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Tom tat

i-C3H7OH (IPA) la mét phu gia nhién liéu tiém ndng. Co ché cua phan tng gitra iso-propanol véi goc tu do
sulfanyl da dwoc nghién ciru & mire CCSD(T)//B3LYP/6-311+G(3df,2p). Muwoi duong phén (ng tao thanh
céc san phdm PR1-PR10 bao gom ba duong phan trng tach hydro va bay duwong phan trng thé ag dugc
xem xét. Trén co s& bé mat thé nang va théng sé phan tr xac dinh duoc, hang sé tbc d6 va ti sb phan
nhanh cda ttrng duong phan tng da dugc tinh toan & khodng nhiét d6 298 K dén 2000 K theo Iy thuyét
trang thai chuyen tiép co tinh den hiéu ting duong hdm Eckart. Két qua tinh toan dong hoc cho thay & 298 K
sén pham cta phan trng chia yeu la PR2 ((CH3)2COH + H3S) (~100%). Tuy nhién, & 2000K, ti 16 sdn phdm
PR2 chiém chi con 77,8% téng san pham trong khi d6, PR3 (CH3CH(CH2)OH + H2S) va PR1 ((CH3)2CHO +
H.S) I&n Iurot chiém 16,7% va 5,5% téng sén phém.

T& khéa: Tinh toan lwgng tlr, phu gia nhién liéu, gbc tw do sulfanyl, i-CsH7OH.
Abstract

i-C3H7OH (IPA) is one of the potential fuel additives. The reaction mechanism of isopropanol with sulfanyl
radical was investigated at the CCSD(T)/B3LYP/6-311+G(3df,2p) level of theory. Ten possible reaction
pathways giving PR1-PR10 including three H-abstraction reactions and seven substitution reactions were
considered. Based on the determined potential energy surface and molecular parameters, the rate constants
and branching ratios of each reaction pathway were calculated at the temperature range of 298 K - 2000 K
by using the transition state theory considering the Eckart tunnel effect. The kinetics results showed that at
298 K, the reaction products were mainly PR2 ((CH3)2COH + H>S) (~ 100%). However, at 2000K, the
contribution of PR2 decreased to 77.8% of the total product, while, PR3 (CH3CH(CH2)OH + H.S) and PR1

((CH3)2CHO + H2S) accounted for 16.7% and 5.5% of the total product, respectively.

Keywords: Quantum calculation, fuel additives, sulfanyl radical, i-CsH7OH.

1. Mé déu

Ngay nay, van dé bién d6i khi hau, an ninh ning
luong va do do6 viéc sir dung nhién li€u sinh hoc dang
nhén dugc sy quan tdm 16n. Trong sb6 cac nhién liéu
sinh hoc dang dugc xem xét co6 cac alcol (nhu
i-C3H;0H, ..) dung d& pha vao xing. Ngoai ra,
i-C3H,0H (1s0pr0pan01) con la mét phu gia nhién li¢u
tiém nang dbi v6i cac dong co ddt trong va dong co
diesel. Do d6, phan Gng cua isopropanol trong hé
chdy da va dang dugc sy quan tdm cuia cac nha
nghién ctru [1-11]. Phan tng nhiét phan isopropanol
da duoc nghién cuu boi cac nhdm tac gia Barnard [1],
Gonzalez va cdng sy [2] va Trenwith [3]. Céac tac gia
da chi ra cac san pham chinh, hiang s6 téc do phan
mg & mot sé didu kién nhiét do, ap suat khac nhau.
Sau do, Bui, Zhu va Lin [4] da st dung phuong phép
tinh toan hoa hoc lugng tt G2M duya trén ph?m mém
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Gaussian dé xdy dung bé mit thé ning va tir d6 tinh
hang s6 tbc do phan ung trong khoang nhiét do rong
(500 - 2500 K) cho tung dudng cu thé va hang s6 toe
do tong thé. Cac két qua tinh toan phu hop tbt véi cac
gi4 tri thuc nghiém trude d6. Pong thoi ciing cho biét
co ché phan mg chi tiét va cac hang s téc do & cac
diédu kién ap suat thap va cao gidi han. Phan ung cua
i-C3H70H v6i mot s0 nguyén tu, gbc tu do, phan tir
trong pha khi lién quan dén hé chay cta cic nhién
liéu nhu gbc *OH, *CHs, X (F, Br, I), *NOs3, N>O4, ...
[5-11]. Trong do, cac tac gia da cho thdy phan ung
xay ra chi yéu lién quan dén cac nguyén tir H trong
phan tir isopropanol theo cac hudng thé hodc tach. Vi
dy, trong phan Umg cua isopropanol véi gbe tu do
«CHj3 [6], san pham tao ra 1a CH4 va cac géc tu do
tuong tmg theo co ché tich H con khi phan tmg véi
N>04, thu dugc HNOs3 theo phan tng: N.O4 + ROH
— RONO + HNOs. Ngoai ra, hing sb téc d6 dbi véi
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cac phan tng cling da dugc xac dinh béng phuong
phép thuc nghiém hodc/va phuong phép tinh toan.

Gbce tu do sulfanyl (HS¢) duoc hinh thanh tir sy
phan hily do nhiét cic hop chat nhu etyl mercaptan
[12]. Etyl mercaptan 1a thanh phan phu cta céc san
pham dau mo, hodc no c6 thé duoc thém vao hdn hop
nhién liéu khi hoa 16ng. Tuy nhién phan ung gilta
isopropanol véi goc ty do sulfanyl van chua dugc
nghién ctru. Trong bai bao nay, ching t6i trinh bay
két qua nghién ctu Ve hé phan Gng nay, gom bé mit
thé nang, cac thong s6 phan tir va hang s6 toc do phan
ung.

2. Phwong phap nghién ciru

Dé nghién ciru phan tmg gitra i-C;H;0H véi gbe
tuw do HSe, ching t6i da thyc hién tinh toan Hoa hoc
luwong tir trén co sé chuong trinh Gaussian 09 [13].
Céc cau trac cia hé chat phan tmg i-CsH;0H va HSe
dugc tinh toan t6i wu & muc ly thuyét B3LYP/6-
311+G(3df,2p) va tinh toan ning luong diém don ¢
mirc CCSD(T)//B3LYP/6-311+G(3df,2p) [13]. Cac
gia tri diém yén ngua trong bé mit thé ning (PES)
duoc xac dinh bang cach phan tinh ma tran Hessian.
Ngoai ra, dé xac dinh do tin cdy cua cac két qua tinh
toan, chung t6i cling da so sanh vdi thuc nghiém céac
gi4 tri cdu trac hinh hoc cta cac cdu tir trong PES va
nhiét phan ung cia duong phan tng c6 san dir kién
thuc nghiém.

Hing s6 tbc d6 phan tmg ciia mdi dudng phan
ing va ti s6 nhanh san phiam dugc tinh véi viée st
dung phan mém Multiwell [14] dua trén cac két qua
tir bé mit thé ning va cac tham sd phéan tr cua céc
chu tir di duoc tinh & muc 1y thuyét
CCSD(T)//B3LYP/6-311+G(3df,2p). Trong d6, hang
s6 toc do cua cac duong phan Umg da dugc tinh toan
theo ly thuyét trang thai chuyen tiép (TST) [15] ¢b
tinh dén hiéu ung duong hdm Eckart [16] trong
khoang nhiét d6 298-2000K.

3. Két qua va thio luin

Chu tric cta chat phan ng (i-C3H;0H va HSe)
duge t6i wu & muac B3LYP/6-311+G(3df,2p) va so
sanh v6i cac gia tri thuc nghiém cé san [17,18] (xem
Hinh 1). Pbi v6i phan tir i-CsH;0H, d6 dai lién két
O-H tinh ¢ mac B3LYP/6-311++G(3df,2p) la
0,961A, phu hop tét véi gia tri thuc nghiém 1a 0,965A
[17]. Két qua twong tu ddi voi cac lién két C-O, C-C
va C-H (Hinh 1). Déi v6i gbc HSe, do dai tinh duoc
ctia chung t6i 1a 1,346A, gan véi gia tri thuc nghiém
duge bao cao boi Huber va cong sy [18] 1a 1,341A.
Diéu d6 chimg t6 phuwong phap B3LYP va bo ham co
so ma ching toi da thyc hién cho két qua dang tin
cay.

3.1. PES ciia phdn ing giiva isopropanol véi géc
sulfanyl

Tir cac két qua tinh toan, ching toi thiét Iap
duoc bé mat thé nang cua phan tng (Hinh 2). Cac
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thong s6 hinh hoc cua cac trang thai chuyén tiép
tuong Gmg dugc trinh bay ¢ Hinh 3. Trong do, RA ki
hiéu chat phan tng, TSi (i = 1,2,3,...) ki hiéu céac

trang thai chuyén tiép va PRi (i = 1,2,3,...) ki hi¢u
cac san pham tuong tng tur TSi.
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Hinh 1. So sanh cdu tric cua cac chit phan ung
(i-CsH;0H va HSe) tinh toan va thyc nghiém (gia tri
trong ngodc vudng) tir tai liéu tham khao [17,18].
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Hinh 2. Bé mit thé ning phan img i-C;H;0H va HSe
duoc tinh & miac CCSD(T)/6-311+G(3df,2p).

Bé& mit thé ning & Hinh 2 cho thdy trong qua trinh
phan tng, gdc ty do HSe ¢6 thé tach H & cac lién két
O-H; C-H (nhém CH), C-H (nhém CHj3) trong phan
tr i-C;H;OH tao ra cic sin pham nhu PRI
((CH3),CHO + HS), PR2 ((CH3)COH + H»S) va
PR3 (CH;CH(CH,)OH + H,S). Ngoai ra, HS® c6 thé
thay thé nguyén tor H hodc cac nhom nguyén tor nhu
OH, CHj, ... trong phan tir i-C;H;0H tao thanh cac
san pham PR4 ((CH3);CHCOSH + H), PRS
(HOCHCO + C,Hs), PR6 (CH3;CH.CHCO + OH),
PR7 ((CH3),CHSH + OH), PR8 (CH3;CH(OH)SH +
CHs), PR9 (CH;CHOH + CH3;SH) va PRI0
((CH3),CH + HOSH). Trong d06, cac duong phan rng
tao thanh PR1 - PR3 ¢6 hang rao ning lugng thip hon
so voi cac duong phan ung tao thanh PR4 - PR10.

3.2. Duwong phdn wrng tao thanh PR1 ((CH3):CHO +
H:S), PR2 ((CH3:COH + H:S) va PR3
(CH3;CH(CH>)OH + H>S):

San pham PR1 ((CH3)2:CHO + H»S) dugc hinh
thanh khi gdc sulfanyl tdn cong tich nguyén t H
trong nhém OH cua isopropanol thong qua trang thai
chuyén tiép TS1 c6 niang luong twong quan la
18,4 kcal/mol so v6i chat phan mg. Vé céu tric hinh
hoc, TSI, két qua d6 dai lién két O...H tinh toan
duoc 1a 1,375A, 16n hon so véi do dai lien két O-H
trong phan tur i-C3H;0H (0,961A) cho thiy sy dut
gdy lién két giira hai nguyén tir O va H cia phén tir
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i-C3H70H dang xay ra. Dong thoi, dién tich nguyén
tir S cua gbe tu do HSe 13 -0,047 duong hon nhiéu so
v6i dién tich nguyén tir nay ¢ TS1 1a -0,427 cho thay
mat d6 electron dich chuyén tor nhém nguyén to OH
sang nhom SH. D¢ dai lién két O...H bi dut gy
(1,375A) va lién két S...H mdi hinh thanh (1,451A)
phu hop véi cac két qua tuong tng trong cac nghién
ctru trude d6 cia chung t6i gitra methanol véi gdc
sulfanyl [21] (1,391A va 1,447A) ciling nhu trong
nghién ctru cua Tho [22] (1,209A va 1,302A) trong
phan tng giita gdc isopropyl voi gbc metyl.

San pham PR2 ((CH3),COH + H,S) dugc hinh
thanh khi gdc sulfanyl tach nguyén tir H & nhom CH
chira nhém OH ctia isopropanol théng qua TS2. Doi
v6i trang thai chuyén tiép TS2 c6 gia tri ning luong
tuong quan chi 1a 4,2 kcal/mol cho thdy day la mot
huéng phan tmg wu tién, nhat 1a khi & nhiét d6 khong
qua cao (két qua chi tiét duoc trinh bay & nodi dung
sau). V& cdu trac hinh hoc, do dai lién két C...H
chuan bi dat 1a 1,482A (16n hon so véi lién két C-H
trong phan tir i-C;H,OH 1a 1,098A) va lién két
HS...H méi tao thanh 1a 1,532A, phu hop véi do dai

lién két twong tmg ciia nghién ctru phan tng gitra gbc
metyl va isopropanol [22]. Dong thoi, & dudong phan
ung nay cling c6 sy giam dién tich nguyén tr S &
trang thai chuyén tiép TS2 1a -0,153 so véi gbc tu do
HSe ban dau. Diéu nay cho thiy c¢6 sy dich chuyén
mat dg electron sang lién két HS.. .H, pha v& lién Kkét
C...H va tao thanh lién két HS...H méi.

PR3 (CH3CH(CH,)OH + H»S) dugc hinh thanh
khi gdc sulfanyl tach nguyén tir H trong cac gbc CH;
d4u mach cia isopropanol thong qua trang thai
chuyén tiép TS3. V& mat d6 dién tich, twong ty TSI,
TS2, & TS3 mat do electron dich chuyén tir propanol
sang goc sulfanyl khién dién tich ctia nguyén tir S
giam con -0,137 trong TS3. Lién két HS...H méi tao
thanh c6 d¢ dai lién két 1a 1,453A con lién két C...H
chudn bi dut co do dai 1a 1,604A véi hang rao ning
lugng c6 gia tri 1a 15,6 kcal/mol. Két qua nay ciing
pht hop t6t v6i nghién ctru ctua chung t6i déi véi
phan tmg cta gbc sulfanyl v6i metanol [21], trong d6
do dai cac lién két tuong tmg lan luot 1a 1,494A va
1,536A.
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Hinh 3. Céu triic hinh hoc ctia cac trang thai chuyén tiép trong phan tmg t6i wu & mirc BLYP/6-311+G(3df,2p).
Do dai lién két don vi Angstrom A), goc lién két don vi do (°).
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Béng 1. Céc thong sb nhiét dong cua phan tmg tinh theo CCSD(T)/6-311++G(3df,2p)

AH ok AH%98x AG 08k A8%08x
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
PR1 ((CH3),CHO + H»S) 15,3 15,4 14,0 4,9
PR2 ((CH3),COH + H»S) 4,0 4,4 2,3 6,9
PR3 (CH3CH(CH,)OH + H»S) 12,4 13,0 10,7 7,6
PR4 ((CH;),CHCOSH + H) 433 43,6 46,3 -8,9
PRS (CH3CH(OH)CH,SH + H) 26,3 26,6 29,3 9,1
PR6 ((CH3).C(OH)SH + H) 20,9 21,3 24,4 -10,4
PR7 ((CH;),CHSH + OH) 21,9 22,2 22,1 0,4
PRS8 (CH3CH(OH)SH + CH3) 13,9 11,9 12,6 5,9
PR9 (CH3CHOH + CH3SH) 14,0 (13,2)* 14,1 (13,1)** 11,3 9,5
PR10 ((CH3),CH + HOSH) 21,6 28,2 24,7 11,6

*Tinh tr gia tri thyc nghiém tai OK cta i-C3H70H: -248,60 kJ.mol! [23]; SH: 139,33 kJ.mol"! [24]; CH3SH: -11,88 + 0,59

kJ.mol"! [25]; CH;CHOH: -42,16 + 0,61 kJ.mol"! [26].

**Tinh tir gia tri thuc nghiém tai 298K cua i-C3H70H: -272,70 kJ.mol"!' [23]; SH: 139,33 kJ.mol"' [24]; CH3SH: -22,84 +

0,59 kJ.mol"! [25]; CH;CHOH: -55,59 + 0,61 kJ.mol"! [26].

3.3. Dwong phin wng tao thanh PR4
((CH3):CHCOSH + H), PR5 (CH3;CH(OH)CH:SH +
H), PR6 ((CH3):C(OH)SH + H), PR7 ((CH3):CHSH
+ OH), PRS8 (CH;CH(OH)SH + CH3, PRY
(CH;CHOH + CH3SH) va PRI0 ((CH3):CH +
HOSH):

Gboc HS c6 thé tin cong thay thé cic nhém
nguyén t H, OH, CH3, CH;CHOH va (CH3),CH cua
phan tir isopropanol tao thanh cac cip san phim nay
thong qua cic trang thai chuyén tiép tuong tng tir
TS4 dén TS10 (Hinh 2 va 3). Vi du, cip san phdm
PR7 ((CH3);CHSH + OH) dugc hinh thanh tir cac
chit phan tng ban dau théng qua trang thai chuyén
tiép TS7. Trong d6, gbc sunfanyl thay thé nhom
nguyén tor OH trong phéan tir isopropanol, mat do
electron dich chuyén tir lién két C...O sang lién két
C...S. Pong thoi véi lién két C...O bi kéo dai voi do
dai 1a 1,979A; lién két C...SH méi tao thanh cé do
dai 1a 2,268A. Piéu nay phu hop vai két qua nghién
ctru trude d6 trong hé phan ung giita gbc metyl va
isopropanol [22] véi két qua twong tng lan luot 1a
2,034A va 2,241A.

Tuy nhién, két qua trén Hinh 2 cho thdy céc
dudng phan mg tao thanh cac san phdm tir PR4 dén
PR10 déu c6 hang rao nang lugng 16n véi gia tri thip
nhit trong cac duong phan ung trén 1a TS9 cao t6i
35,9 kcal/mol so v6i chat phan ung. Nhu vy, dua
vao két qua tinh toan Hoéa hoc lugng tir trén, co thé
khing dinh cac phan ung tach H tao thanh PR1 - PR3
chiém wu thé trong h¢ i-C3H,OH + HSe. Nghién ctru
cua chiing toi cling phu hop véi nghién ctu trude do
trong hé phan ung giira gbc *CH; va i-CsH;,0H [22].
3.4. Théng so nhiét dpng ciia phén irng

Chung t6i d tinh toan cac gia tri cic thong sd
nhi¢t dong phan tng, gdm AH, A4S va AG cua tat ca
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cac duong phan Ung & trén theo phuong phéap
CCSD(T)/6-311+G(3df2p); két qua dwoc trinh bay
trong Bang 1. Dé xac dinh do tin cdy cla cac gia tri
ning luong da tinh dugc, ching t6i so sanh cac két
qua ndy Vi cc gi tri tir thuc nghiém c6 san [24-26].
Trong do, chi duong phan ung tao thanh PR9 c6 gia
tri thyc nghiém 1a 13,2 va 13,1 kcal/mol ¢ 0 K va
298 K, tuong trng. Cac gia tri tinh toan ~14 kcal/mol
chi chénh léch véi thuc nghiém trong khoang
1,0 kcal/mol. Piéu nay cho thay phwong phap tinh
cua chung t6i c6 do tin cdy cao.

Tir két qua ¢ Bang 2, ¢6 thé thay rang gid tri
AS%osk cua ba dudng phan tng c6 hang rao niang
luong thiap nhit 1a PR1 ((CH3):CHO + H)S),
PR2 ((CH3),COH + H»S) va PR3 (CH3;CH(CH2)OH +
H.,S) déu duong cho thdy cac dudong phan ung nay
déu thuan loi hon vé mat nhiét dong khi xay ra ¢
nhiét do cao.

3.5. Hang sé toc dp phan irng

Céc hing s toc do cua tit ca cac duong phan
mg & trén ciing nhu phan tmg tong cong duge tinh
trong khoang nhiét do rong, tu 298 K dén 2000 K
theo 1y thuyét TST két hop véi hiéu tng dudng ham
Eckart [15,16]. Tir d6 ti s6 nhanh d6i v6i mdi san
pham duogc tinh trong cting khoang nhiét do trén dé
cho thay sy dong gop cua chung. Két qua dugc trinh
bay trong cac Hinh 4 va 5, tuong ung.

Két qua ¢ Hinh 4 cho thay tit ca cac hang sb toc
d6 déu co ti 1¢ thuan voi nhiét do. Didu nay 1a hop ly
vi khi nhiét d6 tang, cic chat phan tng c6 nang lugng
cao hon s& vuot qua hang rao thé ning d& dang hon.
Vi dy, hiang s6 tdc do phan Gng téng cong la
4,26x103cm®molecule'mol! & 298 K ting 1én
1,57x10"%m? molecule'mol! & 2000 K.
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Hinh 5. Ti s6 nhanh san pham.

Trong toan bd khoang nhiét d6 nghién ciru, phan
g tach H chiém wu thé hoan toan so voi phan tmg
thé. Ti 1é dong gdp cua cac san pham Gng véi phan
g thé dong gbp khong dang ké vai ti s6 nhanh chua
tdi 0,02 % trong toan by khoang nhiét d6 khao sat va
khong dugc dua vao Hinh 5.

Trong s ba phan tng tich H, phan Gmg & vi tri
H nhém CH chiém wu thé ¢ nhiét do thuong do co
hang rang ning luong thip nhéat nhu da phan tich. Cu
thé & 298 K, phan tmg qua trang thai chuyén tiép TS2
c6 hing s6 toc do6 16n nhit 1a 4,26x10"3cm?
molecule's, 16n hon hing sb toc do cua cac hudng
phan tng qua TS3 (5,94x10%2cm>molecule’s!) va
qua TS1 (3,58x102cm?molecule’s™) lan lugt 1a 6
bac va 9 bac. Do do, ti s6 nhanh ¢ Hinh 5 cho thay
san pham cia phan ung ¢ 298K chu yéu la PR2,
chiém gan nhu hoan toan vdi ti s nhanh ~1 (100%).
Tuy nhién, khi nhiét d¢ ting, sy dong gép cua PR2
giam xubng do sy canh tranh ting 1én tir PR1 va PR3.
Cu thé, & 2000 K, ti 1¢ san pham PR2 chiém chi con
77,8% tong san pham, trong khi d6, PR3 va PRI lan
luot chiém 16,7% va 5,5% tong san pham.

Nhu vy, tir két qua bé mit thé ning va dong
hoc cho thay thtr tu uvu tién cia cdc san pham nhu

41

sau: PR2 > PR3 > PR1 >> PR4, PRS, PR6, PR7, PRS,
PRY, PR10.

4. Két luan

Phan (g giita gdc tu do HSe véi i-C3H,0H da
dugc nghién ciu & mac 1y  thuyét
CCSD(T)//B3LYP/6-311+G(3df,2p). Tung duong
phan tmg riéng 1é va phan tmg tong cong, cling nhu ty
s6 nhanh cho mdi dudng phan tmg, da duoc tinh toan
& khoang nhiét do tir 298K dén 2000K. Trong d6, cac
duong phan ung tach H, tao ra PR1 ((CH3),CHO +
H.S), PR2  ((CH3):COH + H)S), PR3
(CH;CH(CH2)OH + H,S) chiém wu thé; cac phan tmg
thé nén bo qua trong toan bd khoang nhiét do nay.
Trong s6 ba dudng phan tng tach H, ti 18 dong gop
ctia san pham PR2 giam dan khi nhiét d¢ ting nhung
day van 1a duong phan tng chinh trong toan khodng
nhiét d¢ 298 - 2000 K. Trong khi do, ti 1 dong gop
ctia san pham PR3 ting dan theo nhiét do tir khoang
298 — 2000 K. Cac thong s6 céu tric phan tir va nhiét
phan tmg & 0 K va 298 K phu hop tot véi cac gia tri
thuc nghiém c6 san.
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