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The complex singlet potential energy surface of the ChBNystem is investigated at the QCISD(T)/
6-311G(d,p)//B3LYP/6-31G(d,p) level in order to explore the possible reaction mechani€riBfradical

with N2O. Twenty-eight minimum isomers and sixty-four transition states are located. For the most relevant
reaction pathways, the high-level QCISD(T)/6-311G(2df,p) single-point calculations are performed at the
MP2/6-311G(d,p) geometries to accurately determine the energetics. In various possible initial association
ways, the end-N attack leading to HF&Na; is the most feasible pathway with the barrier of 13.5 kcal/mol,
whereas for the other attack ways, each involves a higher barrier and thus may not be of significance even
at very high temperatures. Starting from HFCNa, the most favorable reaction pathway is the almost
barrierless dissociation dfansHFCN,O a leading to produc; HFCN+NO via the direct N-N bond
cleavage. A comparable pathway is the ring-closurei®HFCN,O a; leading to four-membered ring isomer

b followed by the direct dissociation f#, N,+HFCO. The less and least competitive pathways are the concerted
F-shift and N-N bond rupture td, HCN+FNO as well as the concerted H-shift aned-N bond cleavage

to Ps FCN+HNO, respectively. However, these primary produeisP,, Ps, andP, cannot further dissociate

due to thermodynamical and kinetic factors. By comparison, it is found that the B3LYP-calculated and MP2-
calculated results are generally in agreement. In addition, the discrepancies and similarity between the title
reaction and analogod€H,+N,O reaction are discussed. The present paper may assist in future experimental
identification of the product distributions for the title reaction and may be helpful for understanding the

halogenated carbene chemistry.

1. Introduction is ICHFNO 15 and 'CH,+NO,'6-25 (both 1CH,+NO and

. . . . SCH,+NO are the same doublet potential energy surface)
_ The halogenated carbenes are important intermediates in theyhich has been considered as the key processes for modeling
incineration of fluorine- and chlorine-containing wastes and in nitrogen chemistry in combustion and has been the subject of
the combustion inhibition mechanisms of fluorine-, bromine-,  merous theoretical and experimental investigations. Particu-
and iodine-containing flame suppressanfslarge number of oy theoretical calculations showed that the product distribu-
experimental investigations have been carried out on the CHF ;5 of the \CHE+NO reaction was in marked difference from
reactions:® It is worthwhile to notice that for any combustion 4t 6f1CH,+NO reaction, although the potential energy surface
systems, MO is inevitably produced. Particularly, it is known  ea1res of the two reactions are very similar. Then, it is very
to be intermediate in the conversion in flames of fuel-N and (ga50nable for us to suggest that the mechanism of the title
atmospheric Nto the harmful pollutant NG° One effective ICHF+N,O reaction may be different from that of the
way to minimize the NGpollutant is to chemically reduce 0 1CH,+N,0 reaction. However, no theoretical studies on the title
in order to prevent its further conversion to NO. Obviously, reaction have been carried out up to now. Whether the two
the key reaction ofCHF with N,O plays an important role in - reactions proceed via different mechanisms or not waits to be
reducing NQ pollutant in the combustion process. tested.

However, to our best knowledge, only one experimental study  nporeover, a detailed study on the potential energy surface
has been reported on the rate constants of@téF reactions  (pgs) is desirable, at least from a theoretical viewpoint, to

with N2O.** The measured rate constant of tHeHF+N,O explore the product distribution of the title reaction. The present
reaction at room temperature was (2:55.15) x 1072 cm?® work assists the experimental product observation in the future
molecule™t s™%. Clearly, the title reaction is much slower than  |aporatory studies. In additiofCHF, as a simplest halogenated
the analogousCH,+N,O reaction with the rate constakt= carbene, may represent a good model @®ONeactions with

(6.31% 0.67) x 107* cm® molecule s™* measured by Koch  1icHcl| 1CHBr, andCHI.
et al’? It indicates that'CHF reactivity with NO decreases
because the F atom strongly attracts a lone pair of electrons2. Computational Methods

located at the C atom. Further, the reductio”@fiF reactivity All calculations are carried out using the Gaussian 98
may lead to the mechanism discrepancy betwee#Chif and program?® The geometries of all the reactants, products, various
CH; reaction with NO. intermediates, and transition states for #8&IF+N,O reaction

Principally, the reactions ofCHF and'CH; with the same  are optimized using hybrid density functional B3LYP method
species can proceed via different mechanisms. A typical examplewith the 6-31G(d,p) basis set. Vibrational frequencies are
calculated at the B3LYP/6-31G(d,p) level to check whether the
* Author to whom correspondence should be addressed. obtained stationary point is an isomer or a first-order transition
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Further, to compare with DFT calculated results, we reopti-
mize the stationary points of the most relevant reaction pathways
using the non-DFT MP2 method with the enlarged basis set of
6-311G(d,p). At the MP2 geometries, the singlet-point energies
are calculated at the QCISD(T)/6-311G(2df,p) level. Unless
otherwise specified, the QCISD(T)/6-311G(2df,p) single-point
energies with inclusion of MP2/6-311G(d,p) zero-point energies
(ZPE) are used in the following discussion.

3. Results and Discussions

3.1. Isomerization and Dissociation PathwaysStarting from
the reactant®R 'CHFN,O, twelve energetically accessible
primary products R;—Pis) of the title reaction are considered
in this paper. In addition, four secondary dissociation products
P16—P19 from the relevant primary product®;, P,, P3;, and
P, also are included. Figure 1 shows the optimized geom-
etries of the reactants and products. The energetic data of the
reactants and all products are listed in Table 1. For the present
ICHF-N,O reaction, twenty-eight intermediate isomers (de-
noted by the letters froma to o) including twenty-four open-
chain (chainlike or branched-chain) and four cyclic species are
located. Sixty-four transition state§$) are obtained to connect
various intermediates or products. The optimized structures of
the intermediates and transition states are shown in Figures 2
and 3. Tables 2 and 3 list the energies of the intermediates and
transition states, respectively. The reaction pathways related to
the singlet [CHFNO] potential energy surface (PES) are
schematically plotted in Figure 4, parts a and b. Note that the
above-mentioned calculations are carried out at the QCISD(T)/
6-311G(d,p)//B3LYP/6-31G(d,p) level. To compare with DFT-

Figure 1. The B3LYP/6-31G(d,p)-optimized geometries of reactants calculated results and obtain more reliable energy values, the
and products. Bond distances are in angstroms and angles are in degree§tationary points of the most relevant reaction pathways are

For the stationary points of the relevant reaction pathways, the MP2/

6-311G(d,p)-calculated values are given in parentheses.

recalculated at the QCISD(T)/6-311G(2df,p)//MP2/6-311G(d,p)
level and then the corresponding energetic data and potential

state. To confirm that the transition state connects designatedenergy surfaces are presented in Table 4 and Figure 4c,
intermediates, we also perform intrinsic reaction coordinate respectively.

(IRC) calculations at the B3LYP/6-31G(d,p) level. In addition,
single-point energies are calculated for the B3LYP/6-31G(d,p) five possible ways, i.e., end-N attack, end-O attack, middle-N
optimized geometries with the quadratic configuration interac- attack, side N-N & bonding attack, and side-ND s bonding
tion method with single and double excitation and perturbative attack. The end-N attack can form the chainlike isomer HEZN
corrections for triple excitations (QCISD(T)) with the 6-311G-
(d,p) basis set. Unless otherwise specified, the QCISD(T) single- links the reactant® to a; can be located. ITSRay, the forming
point energies are used in the following discussions.

The attack of the singlet CHF at the® molecule may have

a (a1, ap, ag). Only the addition transition stafESRa; which

C—N bond is 1.610 A, which shows the character of the “late”

TABLE 1: Zero-Point, Total (a.u.), and Relative Energies in Parentheses (kcal/mol) as well as Those Including Zero-Point
Vibration Energies (kcal/mol) of Reactants and Products for the!CHF+N,O Reaction at the QCISD(T)/6-311G(d,p)//B3LYP/

6-31G(d,p) Level

species ZPE B3LYP QCISD(T) QCISD(®ZPE
R ICHF+N,0 0.023517 —323.061604 (0.0) —322.439530 (0.0) 0.0
P, HFCN+NO 0.024366 —323.100935424.7) —322.476588423.3) —22.7
P, HCN+FNO 0.024042 —323.127097441.1) —322.509754444.1) —43.7
P FCN+HNO 0.023933 —323.101628425.1) —322.485247428.7) —28.4
P4 No+HFCO 0.026644 —323.288454142.4) —322.6765894148.8) —146.8
Ps No+HOCF (c) 0.025886 —323.215156496.4) —322.6078134105.6) -104.1
Ps No+HOCF (t) 0.025257 —323.215444496.5) —322.6062524104.6) -103.5
P; CO+HFNN 0.024711 —323.136326£46.9) —322.524482453.3) -52.6
Ps CO+HNNF(c) 0.024882 —323.15540358.9) —322.541802464.2) -63.3
Py CO+HNNF(t) 0.025317 —323.151299456.3) —322.538251{61.9) -60.8
P1o CO+Ny+HF 0.019937 —323.261045125.2) —322.6788174150.2) -152.4
P11 FCO+N;H 0.021513 —323.127481441.3) —322.50095638.5) -39.8
P;, NO+FCNH(c) 0.023892 —323.085403{14.9) —322.460971413.5) -13.2
P13 NO+FCNH(t) 0.024744 —323.095391421.2) —322.471090419.8) -19.0
P14 FCN+HON 0.023286 —323.036475 (15.8) —322.415828 (14.9) 14.7
P15 HCN+1FON 0.023612 —323.057603 (2.5) —322.44995846.5) —6.5
P15 F+HCN+NO 0.021001 —323.028268 (20.9) —322.428269 (7.1) 5.5
P17 H+FCN+NO 0.014627 —323.019379 (26.5) —322.409237 (19.0) 13.4
P1s F+N,+HCO 0.018647 —323.091490418.9) —322.493604{33.9) -37.0
P1o H+N,+FCO 0.013864 —323.119157436.1) —322.512862446.0) —52.1
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Figure 2. The B3LYP/6-31G(d,p)-optimized geometries of all isomers. Bond distances are in angstroms and angles are in degrees.
6-311G(d,p)-calculated values are given in parentheses.
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Figure 3. The B3LYP/6-31G(d,p)-optimized geometries of all transition states. Bond distances are in angstroms and angles are in degrees.
MP2/6-311G(d,p)-calculated values are given in parentheses.
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TABLE 2: Total (a.u.), and Relative Energies in Parentheses (kcal/mol) as well as Those Including Zero-Point Vibration
Energies (kcal/mol) of the Intermediates for thelCHF+N,O Reaction at the QCISD(T)/6-311g(D,P)//B3LYP/6-31G(d,p) Level

species ZPE B3LYP QCISD(T) QCISD(¥)ZPE
a 0.029461 —323.149676£55.3) —322.51737348.8) —45.1
a 0.029484 —323.15074555.9) —322.519669450.3) —46.5
as 0.029412 —323.147960454.2) —322.516274448.2) —445
b 0.031448 —323.145827£52.9) —322.515636{47.8) —49.0
o 0.030144 —323.082110412.9) —322.44751245.0) ~1.0
C 0.029970 —323.07850210.6) —322.44058740.7) 3.4
cs 0.029555 —323.06702443.4) —322.430879 (5.4) 9.2
d 0.032112 —323.13461345.8) —322.500782438.4) -33.0
e 0.030401 —323.09359320.1) —322.457156411.1) —6.7
f, 0.030875 —323.207465491.5) —322.579863488.1) -83.4
f, 0.030792 —323.206672491.0) —322.580345488.4) -83.8
fa 0.030640 —323.2035694:89.1) —322.575014485.0) -80.5
fa 0.030815 —323.207832491.8) —322.580370488.4) -83.8
o 0.029873 —323.173535470.2) —322.541268463.8) -59.9
% 0.030165 —323.17631572.0) —322.543161465.0) -60.9
h 0.029562 —323.16322163.8) —322.530474457.1) -53.3
i 0.031256 —323.115484{33.8) —322.480025{25.4) ~20.6
i1 0.029046 —323.048853 (8.0) —322.417433 (13.9) 17.3
iz 0.028978 —323.058041 (2.2) —322.424202 (9.6) 13.0
k 0.027537 —323.104500426.9) —322.47604722.9) —20.4
Iy 0.028476 —323.090195{17.9) —322.453010¢8.5) -5.3
I 0.028820 —323.094336{20.5) —322.45770611.4) -8.1
my 0.028829 —323.103955{26.6) —322.473904421.6) -18.2
m, 0.028426 —323.097557£22.6) —322.467533417.6) -145
ms 0.028740 —323.105806{27.7) —322.476166423.0) -19.7
ms 0.028322 —323.098980{23.5) —322.470086419.2) ~16.2
n 0.030062 —323.1571974:60.0) —322.527837455.4) -51.3
0 0.029559 —323.163222{63.8) —322.53050357.1) -53.3

transition state. Thereforé SRa lies 13.5 kcal/mol higher than ~ Despite numerous attempts, optimization of any transition
the reactantR. Note that the transition stat8 SRa, andTSRag structures froma to P; often leads to produd®; or a at the
cannot be obtained. However, as shown in Figure & @an B3LYP/6-31G(d,p) level. At the MP2/6-311G(d,p) level, the
isomerize toa, after surmounting the barrier of 15.4 kcal/mol, transition state§ Sa,P; and TSaP; are obtained. However,
and there, can convert easily tag. Both end-O and side NO single-point energy calculations show tA&@a,P; andTSa;P;
m bonding attacks directly lead to the same prodégt lie 3.3 and 3.5 kcal/mol lower thaPy, respectively. It indicates
N2+HFCO via the transition statdsSRP,-O and TSRP,-NO, that after surmounting the barriers D8a,P1 and TS& P4, the
which lie 18.7 and 21.0 kcal/mol above the reactaRis very stable complexes might be formed followed by the
respectively. Clearly, these two attacks are considerably barrier-dissociation taP;.
consumed processes. The other barrier-consumed process is a The isomertransHFCN,O a; can alternatively undergo a
side N—N s bonding attack leading to the three-membered ring concerted F-shift and NN bond rupture leading to produBt
isomer HF-c(CNN)Q. The transition stat& SRi is 20.1 kcal/ HCN+FNO. Similarly, transHFCN,O a, can also undergo a
mol higher than the reactani&. As shown in Figure 4ci is concerted H-shift and NN bond cleavage to form produBg
readily isomerized to end-N adduat through the ring-open  FCN+HNO via TS&Ps. It should be pointed out that the
transition statd Sayi. Such a process requires only overcoming transition state3 SayP; could be obtained only using B3LYP
18.8 kcal/mol barrier relative to Therefore, the formation of  method. At the MP2/6-311G(d,p) level, optimization of such a
i is not likely important for the total reaction. We try to optimize transition state always leads to two separated fragments. The
the adduct of middle-N attack, yet with no success. Such a isomercissCHFN,O az can take a ring-closure to form the four-
search usually leads #or i. By comparison, we can find that membered ring intermediate HF-c(CNN@) followed by
the end-N attack is energetically the most feasible way. In the dissociation to produd®; N,+HFCO. These product channels
following discussions, we mainly discuss the formation path- can be written as:
ways of various products formed va

Starting from HFCNO a, various products can be formed pPath P, R 1CHI'—|—N20—>transHFCNZO a,—
via successive isomerization and dissociation pathways. In the P. HCN+FNO
following parts, we will first discuss the formation pathways 2
of the four kinetically feasible product®; HFCN+NO, P, Path P;; R 1CH|:_|-N20—.trang,H|:CN20 a,—
HCN"H:NO, P3 FCN+HNO, andP4 N2+HFCO. trans-HFCNZO a,— P, FCN+-HNO

3.1.1.P; HFCN+NO, P, HCNHFNO, Ps FCNHHNO, and z 3
P4 Np+HFCO. The initially formed end-N attack isomer Path P, R 1CHHN20—> transHFCN,O a, —~
HFCN,O a can directly dissociate to the prodiitHFCN+NO ; =S _
via the N—N single bond rupture. Such a simple process can Cis HFCNO 8, HF-c(CNNO)b = P, N, HHFCO

be depicted as: Note that the interconversion betweap and a; takes place

51 . . easily and thus, for simplicity, these processes are not shown.
Pathl Py: R "CHFN,0 — transHFCN,O &, Subsequently, let us discuss the secondary dissociation
P, HFCN+NO reactions of the feasible produ@s HFCN+NO, P, HCNHFNO,
. p1 _ N Ps FCNH-HNO, andP4 N>+HFCO. Products;, P,, and P3
Path2 P: R "CHFN,0 —transHFCN,O a, can further dissociate to givé;g F+HCN+NO or Pi7
transHFCN,O a,—~ P; HFCN+NO H+FCN+NO via the direct C(NY-H or C(N)—F bond rupture.
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TABLE 3: Zero-Point, Total (a.u.), and Relative Energies in Parentheses (kcal/mol) as well as Those Including Zero-Point
Vibration Energies (kcal/mol) of the Transition States for the ICHF+N,O Reaction at the QCISD(T)/6-311G(d,p)//B3LYP/

6-31G(d,p) Level

species ZPE B3LYP QCISD(T) QCISD(WZPE
TSaa, 0.028753 —323.133156{44.9) —322.490772432.2) —28.9
TSam; 0.021648 —323.028721 (20.6) —322.397081 (26.6) 25.5
TSam, 0.021946 —323.026592 (22.0) —322.396264 (27.1) 26.2
TSaP; 0.026245 —323.090249418.0) —322.461914414.0) -12.3
TSapas 0.029123 —323.147908454.2) —322.516034{48.0) 445
TSac 0.025688 —323.06475642.0) —322.427917 (7.3) 8.6
TSai 0.029033 —323.085850415.2) —322.44848045.6) 2.2
TSaPs 0.022528 —323.069363{4.9) ~322.4413551.1) -1.8
TSash 0.029737 —323.108624429.5) —322.472579420.7) -16.8
TSal; 0.025458 —323.0723146.7) —322.434535 (3.1) 4.4
TShe 0.025813 —323.046283 (9.6) —322.410318 (18.3) 19.8
TSbP, 0.028658 —323.122397438.1) —322.491461432.6) —29.4
TScic 0.029046 —323.07175346.4) —322.433622 (3.7) 7.2
TScics 0.029019 —323.06191340.2) —322.422433 (10.7) 14.2
TScd 0.029312 —323.060508 (0.7) —322.422808 (10.5) 14.1
TSCl, 0.022592 —322.996095 (41.1) —322.354152 (53.6) 53.0
TSCPs 0.027215 —323.049519 (7.6) —322.415446 (15.1) 17.4
TSGPS 0.027131 —323.042731 (11.8) —322.408811 (19.3) 215
TSde 0.026333 —323.051500 (6.3) —322.415761 (14.9) 16.7
TSdf, 0.029742 —323.110638 (30.8) —322.476389423.1) -19.2
TSdf, 0.027491 —323.031190 (19.1) —322.396239 (27.2) 29.7
TSem 0.027489 —323.059904 (1.1) —322.428290 (7.1) 9.5
TSemy 0.028263 —323.065110 (1.1) —322.430620 (5.6) 8.6
TSeg 0.028570 —323.07522148.5) —322.437545 (1.2) 4.4
TSeP, 0.027596 —323.031366 (19.0) —322.400029 (24.8) 27.3
TSkif 0.027758 —323.132152444.3) —322.499484437.6) -35.0
TSHifs 0.030263 —323.200503{87.2) —322.572329{83.3) -79.1
TSfifs 0.027780 —323.13215144.3) —322.499483437.6) —34.9
TShig, 0.023443 —323.051431 (6.4) —322.421005411.6) 3.1
TSf,Pe 0.025322 —323.163843{64.2) —322.533188453.8) ~57.6
TSh00 0.024481 —323.091594{18.8) —322.463283{14.9) -143
TSf,Pe 0.024415 —323.080557411.9) —322.44714644.8) —4.2
TSt 0.027744 —323.131878444.1) —322.498565{37.0) —34.4
TSPy 0.024523 —323.093898420.3) —322.463002414.7) -14.1
TSfaPs 0.025033 —323.09669022.0) —322.466871417.2) -16.2
TSfaPio 0.025247 —323.155469458.9) —322.526112454.3) —53.2
TSfag, 0.024611 —323.092247420.3) —322.46299814.7) -14.0
TSEP; 0.024525 —323.095929421.5) —322.471281419.9) -19.3
TSag» 0.029236 —323.163221{63.8) —322.531244457.6) —54.0
TSGiPs 0.024204 —323.103639426.4) —322.470928419.7) -19.3
TSaP1o 0.025745 —323.140958£49.8) —322.509418443.9) 425
TSgPs 0.025762 —323.143327451.3) —322.511921445.4) —44.0
TSij 0.025224 —323.024528 (23.3) —322.392305 (29.6) 30.7
TSiP, 0.028028 —323.034815 (16.8) —322.405260 (21.5) 24.3
TSjk 0.027423 —323.045327 (10.2) —322.410723 (18.1) 20.5
TSkPy, 0.025107 —323.099989{24.1) —322.468872418.4) -17.4
TSk, 0.027326 —323.08043411.8) —322.4450263.4) -1.1
TShm; 0.024266 —323.044879 (10.5) —322.410623 (18.1) 18.6
TSIPg 0.026364 —323.06459341.9) —322.431315 (5.2) 6.9
TSIP4 0.026136 —323.022412 (24.6) —322.386880 (33.0) 34.7
TSmm, 0.026799 —323.086278415.5) —322.458956412.2) -9.9
TSmms 0.026563 —323.058052 (2.2) —322.426462 (8.2) 10.1
TSmam, 0.026729 —323.081916412.7) —322.457425411.2) -9.2
TSman 0.026633 —323.07916311.0) —322.44546843.7) -1.8
TSMyPr2 0.027057 —323.07594149.0) —322.44991546.5) -4.3
TSRas 0.026498 —323.056351 (3.5) —322.421334 (11.4) 13.2
TSR 0.026523 —323.044198 (10.9) —322.407903 (19.8) 21.7
TSRP;-O 0.025968 —323.045078 (10.4) —322.410239 (18.4) 19.9
TSRP;-NO 0.026778 —323.042583 (11.9) —322.406421 (20.8) 22.8
TSoPs 0.027921 —323.16121562.5) —322.532479458.3) -55.6
TSPiPys 0.021296 —323.031222 (19.1) —322.427812 (7.4) 6.0
TSPPy; 0.015537 —323.016103 (28.5) —322.400468 (24.5) 19.5
TSPPyo 0.020969 —323.199924{86.8) —322.589845{94.3) ~95.9
aTSayP; 0.032856 —323.252653 —322.485979429.1) —23.3
aTSaP; 0.026218 —323.272216 —322.477739424.0) -22.3

@ The calculated results at the MP2/6-31G(d,p) level.

However, bothPs and P17 are 16.1 and 17.3 kcal/mol higher  CO+Ny+HF, P1g F+N,+HCO, andPig H+N,+FCO via the
than the reactan®. Thus, the secondary dissociation reactions side HF-elimination, and €F and C-H bond rupture, respec-
of Py, P, andP3 are thermodynamically prohibited. In addition, tively. Yet, formation ofP;o requires surmounting the barrier
P, also can further dissociate to form the produs of 52.4 kcal/mol, while formation oP1g and P19 needs the
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Figure 4. (d) The potential energy surface of the relevant reaction pathways faCtHE+N,O reaction at the QCISD(T)/6-311G(d,p)//B3LYP/
6-31G(d,p)-ZPE level.(b) The potential energy surface of the unfavorable reaction channels fdCCHE+N,O reaction at the QCISD(T)/
6-311G(d,p)//B3LYP/6-31G(d,d)ZPE level.(c) The potential energy surface of the relevant reaction pathways f6CHE+N,O reaction at the
QCISD(T)/6-311G(2df,p)//IMP2/6-311G(d;pXPE level. The calculated results at the QCISD(T)/6-311G(d,p)//B3LYP/6-31G{dRE level are

given in parentheses.

endothermicities of 117.2 and 96.2 kcal/mol, respectively. It
implies that the low-lyingP, is kinetically stable and is not
readily further dissociated.

3.1.2. Other Productgrinally, we turn to the other isomer-
ization and dissociation channels of the isomers HFKZAland
HF-c(CNNO)b. As shown in Figure 4a, the isomers HFENN
a;, a, and az can undergo 1,2-H-shift, 1,3-H-shift, and
1,4-H-shift leading to chainlike isomers FCN(H)N®,
FCNN(H)Oc;, and FCNNOH, respectively. However, these
conversion transition stateBSaymi, TSapc;, and TSagly lie
23.9, 6.0, and 2.1 kcal/mol above the reactaRts It is
worthwhile noticing thaf Saym is also obtained at the B3LYP/
6-31G(d,p) level. Also, such a transition state lies 26.2 kcal/
mol higher thanR and thus this conversion process is
unimportant for the total reaction. The four-membered ring
isomer HF-c(CNNO) can undergo 1,2-H-shift from C-atom
to N-atom to give the other four-membered ring intermediate
F—c(CN(H)NO)e via the transition stat€Sbewith the relative
energy of 17.2 kcal/mol. Clearly, all these H-migration reaction
pathways are not feasible for tA€ HF+N,O reaction. There-
fore, thoughc, e, I, and m can further convert to the other
isomers or the product®; N,+HFCO, P N>+HOCF(trans),
P12 NO+FCNH (cis), P14 FCNH+HON, these processes are
kinetically unfeasible.

It should be pointed out that the OCNN-framed isomers
OC(F)NNHf and OC(F)N(H)Ng are very stable, as shown in
Figure 4b. However, all reaction pathways leading to them
involve the high-lying transition states that lie above the
reactant®R. Althoughf andg can lead to the complex products
Ps No+HFCO, Ps No+HOCF(trans), P; CO+HFNN, Pg

CO+HNNF(cis), Py CO+HNNF(trans),P1o CO+N2+HF, and

P11 FCO+NNH via the various pathways among which the
involved transition states are lower than the reactdRis
formation of these products seem kinetically unfeasible for the
1CHFNO reaction.

3.2. Reaction MechanismlIn Section 3.1, we have obtained
several important reaction channels that are both thermodynami-
cally and kinetically accessible for tl €HF-N,O reaction.
Here, for easier discussions, they are listed again:

Pathl P: R 'CHF+N,O — transHFCN,O a, —~
P, HFCN+NO

Path2 P: R 'CHF+N,O — transHFCN,O a,—
transHFCN,O a,— P, HFCN+NO

Path P,; R 'CHF+N,O — transHFCN,O a, —
P, HCN+FNO

Path P;; R 'CHF+N,O — transHFCN,O a, —
transHFCN,O a,— P; FCN+HNO

Path P,; R 'CHF+
N,O — transHFCN,O &, — cissHFCN,O a;—
HF-c(CNNO)b — P, N,+-HFCO

As shown in Figure 4c, these reaction pathways are depicted
with a solid line. For these five reaction channels, the least
competitive channel should ath P; due to the high-energy
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TABLE 4: Zero-Point, Total (a.u.), and Relative Energies in Parentheses (kcal/mol) as well as Those Including Zero-Point
Vibration Energies (kcal/mol) of Reactants, Products, Isomers, Transition States on the Relevant Reaction Pathways at the
QCISD(T)/6-311G(2df, p)//IMP2/6-311G(d,p) Level

species ZPE MP2 QCISD(T) QCISD(T]ZPE
R ICHF+N,0 0.023549 —322.399021 (0.0) —322.605800 (0.0) 0.0
P, HFCN+NO 0.029708 —322.41054847.2) —322.637212419.7) -15.8
P, HCN+FNO 0.023144 —322.46650842.3) —322.67312542.2) 425
P; FCN+HNO 0.023647 —322.440405426.0) —322.650721428.2) —28.1
P4 No+HFCO 0.026097 —322.638384150.2) —322.840629147.4) ~14538
P1o CO+No+HF 0.019522 —322.638980{150.6) —322.831953{141.9) —144.4
P15 F+HCN+NO 0.024120 —322.373865 (15.8) —322.580691 (15.8) 16.1
P17 HHFCN+NO 0.017802 —322.366236 (20.6) —322.572415 (20.9) 17.3
P15 F+No+HCO 0.018219 —322.444878428.8) —322.646014425.2) —28.6
P1o H+No+FCO 0.013436 —322.475375447.9) —322.674743443.2) —49.6
a 0.029366 —322.469766{44.4) —322.68694650.9) —47.3
a 0.029378 —322.471947445.8) —322.689156{52.3) —48.6
as 0.029317 —322.468802443.8) —322.68623450.5) —46.8
b 0.031529 —322.468488{43.6) —322.68673950.8) —45.8
o 0.030808 —322.40259042.2) —322.61777347.5) -3.0
e 0.032150 —322.426418417.2) —322.630912415.8) ~10.4
i 0.031729 —322.4445904-28.6) —322.651377428.6) -235
N 0.029677 —322.368103 (19.4) —322.587515 (11.5) 15.3
I, 0.028425 —322.398923 (0.1) —322.622702410.6) -75
m; 0.029123 —322.421740414.3) —322.640820422.0) -18.5
TSaa, 0.028624 —322.445063428.9) —322.661687435.1) —31.9
TSam; 0.021226 —322.355648 (27.2) —322.565327 (25.4) 23.9
TSaP; 0.025402 —322.424287415.9) —322.638330420.4) -19.3
TSaP, 0.025819 —322.422311414.6) —322.626778413.2) ~11.7
TSaas 0.028734 —322.460481{38.6) —322.679497{46.2) ~43.0
TSa; 0.025913 —322.384312 (9.2) —322.598641 (4.5) 6.0
TSai 0.029189 —322.4039533.1) —322.618958¢8.3) —4.7
TSaP, 0.026211 —322.426677417.4) —322.638860420.7) ~19.1
aTSapPs 0.022286 —323.165262 —322.60697340.7) -1.5
TSash 0.030040 —322.42571616.8) —322.644180424.1) —20.0
TSal; 0.025802 —322.381653 (10.9) —322.604635 (0.7) 2.1
TShe 0.026896 —322.373384 (16.1) —322.581781 (15.1) 17.2
TSbP, 0.028970 —322.442378427.2) —322.663011{35.9) -32.5
TSij1 0.025884 —322.351461 (29.8) —322.563078 (26.8) 28.3
TSiPs 0.028604 —322.329137 (43.9) —322.577280 (17.9) 21.1
TSRas 0.027201 —322.386553 (7.8) —322.587926 (11.2) 13.5
TSRi 0.027129 —322.373409 (16.1) —322.577346 (17.9) 20.1
TSRP,;-NO 0.027359 —322.364562 (21.6) —322.576100 (18.6) 21.0
TSRP;-O 0.026463 —322.364042 (21.9) —322.578889 (16.9) 18.7
TSPiPys 0.026983 —322.364195 (21.9) —322.578893 (16.9) 19.0
TSPPy 0.021437 —322.336310 (39.4) —322.562553 (27.1) 25.8
TSP,Pyo 0.020529 —322.552911496.6) —322.751571491.5) -93.4

@ The calculated results at the QCISD(T)/6-311G(2df,p)//B3LYP/6-311G(d,p) level.

of TSaP3 (—1.5 kcal/mol). Furthermore, sind&Sa P, in Path

P, lies higher thariTSayP; in Pathl Py, TSaP; in Path2 P,
and TSagb in Path P4, Path P, is the second uncompetitive
reaction pathway. It seems very difficult to compare the
feasibility of Pathl P, Path2 P, and Path P, without the

HCN+FNO, P; FCN+HNO, and P4 No+HFCO should be
observed; (2J?; may be the most feasible product with a largest
yield; (3) P4 may be the second favorable product with the
branching ratio which may quantitatively be half of thatRaf

(4) P, may be the third feasible products; (B} is the least

detailed dynamic calculation. The relative energies of the competitive product.

determining rate transition states for three reaction pathways

are very similar, i.e..,TSaP; (—19.3) in Pathl P, TSaP;
(—19.1) inPath2 P;, andTSagb (—20.0) inPath P4. Then, we

It is useful to make comparison for the mechanism of the
title reaction between B3LYP-calculated and MP2-calculated
results. Except folfSaP3, the stationary points of the most

tentatively expect that these three pathways may have, arelevant reaction pathways at the B3LYP/6-31G(d,p) level are

comparable contribution to tHE€EHF-N,O reaction, i.e., among
the final product distributions, the branching ratio Bf
HFCN+NO may be twice as many as that Bf N,-+HFCO.
However, as shown in Figure 4c, the formationRafrequires
surmounting the barriers of the other transition stat8s;a,
(15.4 kcal/mol) and’'SbP, (13.3 kcal/mol) except Sagh (26.8
kcal/mol). It will kinetically hinder the formation dP,. On the
other handP; lies considerably higher in energy thBa, even
thanP, andP3. Thermodynamically, the formation &% is more
favorable tharP;. Thus, the actual yields of the products may
depend on the reaction condition in the experiment.

As a result, reflected in final product distributions, we predict
that (1) a total of four kinds of product®; HFCN+NO, P,

also obtained at the MP2/6-311G(d,p) level. At the QCISD(T)/
6-311G(d,p)//B3LYP/ 6-31G(d,p) level, we predict that P)
HFCN+NO may be the most feasible product with a consider-
able large yield; (2P, HCN+FNO andP4 N,+HFCO may be

the second feasible products which have the comparable
branching ratios, (3)P3 FCN+HNO should be the least
favorable product. Generally, the B3LYP-calculated and MP2-
calculated results are in agreement. A very small discrepancy
lies in the formation pathways d?; and P;. At the MP2/
6-311G(d,p) level, the formation pathway &, may be
comparable with each of these Bf, while at the B3LYP/
6-31G(d,p) level, the formation pathway Bf cannot compete
with each of these oP;.
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3.3. Experimental Implications. The initial step in five the 1CH,+N,O reaction, two important primary products
feasible reaction pathways above-mentioned is a barrier- H,CN+NO and HCNrHNO can further dissociate to give
consumed end-N attack process with a considerable barrier ofHCN+NO+H, whereas for the!CHF+N,O reaction, the
13.5 kcal/mol at the QCISD(T)/6-311G(2df,p)//MP2/6-311G- secondary dissociation reactions of three feasible primary
(d,p)+ZPE level. By means of our calculated potential energy productsP; HFCN+NO, P, HCN+FNO, andP; FCN+HNO
surface, we roughly estimate the theoretical rate constants ofleading toP; F+HCN+NO or P17 H+FCN+NO are thermo-
the initial step, i.e.!1CHF-N,O R — HFCNNO a; based on dynamically forbidden. Undoubtedly, it decreases the formation
the simple transition state theory. The rate constant foridula of NO and thus may play an important role in NO-reduction
= kT/h erSRAERT js ysed, wherek, AS, and AE denote the process. Finally, in th&CH,+N,O reaction, the transition state
rate constant, entropy difference, and barrier height, respectively.of the side NOz-bond attack leading to N-H,CO is 5.1 kcal/

On the basis of the calculated valuA$ = —0.033578 kcal mol higher than the reactants. As a result, such a process can
mol~1 K~1, AE = 13.5 kcal/mol, we can obtain the rate constant take place at high temperatures. However, in#@elF+N,O

6.0 x 10723 cm® molecule! st at T = 295 K. It should be reaction, the similar transition stalT&SRP,-NO lies 21.0 kcal/
pointed out that once such a high-energy transition Jtaea; mol above the reactants. Even at high temperatures, it is
is surmounted, the title reaction will enter the potential well impossible for such a process to take place.

with about 47.3 kcal/mol energy and subsequently some
important reaction pathways lie below the reactdRtsAs a ) ) .
result, we expect thakSRa; is the rate-determining transition A detailed singlet potential energy surface of Hi#F+N.O
state for the total reaction and the calculated rate constant 6.0/€action system is carried out at the B3LYP and QCISD(T)
x 1023 cm?® molecule® s1 can represent roughly the low (smgl_e-pomt) levels. Further, the stationary points of the relevant
reactivity of the title reaction. However, the rate constant of '€action pathways are calculated at the QCISD(T)/6-311G-
the title reaction in the experiment is measured to be (55 (2df,p)/IMP2/6-311G(d,p) level. The main calculated results can

0.15) x 10712 cm? molecule® st at T = 295 K11 Clearly, be summarized as follows:

such an experimental measurement cannot be consistent with (1) Thle most feasible initial association way is the end-N
our calculated result. On the other hand, since the available 2ttack Of CHF at NO leading to HFCNNGy via the transition

energy of 13.5 kcal/mol is required to drive the reaction to stateTSRa; with the barrier of 13.5 kcal/mol. Yet, the other

proceed, the title reaction may be important in high-temperature &tt@cks including end-O, sideW x bonding, and side NO
processes. Thus, it is very desirable to perform experimental bonding are considerable barrier-consumed ways, indicative

measurements on the high-temperature rate constants for th&@ their negligible contribution at normal temperature.
title reaction in the future. (2) Starting from HFCNNGQ, four kinds of products can be

3.4. Comparison with the 1CH>+N,O Reaction. It is obtained, i.e.P1 HFCN+NO, P, HCN+FNO, P FCN+HNO,

. . and P, N>+HFCO. Among these product®; is the most
worthwhile to compare the potential energy surface feature of favorable product with a large branching ratio which may be
the title reaction with that of the analogot®H,+N,O reaction. twice as many as the second feasible prodRictP, is less

) ; X i
yery fece.”“y’ L'rl: éce:tHaingrformgd aT(:]etgllle'dltheorgncal feasible tharP; andP,. P3 is the least feasible product. These
|nvdes’\tl|gat|onkon t h 02 2 re;achoraN Oe Initial step is an - ¢,/ products cannot further dissociate due to thermodynamical
end-N attack on the C-atom to formp8N.O (Cis- or trans) and kinetic factors. By comparison, it is found that the B3LYP-

W.'th no barrier. Sequen_tlally, ?H.:NZO (cis- or trans) can calculated and MP2-calculated results are generally in agree-
dissociate to HCN+NO via the direct N-N bond rupture or ment.

HCN+HNO via the concerted NN bond cleavage and H-shift. (3) Our calculated potential energy surface!8HF+N,O
These two primary products can further dissociate to form the .o tion is compared with that of the analogd@H,+N,O

final product HCNFNO+H. In addition, cis-H,CN;O can reaction. Both the potential energy surface features are very

alternatively take a ring-closure leading to the four-membered jive The discrepancies between two reactions are discussed.
ring isomer followed by dissociation to,NtH,CO. The products

HCN+NO-+H and N+H,CO can be formed with a comparable Acknowledgment. This work is supported by the National
branching ratio. A notable finding is that,i{H,CO can be Natural Science Foundation of China (No. 29892168, 20073014,
formed via a side N-O 7 bonding attack at high temperatures. 20103003).
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