cua cac
chét déu duoc tdi uu theo phuong phap phiém ham
mit d6 & muac B3LYP/aug-cc-pvtz. Sy xac dinh

diing mot trang thai chuyén tiép tim dugc ngoai viéc
phan tich tin sb dao dong ciing c¢6 thé dugc kiém tra
thém bing cach tinh toa do6 ndi phan tng (IRC).
Ning luong diém don cling dugc tinh ¢ mirc
B3LYP/aug-cc-pvtz. Tir cac két qua nhan dugc s€
xdy dung bé mit thé nang va xac dinh cic théng s6
nhiét dong phan rng cua hé & 298 K, 1 atm.

3. KET QUA VA THAO LUAN

Trén so dd va bé mat thé nang (hinh 1) cia hé
phan ung nguyén tu O( D) v&i metanol, phirc chat
trung gian hinh thanh dau tién duoc ki hiéu la C,. Cac
chu trac cuc tiéu 13 hop chat trung gian duoc ki hiéu
la L, (i =2 + 4), cac san pham dugc ky hiéu 1A P; (j =1
+ 8) va cac céu tric trang thai chuyén tiép (TS) duoc
ky hiéu la 1/] hodc i/P; v&i i, j tuong img 1a thir ty cua
cac cuc tiéu phirc chat hop chat trung gian hodc san
pham Khi thém chir cai h bén canh ky hiéu trang thai
chuyén tiép cé y chi rang nd c6 nang lugng cao hon
so v&i khi thém chir cai s. Tir két qua tinh ‘nang luong
dao dong diém khéng va nang lugng diém don xac
dinh dugc néng luong tuong quan v&i mirc nang
luong cua hé chat tham gla phan Umg ban dau O('D) +
CH;0H duoc qui udc bang 0. Hinh hoc cia mét sd
cau trac dugc thé hién trén hinh 2.

Két qua tinh toan cho thay, tat ca cac trang thai
chuyen tiép déu thoa min c6 1 tan sb am (bang 1).
Cac két qua nay gop phan khing dinh rang cac TS
ma chung tdi tim thdy 1a hoan toan ding.
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Bang 1: Gi4 tri tan s6 dao dong cua cac TS

TS Tan s6 IR, cm’

1/P,
1/P,
1/2h
1/2s
2/P
2/P,

-600,3;130,0;437,6:656,6,674,8;780,2;835,4;987,5;1080,5;1186,4,1260,9;1400,3;3059,2;3460,8;3715,0
-1205,9:59,3:199,6:383,3:671,0;730,7;1039,2;1160,4;1287,5,1398,4;1446,9;2455,2;3071,0;3216,3;3267,0
-877,7:150,2:555,0;693,3;849,3;968,3;1045,8;1119,1;1347,1,1450,7;1485,1,3037,4;3177,4;3266,6,3727,8
-1277,3:194,7;355,5:697,6,953,8:985,0;1182,0;1235,6,1451,4;1467,3;1498,0,2870,4;3048,1,3133,2;3150,5
-1529,4;256,8;458,3;495,2:616,9;1050,0;1086,0;1231,1,1235,6;1278,7;1509,2;1793,2;2954,1,3045,3,3598,4
-1051,7;541,6;676,6;778,1;,874,9;954,2;1102,6;1171,1;1211,2;1351,6;1379,8;1517,0;,2517,3;3118,5,3246,3

113 -1456,6;239,2;291,0;390,6;975.2:1038,4;1152,5;1321,0;1340,6;1436,8;1496,2;2525,5;3025,0;,3103,6,3776, 1
1/4  -1289,9;289,1;520,7;772,0;830,8:890,1:1122,9;1145,5;1159,1,1222,5;1445,3;2087,7;3049,2;3143,6,3710,5

3/4h
3/4s
/P,
3/P,
3/Ps
4/P3
4/Pyg
4/Pg
4/Pg,

-1882,8:269,8;359,5;598,6;823,5;875,0;1132,8,1167,7,1259,2;1307,7;1360,6;2678,2,2786,3,3019,1,3798,8
-235,4;297,9;536,7:999,1:1042,7;1091,5;1194,1;1289,2;1397,1;1453,3;1537,1;2969,2;3054,9;3801,3;3825,2
-1278,5;205,6;354,6,460,3,681,3;752,1;1014,1;1202,1,;1287,3;1439,4,1528,0;1976,3,3055,7;,3661,4,3785,4
-1275,7,210,1,272,7,396,2;696,8,788,4;1024,5;1184,8;1290,5;1443,8;1522,2;2001,6,3115,3;3724,5,3788,5
-1741,4,436,0,528,9,720,0,783,1;1019,8;1200,1;1280,8;1315,5;1352,4;1561,1;1975,7,2957,6,3028,1,3760,8
-1284,4;222 8;364,3,421,2;672,2;,737,5;1013,5;1203,8;1304,2;1434,1;1534,8;1971,8;3030,3;3661,0,3787,8
-1246,2;313,9;420,1;582,8;594,5;616,5;1074,8;1166,0;1205,2;1299,9;1388,2:1511,5;2702,8;3784,7,3787,0
-1109,3,108,9;442,7,608,5;701,0;836,7;934,2;1088,7;1188,3;1234,9;1326,4;1389,6,2586,5,2886,8,2982,1
-2305,6;499,6,545,7,655,3,783,6,1095,5;1128,1,1247,0;1309,1,1391,5,1462,0;,1769,7,1984,7,3062,7,3719,4

Khi nguyén tr O ('D) tAn cong vao phan tr
CH;0H tao ra phuc chit C, (-252,2 kl/mol) thi cau
triic hinh hoc cia CH;0H hau nhu thay dbi rat it. Cac
lien két C-O va O-H duoc kéo dai ra khéng dang ké.
Trong phén tr CH3OH, dc.o = ],423 A; dO—H = 0,96]
A; trong khi d6 cac khoang cach nay o C, lan luot la
1,452 A va 0,968 A. Lién két O-O méi dugc hinh
thanh 6 C, =6 d dai kha lén (1,500 A), chimg 16 lién
ket nay kérn bén. Nhirng lap luén nay co thé ching to
rang phirc chat C 1a cau trac dau tién dugc hinh
thanh khi O (‘D) tan cong vao phan tr CH;OH. Qua
trinh nay khong thong qua hang rao nang lugng. Tir
C), hai lién két C-H trong nhom CH; ¢6 thé b kéo dai
tao ra TS 1/P; (+112,0 kJ/mol) va tir d6 tach ra phéan
tr H,, hinh thanh sin phim P, (H,+HC-OH-O).
Khoang cach H-H & TS 1/P, kha ngan (0,803 A),
thuén lgi cho viéc hinh thanh phan t H,. Tuy nhién,
diéu dang cha y la hang rao nang lugng cua qua trinh
tao P, 1a rat lom.

Nguyén tir H ciia lién két O H trong C; ciing ¢6
thé bi dirt ra va dich chuyén vé phia nhém CH, dé
hinh thanh TS 1/P, (-93,9 kJ/mol). Lién két O-H va
C-O bi kéo dai, tuong ng 1a 1,055 A va 2,179 A.
Nhitng qua trinh nay thudn lgi cho viéc tach ra phan
tor O,, hinh thanh san pham P, (CH4+0,).

Tir phirc chat C dé tao thanh tryc tiép hop chat
trung glan I, ¢6 thé ¢6 2 con dudng khac nhau. Day la
mét didu kha |y thu. Néu di qua trang thai chuyen tiép
TS 1725 (-228,4 kJ/mol) thi qua trinh dich chuyén cac
nguyén tir kha don gian. Liuc nay nguyén tir H trong
lién két O-H s& dich chuyén sang phia nguyén tir O

con lai dé tao ra lién két O-H mai va hinh thanh 1.
Néu di qua trang thai chuyén tiép TS 1/2h (-106,0
kJ/mol) thi qua trinh dich chuyén cac nguyén tir phirc
tap hon va ¢é hang rao nang lugng 1én hon kha nhiéu.
Khi d6, lién két C-O trong C, dugc kéo dai ra. Trong
cdu trac TS 1/2h cac nguyén tir C-O-O tao ra mot
vong 3 canh c¢é kich thudc kha lom. Cac khoang cach
C-O lan luot 12 1,807 A va 1,928 A, con doo = 1,532
A. Cac nguyén tir O trong C; gan nhu la thuc hién
qué trinh di vj tri cho nhau trong viéc lién két voi
nguyén tir C dé tao ra I,. Ro rang la vi ¢6 hang rao
ning lugng 16n hon nén viéc hinh thanh I, bang con
dudmg thong qua TS 1/2h s& khé khin hon nhiéu so
voi khi di qua TS 1/2s.

Cac san pham Ps (H,0+H,C=0) va P,
(H,+H,COO0) déu ¢6 thé dugc hinh thanh truc tiép tir
[,. Khi di qua TS 2/Ps (-232,0 kJ/mol), mot nguyén tir
H trong nhém CHj cua I, s& tir tir dich chuyén sang
lién két véi nguyén tr O (dang lién két v&i nguyén t
H). Khi d6 lién két C-H sé& bj kéo dai ra, dey= 1,242
A; lién két O-H méi chudn bi duoc hinh thanh doy =
1,486 A. Khoang cach O-O ciing bj gian ra kha Ién
1,917 A; thuan lgi cho viéc tach ra phan tir H,O tao ra
san pham Ps. Néu di qua TS 2/P; (-159,5 kJ/mol) thi
mot nguyén tor H cua lién két C-H cung véi mot
nguyen tr H cua lién két O-H s& dugc tach ra. Trong
cau trac TS 2/P;, cac lién két nay di bi kéo dai ra
tuong {mg 12 1,769 A va 1,481 A. Nhimg qua trinh
dich chuyén nay déu gop phan lam tich dé dang mot
phan tir H; hinh thanh san pham P;.
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Chit trung gian I3 dugc tao ra tir C, théng qua TS
1/3 (-36,3 kJ/mol) Nguyén tir O ding doc lap (chi
lién két voi nguyén ta O con lai) trong C, s€ tur tur bi
tach rdi va chuyén dich vé phia nguyén tir C dé hinh
thanh lién két C- O thir hai. Trong TS 1/3, d§ dai lién
két O-O lic nay rat 16n (2,311 A). Song song voi qua
trinh dich chuyén ciia nguyén tir O 1a qua trinh cat dit
mot nguyén tir H trong mt lién két C-H (1,113 A).
Nguyén tr H nay s& tién dan vé phia nguyén tor O
trong lién két C-O mai dugc hinh thanh va tao ra
thém mét lién két O-H (1,750 A) méi nira, tao ra ls.
Tir hop chét trung gian 15 ¢6 5 con dudng phan img
khac nhau.

Puong thir nhét di qua TS 3/P; (-399,8 kJ/mol) s&
tao ra san pham P; (H,O+HCOH,,). Khi dé mot
nguyen to H trong nhém CH, cua l5 s€ bi tach ra va
tien vé phia mot trong hai nguyén tir O dé tao ra lién
két O-H méi, mét lién két C-O s& bi kéo dai (2,120
A) va dut ra tao nén phan to H,0. Dudng thir hai di
qua TS 3/P, (-406.5 kJ/mol) dé tao ra san phim P,
(H,;O+HCOH,i,s). Qua trinh nay xay ra ciing gan

Nghién civu Iy thuyét co ché...

gidng vé6i dudng thir nhat, chi khac 1a nguyén tir H bj
tach ra cung véi nhom OH dé tao thanh phén tir nudce
la nguyén tr H con lai cia nhom CH, trong phan tir
I;. Dudng thir ba di qua TS 3/Ps (-507,9 kJ/mol) dé
tao ra san pham Ps; (H,O+H,C=0). O diy, mot
nguyén tir H cia nhom OH nay s& chuyén thang vé
phia nhém OH kia dé tach ra moét phan tir H,0.
Puong thir tu di qua TS 3/4s (-676,0 kJ/mol). Trong
qua trinh nay, mgt nguyén tr H cia mét nhom OH
dich chuyén vé& phia dbi dién so véi mit phiang O-C-O
dé tao ra hgp chat trung gian I;. Puong thir nam di
qua TS 3/4h (-163,7 kJ/mol) cling tao ra I; nhung su
dich chuyén cac nguyén tir trong truomg hgp nay phirc
tap hon va c¢é hang rao nang lugng cao hon rat nhiéu
so v&i duong thir tu. Khi do tir 15, mét nguyén to H
ctia nhém OH thir nhat s& dich chuyén vé phia C tao
ra mot lién két C-H méi. Ddng thoi lai ¢6 qua trinh
nguoc lai, mot nguyén tir H cua nhom CH, lai bi dut
ra va tién vé phia nguyen tr O taora lién két O-H moi
& cling mot phia véi lién két O-H sin c6 cta I; so véi
mat phéng 0-C-O, taora I,.

Pg H,+HOCOH CH,0H+0O('D) Hp+HC-OH-0O P,
&S
4/P6h “/PBT p )
-—
Hy+HCOOH > OH-CH,-OHcis <12 0. OHCH,4 —’fz— CH,+O, P,
Ps 4/P6s l Phuc (C,) \2/7 2/P7
4/p.| 3/ah 3/4s 7 CH,0-OH Ho+HCOO Py
3 13 s | »
3P, : L
P3  H,O+HCOHcis \? OH-CH,-OHtrans 8 H,0+H,CO Py
> [
3
P, H20+HCOHtrans 1120
E —
T T
... 748
CH,OH+O0 ('D) *—— Hx+HC-OH-O Py
oT—
=% -36.3
£ o
5 TR -
= ' " 106.0
[=4 -
g -106,2 .- '_1/2 s
2 g LT -159.5
-v.'—-.~1637 BTN
w0} 2 3/4hL 2074 oS w1 ... 2178
3 L Cypen., 2320 T feHgoo P
o ~ X
&
=z
"""" ps.‘~.~411.1
-400 L == CH,+0, P,
Sre. 4257
m H,O+HCOHds Py
\ H0+HCOHtrans Py
el 5154
b Y VTt —— H#HOCOH Py
iR
-600 1 RN
: ; 6628
6760 676§ ‘.‘ —— H,0+HLO Ps
— a e T — ;
-688,2 | \1-691,0
OH-CH,-OHcls _. OH-CH;-OHcls " UHpeHCOOH Py
14 OH-CH,-OHtrans 14
13

Hinh I: So d6 phan (mg va bé mit thé nang (PES) cua hé phan img O ('D)+CH;OH

va C-H dé tao ra phan tir Hy. O TS 4/Pss, cac lién két
O-H va C-H khi sép bi dut c6 do dai kha 16n, tuong
tmg la 1,312 A va 1,517 A. Hai nguyén tir H khi bj

Tir I ¢6 thé truc tlep tao ra san pham Pg
(H,+HCOOH) theo 2 cach. Cach thir nhét thong qua
TS 4/P¢s (-378,2 kJ/mol) 1a 1am dit céc lién két O-H
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tach ra ciing tir tir tién lai gan nhau (1,029 A) dé hinh
thanh phan tir Hy. Phan con lai sau khi tach H, I3 axit
HCOOH c6 cac nguyén tir H & vj tri frans so voi lién
két C-O trong mat phiang O-C-O. Cach tha hai 1a
thong qua TS 4/P¢h (-207,4 kJ/mol). Khéc véi céch
thir nhat, phén tir H, trong trudng hop nay dugc hinh
thanh tir viée dut cac lién két O-H. Trong cau tric TS

CH;OH

0962

1100 1100

0962 1409 1409

Nguyé~n Thi Minh Hué va cong su

4/Pgh, do. luc nay 1a kha lén (1,723 A va 1,639 A).
Dong thoi véi qua trinh trén thi mot nguyén tr H &
nhém CH, ciing bj dirt ra va tién vé phia mot nguyén
tr O tao ra mot lién két O-H mdi, hinh thanh nén
phan tir axit HCOOH. Theo cach thir hai ¢6 hang rao
ning lugng 16n hom céch thir nhat rat nhiéu nén kém
thuan lgi hon.

3/4s 3/4h

Hinh 2: Hinh hoc mét s6 trang thai chuyén tiép va chat trung gian (do dai lién két (A), goc lién két (%))
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Viéc tach phan tir H, ciing c¢6 thé duge thuc hién
tir 1y thong qua TS 4/Pg (-352,7 kJ/mol). Cac nguyén
tr H dugc tach ra tr nhém CH, cia 1,. Day la mot
truong hop tach H, kha dac biét so vai viéc tach H, &
cac duong phan ang da phan tich & trén. Trong céu
tric cla trang thai chuyén tiép TS 4/Pg, cac lién két C-
H trudce khi bi tach ¢é d6 dai chénh 1éch kha lon, lan
luot 1a 1,956 A va 1,134 A. Khoang céach giiia 2
nguyén tir H nay cta TS khi chuan bj hinh thanh phan
tir H, cling 16m hon (1,254 A) so véi cac trudong hop
ciia TS ciing tach ra phan tar H» da phan tich ¢ trén

Tir viéc phan tich cac dudng phan Gmg trén bé mat
thé nang cua hé phan (mg O('D) + CH;Ol & trén
chung ta co thé nhan lhéy con dudng tao thanh san

Nghién ciru ly thuyét co ché...

phim Ps (H,0+H,C=0) khi di qua C,—>TS 1/2s
—-5L->TS 2/P5—>P5 la con dudng c6 hang rao ning
lugng thap nhat, s& gap nhiéu thuan lgi nhit. Nguogc
lai, su tao thanh san pham P (H,#HC-OH-O) ¢6 hang
rao nang lugng rat cao nén kho o thé xay ra.

Gia tri entanpi va nang lugng Gibbs cia mot
phan ung héa hoc ¢6 thé tinh dugc bang ly thuyét
[12]. Dbi véi phan tmg coa hé O (D)+CH3OH
trong sy tao thanh cac san pham P,+Ps, két qua ¢
bang 2 cho thay trir qué trinh tao san pham P, con tat
ca cac qué trinh con lai déu la qua trinh téa nhiét va
déu c6 nang lugng Gibss AG < 0, thuan lgi cho phan
ing xay ra.

Bang 2: Két qua tinh entanpi va nang lugng Gibbs

Phan g AHaogk 1 anm, kcal/mol AGjog 1 aun, kcal/mol
O('D)+CH;OtH—H,+C-Ot-0 18,7 18,6
(P1)

—CH,+0, (P,) -97,59 -98,25

—H,O+HCOH,,, -100,8 -103,1
(P3)

—H,;0+HCOH,, 4,5 -105,0 -107,2
(P4)

—H,0+H,C=0 -157,4 -159,2
(Ps)

—H,+HCOOH -164,3 -164,1
(Ps)

—H,+H,COO (P;) -51.3 -51,2

—H,+HO-C-OH -1223 -122,2
(Ps)

4. KET LUAN Phys. 129, 174303 (2008).

Toan b céc ciu truc hinh hoc lién quan dén qua
trinh hinh thanh 8 san phim khac nhau tor hé chat
phan ng O('D)+CH;0H da dugc xac dinh. Bé mat
thé ndng cla cac qua trinh nay ciing dugc xdy dung,
cu thé co ché tao thanh cac san pham khac nhau da
duge phén tich va ly giai day du. Thong qua bé mat
thé nang ta nhan thiy duong phan (ng tao san pham
Pl (H, + HC(O)OH) la khé xdy ra (do hang rao nang
lrong qud cao). Cac dudng phan (g tao 7 san phim
con lai déu c6 kha nang xay ra bdi vi tat ca cac nang
luong tuong quan tuong iung déu nho thua khong va
chiing ta c6 thé két luan huéng tao thanh san pham
(H,0+H,C=0) la thuan loi nhat vé mit ning lugng.

Trdn trong cam on Nafosted Viét Nam tai tro cho
cong trinh nay théng qua de tai, ma soé
104.03.2010.29.
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