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The reaction ofC; radical with NO molecule is studied at the B3LYP/6-311G(d) level of theory. Both doublet

and quartet potential energy surfaces (PES) are considered. On the doublet potential energy surface, we obtain
four major pathways in which the pathwa$s, + NO =1 CCNO— 2 (NC)CO— 3 CNCO— P; CN +

CO and®C, + NO=1— 4 CC(NO)— 2 — 3 — P; CN + CO have lower energetics than the other two
pathways that form th& atom, namelyC, + NO =1 CCNO— P, 30 + 2CCN and®C, + NO=1 CCNO

— 5 ON(CC) — P;5 %0 + 2CCNing. However, the latter two pathways may compete with the former two
pathways. The calculated energetics of the four pathways may account for the experimental results that CN
is the primary product at low temperatures d@xis the main product at higher temperatures. The barrierless
entrance to the first adduct isonteand the tight transition states to the produetscan provide a reasonable
explanation for the experimentally observed negative temperature dependence of rate constants at low
temperatures. The pathways on the quartet potential energy surface are less competitive than those on the
doublet potential energy surface. Thus, they are negligible.

1. Introduction proposed the reactions as follows:

C, radicals play an important role in the combustion
proces$ 2 as well as in interstellar chemistfy. The reaction
of 3C; radical with nitric oxide, which can be seen as one of
the important reactions in combustion and the nitric oxide C, + NO— C,OH + N AH®,05=
reburning process, has been investigated by many previous —15.3 kcal mol* (refs 15,19) (3)
investigator$—14

Reisler et aP’ studied the’C, + NO reaction extensively at  For this discrepancy, Becker et@i3stated that further studies
room temperature. They suggested the four-center single-stepof the primary products and their temperature dependence would
reaction as follows: be helpful to elucidate the reaction mechanism. Recently,

Ristanovic et al* studied the reaction in a wide temperature
C,(@%11) + NO(X?I) — CN (Al BZZ) + CO(Xlz) (1) range (292968 K). They confirmed that there should be a
mechanism change between the high (313950 K) and the

The standard reaction enthalpy at 298 KHC°g for this low (292-968 K) temperature ranges.

3C, + NO— C,N + O AH°,qq(ref 18) (2)

reaction is—119.8 and—72.5 kcal mot? respectively for the On the basis of the results of the previous investigators, it
formation of states A and B-17 Their result was in accord  seems that a detailed theoretical characterization on the potential-
with the crossed molecular beams study by Krduse.a energy surface of théC, + NO reaction is very desirable.
spectroscopic study on nitric oxidecetylene flame, Le et &l Therefore, an attempt is made in the present contribution to
also realized that the reaction of @ith NO is “extremely fast” elucidate the mechanism of the reaction. Some conclusions that
and accepted the conclusion of Reisler €taand Krausé. are made in this work may be helpful for further theoretical

However, in the study of the effect of NO on different and experimental studies of this reaction.
hydrocarbon flames, Williams et.#l found that the measured
Cz concentration and the influence of Gn the NO concentra- 2. Computational Methods
tion could not be described satisfactorily with the four-center
reaction mechanism. Subsequently, Kruse ét atudied the All calculations are carried out using the Gaussian 98
reaction in a high-temperature range (333950 K). According ~ program?® The geometries of the reactants, the products, the
to their product formation measurements of O, N, and CN, they intermediate isomers, and the transition states are optimized
using the hybrid density functional B3LYP method with the
*Corresponding author. Fax: 86-431-8945942. E-mail address: 6-311G(d) basis set. To confirm that each transition state
Weizg2002@yahoo.com.cn. correctly connects to the corresponding species, we also perform

T Institute of Theoretical Chemistry, State Key Laboratory of Theoretical intrinsic reaction coordinate (IRC) calculations at the B3LYP/
and Computational Chemistry, Jilin University.

# School of Chemical Engineering and Materials Science, Beijing Institute 6-311G(d) level of theory. The single-point energies are
of Technology. calculated at the CCSD(T)/6-311G(d) level of theory. In
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TABLE 1: Relative Energies and ZPE (in kcal/mol) for the Stationary Points Involved in the 3C, + NO Reaction

B3LYP/ CCSD(T)/ B3LYP/ CCSD(T)/
species ZPE 6-311G(dYy 6-311G(dy species ZPE 6-311G(dYy 6-311G(dy
R (GC, + NO) 53 0.0 0.0 TS1-2 5.9 —17.3 —14.4
P (CN + CO) 6.2 —136.9 —140.8 TS2-3 7.3 —129.3 —121.6
P,(°0 + 2CCN) 54 —-3.7 —-2.9 TS3-R 6.6 —132.2 —128.3
P3(30 + 2CCNing) 45 8.7 7.8 TS1-4 6.0 —26.8 -13.9
P,(®N + 1CCO) 5.6 2.7 —4.8 TS4-2 5.7 —21.3 7.7
Ps (N + 3CCO) 5.6 —22.5 —24.8 TS1-5 7.4 —44.6 —-31.4
Ps (“OCCN) 75 -93.3 —-74.2 TSR-6 5.7 1.9 9.4
1 CCNO 7.9 —=77.1 —60.2 TS6-R 5.4 13.2 17.9
2 (NC)CO 8.8 —143.5 —133.2 TS6-4 5.9 —6.2 5.6
3CNCO 8.4 —155.3 —145.5 “TSR-1 5.8 1.6 6.1
4 CC(NO) 7.0 —34.9 —25.1 “TS1-R 5.5 -1.0 8.6
5 ON(CC) 8.0 —56.1 —41.4 “TSR-2 5.3 16.6 28.3
6 CCON 6.8 —20.1 —-5.9 “TS2-R 5.6 —-0.8 10.6
41 CCNO 7.8 —42.1 —24.7 4TS2-3 5.7 —-2.9 9.4
42 CCON 6.6 —10.3 -0.2 TS3-4 5.9 —6.1 4.6
43 CC(ON) 6.7 —15.9 —4.5 TS4-R, 6.0 —33.4 —-21.2
44 CC(O)N 6.6 —41.6 -29.7

aZPE is calculated at the B3LYP/6-311G(d) level of thedrincluding ZPE correctiont Calculated based on the geometries optimized at the
B3LYP/6-311G(d) level of theory; ZPEs at the B3LYP/6-311G(d) level of theory are included.

[r3az) optimized structural parameters of the isomers and the transition
@ﬁ@ . Is:t_ates ori_tge r(]quartet;zlect_ronic state aredshown ir? Figure 3. In
C, (D) 1166 igures 13, the numbers in roman type denote the structures
M CN(Ce) optimized at the B3LYP/6-311G(d) level of theory, the numbers
1z s in parentheses denote the structures optimized at the HF/6-311G-
a1 ©—'@ Co(C.,) (d) level of theory, italicized numbers denote the structures
@-@ NO (C.y) optimized at the MP2/6-311G(d) level of theory, and the
R P, numbers in brackets show the structures at the QCISD/6-31G-

(d) level of theory. The total energies of all the species involved
in the reaction are listed in Table 1. Figures 4 and 5 show
schematic plots of the relative energies of the doublet and quartet
potential energy surfaces (PES), respectively.

3.1. The Doublet Potential Energy SurfaceAs can be seen
from Figure 4, there are four products, six intermediate isomers,
and nine transition states present on the doublet potential energy
surface. The corresponding optimized geometries and energies
are shown in Figures-12 and Table 1.

There are two distinguishable reaction mechanisms involved
in the3C, + NO reaction on the doublet potential energy surface.
@ IN_atom @ IN_atom The N-atom attacking mechanism starts from the attack of the
N-atom of the NO molecule to the C-atom of th&, radical in
the first reaction step; the O-atom attacking mechanism starts

@“@w@ 'cco(c,,) @% *CCo (C.,y) from the attacking of the O-atom of the NO molecule to the

@ *0-atom

(L381) (171

1371 1.182
O ccn(c,,)

P,

P, Ps C-atom of the’C; radical in the first reaction step. We should
mention that we also tried to find the direct N-atom and O-atom
1196 12677 1337 elimination mechanisms but failed in finding them.
3.1.A. N-Atom Attacking Mechanisrfhe first step of this
P, *OCCN (C.,) mechanism involves the N-atom of the NO molecule directly

Figure 1. Optimized geometries [A, deg] of the reactants and the attacking the C-atom of ti€; radical to form the adduct isomer
products for théC, + NO reaction. Numbers in roman type show the 1 CCNO. As shown in Figure 4, this is a barrierless exothermic
structures at the B3LYP/6-311G(d) level of theory. The numbers in step with the reaction energy ef60.2 kcal mot? at the CCSD-
parentheses show the structures at the HF/6-311G(d) level of theory.(T)/6-311(3(d)//B3LYP/6-311(;(d|)ZPE level of theory. On the
The numbers in italics show the structures at the MP2/6-311G(d) level pther hand, we find a weakly bound compl@and a transition
of theory. The numbers in brackets show the structures at the QC|SD/StateTSC-l for this step at the HF/6-311G(d) level of theory
6-31G(d) level of theory. . . .
(see Figure 2 for geometries). BathandTSC-1 lie below the

reactants’C, + NO, and the conversion barrier @ to 1 is
just 2.4 kcal/mol at the HF/6-311G(d) level of theory. However,
when we reoptimizeC and TSC-1 at higher levels of theory
such as MP2 and QCISD, both the compféxand transition
stateTSC-1 vanish. In fact, they may be the artifacts of the
highly spin-contaminated HF level because f&évalue is

The optimized structural parameters of the reactants and thel.98 for C and 2.44 forTSC-1, while the value for a pure
products for théC, + NO reaction are shown in Figure 1; the doublet state should be 0.75. This implies that there might be
optimized structural parameters of the isomers and the transitionno such complex and transition state. From the adduct isomer
states on the doublet electronic state are shown in Figure 2; thel CCNO, there are four isomerization and dissociation pathways

addition, the HF, MP2, and QCISD methods are used to
calculate and check some stable and transition geometry
structures.

3. Results and Discussion



Potential Energy Surface of tH€, + NO Reaction

{179.9)

|163.6]
1710

(1800}
166.9

[1.209]
1190
(1.139)
| 180

[1.413]
1405

[146.4]
146.1

1.246 |-H§]
204 (176 142
(1.338) a7 11492
1272 [1.245] . 1464 [1.185]
[1.320) [1472]

1(Cy 2(Cy

[1.196]
| 188

[129.3]
131.7

THOCNCO) = 1760
[INENCOETT9.9)
3(C)) 4(Cy)

[1.200]
1.152

1191 [149.9
1512
1500 =
A1 1680 % 1.303
1.390 1239
1.382
1276

117 396)

D{CCON)=-117.5
(G 6(Cy)

[1.318]
72
[2Aos] Y B

(1245) 200 2482 /
Q@ i A
0 Ar
1) uuxr.l 419
(753 1193 (1.116) @ ﬁ@ﬂ
| 4600

1 31‘
[1.416] [1.339]
c(cy TS1-2 (C)
1792
1.32 1.203
1045

INCCONFITYS

TS6-P, (C))

@n.u‘n @ (1952)
’k\p (AN

PCA P

TSC-1(C,)

J. Phys. Chem. A, Vol. 108, No. 32, 2008773

[1.207]
L1.841] 1180

& 28 [123.8]
(12421 > 283 e, 1204
25 ER2 - 1438 7088

! 2 1.129
[136.7] [1.910]

[1.150]

R
[1.827]

TS2-3 (Cy) TS3-P, (C))

D{CCNO)=136.6

TS1-4 (Cy) TS4-2 (C,)

[1.200]
1185

(1.336 (1.236)
14007
, 142.0
\ 1.840] -
(166.3) lllﬂ?!h [ 3
(o™ |.x49,/ [1.341]
1 PRt REEE
<R,

1,342

(DHCCNO)=-3%.1) [1.347]

TSI-P, (C)) TS1-5(C,)

)

. [1.898]
L8l 1143
Ne "Hﬁ’/ 1238

14641 v
[1.300] 3
1.303

1.253

{603
[1621]

TS5-P; (Cs,) TSR-6 (C,)

DICCONP=—123.8

DICCON=-135.7

TS6-4 (C,)

Figure 2. Optimized geometries [A, deg] of the doublet isomers and the transition states f@theNO reaction. Numbers in roman type show

the structures at the B3LYP/6-311G(d) level of theory. The numbers in parentheses show the structures at the HF/6-311G(d) level of theory. The
numbers in italics show the structures at the MP2/6-311G(d) level of theory. The numbers in brackets show the structures at the QCISD/6-31G(d)

level of theory. D(abcd) denotes the dihedral angle between the abc and bcd plans.

that can be expressed as follows:

Path RP,(1): R °C, + NO— 1 CCNO— 2

(NC)CO— 3CNCO— P, CN+ CO
Path RP,(2): R — 1— 4 CC(NO)— 2— 3— P, CN+CO
Path RP,(1): R —~1— P, °0 + °CCN
Path RP;(1): R —1—5ON(CC)— P, O + °CCN,,,

Clearly, from the isdbf@CNO with the energy of-60.2
kcal mol 2, the pathwayRP;(1) can reach the producB CN
+ CO easily by going througiS1-2 isomer2 (NC)CO, TS2-
3, isomer3 CNCO, andTS3-P; in succession with the energies
of —14.4,—-133.2,—121.6,—145.5, and—128.3 kcal mot?,
respectively. Since all the energies of the transition states and
isomers in the pathwayRrP;(1) are lower than that of the
reactants, the rate of this pathway should be very fast.
Furthermore, since the pathw&P;(1) has no transition state
in the first reaction step and tight structure isomers and transition



6774 J. Phys. Chem. A, Vol. 108, No. 32, 2004 Wei et al.

1.27a
ID(CCON=-95.2

1(Cy) 2(C)

1400 1.363

i
37 4 1731
1.457 E0.7 i

1365

1344

INCCON=153.5

3(C) 4(cy TS2-3(C)) 41834 (C)
178.8
@m@ @ 1359 ﬁ@"“’%g
e 1945
gl 187 ITEN Y
164/ \@
1.300 5
*TSR-1(C,) *TS1-P, (C,)
| 204 il ‘TS4-P¢ (C)
MR/ ss 1779

DICCONJ=179.8 D{CCON)=-178.6
‘TSR-2 (C)) *TS2-P; (C))

Figure 3. Optimized geometries [A, deg] of the quartet isomers and the transition states @ theNO reaction at the B3LYP/6-311G(d) level
of theory. D(abcd) denotes the dihedral angle between the abc and bcd plans.

30.0-
TS6-P,
e
TSR-6 179 T — 7.8 X
/? TS6.4 \\\‘ mmmm P,(*0+*CCNring)
0.0 e ' \ 6 /56 TS4-2 TTe—— msiex P, (O+CCN)
3C,+NO — TS1-2 = —~— 2
2 . i o = p, (2N+'CCO)
// 4.8
-30.0_ /_\\.\&
-41.4
(]
|
-60.0 A
-
=
£
=
g 900 1
PREL
=
<
-120.0-
\\ TS3-P,
. \ ‘m\ P, (CN+CO)
X \ 3 S —
N — -140.8
-150.0 Je—o -1455
Lo C*N\ /
C
-180.0 -

Figure 4. Doublet potential energy surface (PES) for #e + NO reaction at the CCSD(T)/6-311G(d)//B3LYP/6-311G(@PE level of theory.

states to the products, this pathway should possess the character It is obvious that pathwalRP1(2) is similar to pathwayRP;-
of negative temperature dependence, which can account for thg1). Thus, pathwayRrP;1(2) may also have negative temperature
experimental results in low-temperature ranges<(968 K)14 dependence in low-temperature ranges:(968 K) 14 Pathway
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Figure 6. Dissociation curve with respect to the dissociation of theQNbond in the isomet CCNO at the UB3LYP/6-311G(d) level of theory.

RP;(2) has the same steps Bf— 1, 2 — 3, and3 — P; as
pathwayRPi(1). The difference of the two pathways is how
isomerl is changed to isomeZ. In pathwayRP;(1), isomerl
forms isomer2 via the transition statd S1-2 with the energy
of —14.4 kcal mot?, whereas in pathwalgP1(2) isomerl forms
isomer2 by passingl S1-4, isomer4, andTS4-2 successively
with the energies of-13.9, —25.1, and—7.7 kcal mof?,

1 to productsP, 20 + 2CCN. We can see from Table 1 that the
energy of product$; is higher than that of transition states
TS1-2—-14.4 kcal mot?, TS1-4—13.9 kcal mot! andTS4-2
—7.7 kcal mott in pathwaysRP;(1) andRP1(2). PathwayRP,-
(1) should be less competitive than pathw&p;(1) andRP;-
(2) in low-temperature range.

For pathwayRPs3(1), isomerl CCNO —60.2 kcal mot?

respectively. The difference of the two pathways may lead us transforms to isomes ON(CC)—41.4 kcal mot? via transition

to the fact that pathwalRP,(1) is more favorable than pathway
RP4(2).

For pathwayRP,(1), isomerl CCNO transforms to products
P, 30 + 2CCN directly. The dissociation curve of the-XD
bond in isomerl CCNO to approach the produd®s 20 + ?-
CCN is worked out at the UB3LYP/ 6-311G(d) level of theory
via point-wise optimization (see Figure 6). We also find the
structure ofTS1-P; at the HF/6-311G(d) level of theory with a
loose structure (the NO bond is as long as 1.678 A in Figure
2). However, optimization of S1-P, at MP2 and QCISD levels
fails, which always leads to the separate fragméhtsThus,
we may conclude that there is no barrier in pathviRiy,(1)
either from the reactan® 3C, + NO to isomerl or from isomer

stateTS1-5with the relative energy of31.4 kcal mot?, and
subsequently, isomértransforms to product®; 30 + 2CCNing

7.8 kcal mot™ barrierlessly. The dissociation curve of the-®
bond in isomers ON(CC) to approach the produd®s 30 +
2CCNiing is worked out at the UB3LYP/6-311G(d) level via
point-wise optimization (see Figure 7). At the MP2/6-311G(d)
level of theory, TS5-P5 is found with a loose structure (see
Figure 2). The dissociation barrier to P; and the association
barrier of P; to 5 are 46.3 and 1.7 kcal mol, respectively, at
the CCSD(T)/6-311G(d)//MP2/6-311G(HYPE level of theory.
Since the energy of the produd® 30 + 2CCNjng 7.8 kcal
mol~1 is much higher than the energies of the transition states
TS1-2—14.4 kcal mot?, TS1-4—13.9 kcal mot?, TS4-2—7.7
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kcal moll, andP, —2.9 kcal mof? in the pathwaysRP;(1),

RP1(2), andRP,(1). PathwayRP;3(1) should be less competitive

than pathwayfRP;(1), RP1(2) andRP,(1) in low-temperature
range.
3.1.B. O-Atom Attacking Mechanisifor the first reaction

stepR — 6, the O-atom of the NO molecule attacks the C-atom

of the 3C, radical to form isome6 CCON with the energy of
—5.9 kcal mot?! via the transition statd SR-6 with a high
entrance barrier of 9.4 kcal mdl For the two distinguishable
second step§ — P, and6 — 4, TS6-P; is associated with the
high relative energy of 17.9 kcal md| andTS6-4is associated
with the high relative energy of 5.6 kcal mél The high relative

as follows:
Path RP,(4): R *C,+ NO— %1 CCNO— P, 0 + °CCN
Path RPy(1): R 3C,+ NO— “2 CCON— P, 2N + 3CCO

Path RP4(1): R — “2— “3 CC(ON)—
4 CC(O)N— P, “OCCN

In pathwayRP,(4), the N-atom of the NO molecule attacks

energy transition states in the first and second steps in thethe C-atom of théC; radical in the first reaction step to form
O-atom attacking mechanism may rule out their significance isomer*l CCNO—24.7 kcal mot! via transition statéTSR-1
in atmospheric chemistry at lower temperature, and even at6.1 kcal mot. Then the isomefl transforms to the products
higher temperatures. For conciseness, we only list them asP 30 + 2CCN —2.9 kcal mol? via the transition statéTS1-

follows:

Path RP,(1): R *C,+ NO— 6 CCON—P,°N + 'CCO

Path RP,(3): R — 6 — 4 CC(NO)—
2 (NC)CO— 3 CNCO— P, CN + CO

Path RP,
(4):R—6—4—1CCNO—2—3—P,CN+CO

Path RP,(2): R~ 6—4—1—P,%0 + °CCN
Path RP,3): R —~6—4—2—1—P,%°0 + °CCN
Path RPy(2): R —6— 4 — 1—50ON(CC)—

P3O+ 2CCNypy
Path RP,(3):R—6—4—2—1—5—

P3O+ 2CCN,py

3.2. The Quartet Potential Energy SurfaceThere are three

P, 8.6 kcal motl. The high relative energies 6TSR-1 6.1
kcal molt and“TS1-P, 8.6 kcal mot'! may make the pathway
RP,(4) less competitive in the reaction.

PathwaysRPs(1) andRPg(1) may be not competitive in the
reaction, for transition statdf SR-2 with a high energy of 28.3
kcal mol! in the first reaction step effectively blocks the
pathways to go through the subsequent steps.

Finally, for eight dominant structurds 2, 3, 4, TS1-2 TS2-

3, TS3-P;, andTS1-5 we have carried out the cost-expensive
geometrical calculations at the QCISD/6-31G(d) level of theory
to test the reliability of the present DFT-based calculations.
Fortunately, we find that the obtained bond lengths and bond
angles are generally in good agreement with the B3LYP/6-
311G(d) values, as shown in Figure 2. This indicates that the
B3LYP/6-311G(d) method can safely be used for the study of
the 3C, + NO system.

4., Conclusions

The mechanism for théC, + NO reaction is elucidated by
means of ab initio MO calculations at the B3LYP/6-311G(d)

pathways that can be seen on the quartet potential energy surfacievel of theory. The major pathways in the lower-temperature
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