5228 J. Phys. Chem. A998,102,5228-5235
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Ab initio as well as density functional methods are used to investigate various reaction paths for XCO

(X = H, F, Cl) with a special focus on the reaction path through the collisional complex CX(O)NO, which

is experimentally proposed for X H and F. It is revealed that the dissociation channels of CH(O)NO to
HNO + CO and CF(O)NO to FNO+ CO have a higher barrier, while the CCI(O)NO has a dissociation
barrier lower than that of the redissociation to reactants. It is expected that this channel should be the major
one for the disappearance of CCI(O)NO. To gauge the relative importance of various channels of CX(O)NO
disappearance, high-pressure RRKM rate constants are obtained. These results suggest the necessity of
reinvestigation of a model based on experiments for the HCIO reaction. For the reactions of FCO and
CICO with NO, the MP2 and B3LYP stationary point structures and relative energies are in reasonable
agreement with each other, whereas for the HEQIO reaction, the MP2 level PES is markedly different

from the QCISD and B3LYP counterparts.

I. Introduction NO. Although an intermediate complex is assumed to be
formed in the reactions of HCO and FCO with NO, both these
reactions differ in their pressure dependence. Although CH-
(O)NO was proposédo dissociate to the reactants or products

The formyl (HCO), fluoroformyl (FCO), and chloroformyl
(CICO) radicals are the reactive intermediates formed during
oxidation of hydrocarbons and halogenated hydrocarbons. . . . o
Detailed understanding of the reactions of these radicals with pefpre getting stablllz.ed, considerable stabilization has been
O, and NO is extremely crucial for the knowledge of their mdu_:at_ed for th? species CF(O)NO. ] )
effects on the environment. Several experiments investigating Similar reactions of XCO+ O, have been investigated
the kinetics of these important reactions have been carriédfout  theoretically as well as experimentafly!®® Theoretical

for this purpose. investigation of the reaction of HC&® O, over a wide range
For the study of kinetics of the reaction of HCO with NO, ~Of temperatures and pressures has recently been reported by Hsu
two possible pathways were considérddarlier: et al® Their calculations support the model proposed by £ M.
The activation barrier for the dissociation of CH(Q)©0 HO,
HCO + NO — HNO + CO 1) + CO is lower than that for redissociation to the reactants. The

RRKM rate constant of about & cm?/(mol s) over a wide
HCO + NO = CH(O)NO— HNO + CO (2) temperature range indicates that it is the major channel. The
rate constants for the isomerization of CH(Q@Pe temperature-
However, the inverse kinetic isotope effect observed for this dependent; however, at the room temperature, the contribution
reactior? rules out the direct hydrogen abstraction mechanism of this reaction to the total raction rate is not significant. Further,
(1). The other pathway (2) proposed by Langford and Moore the calculated total reaction rates showed pressure independence,
(LM)2 assumes the formation and decomposition of an adduct in agreement with the experimental results. An ab initio study
or a complex, such as CH(O)NO. From pressure independenceof the reaction of FCO with @has shown that the formation
of the reaction rates, it was inferred that the fast dissociation of of FC(O)Q; is an exothermic and barrierless procés3he
this complex takes place to yield either the products or the extraction of fluorine from FCO by ©to yield FGQ, and CO is
reactants This model was further supported by semiquantitative an endothermic process without a barrier. Theoretical estimates
RRKM calculationd and also by Tsang et &in arecent study.  of the heats of reactidrof CICO with O, have been reported
However, the existence of some other competitive channels suchas well.

as isomerization of CH(O)NO cannot be ruled out. One ofthe  |n view of the above experimental and theoretical reports,
aims of the present study is to investigate such pathways alongwe have taken up an ab initio study of the reactions of NO
with the one proposed by LM. with XCO for X = H, F, and Cl. The structures and relative
Experimental studies of the kinetics of the reaction of FCO energies of the stationary points are calculated to investigate
at room temperature with variable pressures have been re-the reaction mechanism. Although the mechanistic path passing
ported®> The strong pressure dependence of the rate constantghrough a collisional complex has been experimentally proposed,
essentially indicates an intermediate stable complex, CF(O)- the present work takes into account other reaction channels for
X =H. However, for X=F and Cl we focused on the reaction
h*To whom correspondence should be addressed. E-mail: sakul@ mechanism through the complex CX(O)NO and compared its
¢ ?B#C'eﬁ‘;ﬂ;*'g{”;jﬁ,’; stability among H, F, and Cl on the basis of the barriers to
* Nagoya University. dissociation. Further, the model by 2N& critically appraised
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in light of the ab initio results and the rate constants calculated TABLE 1: Relative Energies Including ZPE in kcal/mol and
[B?(before Projection of Reactants, Products, Intermediates,
and Transition States of HCO + NO Reaction

using statistical methods.

II. Computational Methods

The ab initio calculations at the unrestricted second-order

(A) At UMP2/6-31+G(d) Geometry

species

&0 PMP2  PMP4 QCISD(T)

G2(MP2)

Mgller—Plesset perturbation (MP2) level with the 643%&(d) HCO+NO 0.77,0.78 0.00 0.00 0.00 0.00
basis set (denoted henceforth as UMP2/6-G1d)) are per- HNO+ CO 0.0,0.0 —32.50 —34.48 —35.47 —34.48
formed using Gaussian 940 locate the stationary points on CH(O)NO  0.48 —28.15 —27.90 -29.61  —29.16

the singlet potential energy surface (PES) of XGO (X = ;'Scl\c/lyl"No 8-37 ig'gg ﬁig 13%2 13'27‘2
H, F, Cl). The unrqstncted wave functions are gmployed N 1gm2 051 235 1393 —20.60 —012
the present study, since the restricted wave functions for some g3z 0.78 15.20 10.80 8.00

of the stationary points are found to be unstable. TSM4 0.80 -5.37 -7.66

More reliable energies are evaluated by the projected full

fourth-order Mgllet-Plesset perturbation theory (PMP4(SDTQ)) (B) AtB3LYP/6-311G(d,p) Geometfy

and unrestricted quadratic configuration interaction method __ SPecies (¥0  BSLYP PMP2  PMP4 CCSD(T)
including singles, doubles, and triples (QCISD(T)) with the same HCO+ NO 0.75,0.75 0.00 0.00 0.00 0.00
basis set. Further, G2(MP2) enerdfeare obtained for some  HNO+CO 0.0,0.0 —2536 -29.09 -30.96 —32.81
stationary points. In addition, these reactions are studied within ’C\IISE?);LN%O %-2’30'0 _723'36‘; _;g-gg —;Zgj :;g-gi
the realm of the density functional theory (DFT) using an [yoco 0.0 783 3.49 488 389
unrestricted Becke three-parameter hybrid method with the Lee, honco 0.0 —45.29 —40.27 —37.37 —37.97
Yang, and Parr correlation functional with the 6-311G(d,p) basis TS1 0.0 12.43 13.94 7.87 12.55
set (denoted as B3LYP/6-311G(d,p)), and the results thus TS2 0.0 1411 2070  19.11 23.17
obtained are compared with the UMP2 level structures and TS3 0.32 —6.77 090 -1.21 2.48
energetics. Single-point energy calculations at the B3LYP TS5 8:8 ﬁ:ig gi? i;:gg ig:gg

optimized geometries are carried out using the PMP4(SDTQ) _
method and the unrestricted coupled cluster method including ° The total energies of HC@ NO are—243.115 87;-243.158 92,
singles, doubles, and triples (CCSD(T)) with the 6-311G(d,p) 243:15089, and-243.432 19 au at PMP2, PMP4, QCISD(T), and

4 : . : G2(MP2) levels, respectively.See ref 10 for the methodThe total
basis set. For the HC® NO reaction, some stationary points energies of HCO- NO are—243.813 29-243.219 51,243,255 94

are located by the quadratic configuration interaction including ang—243 255 64 au at B3LYP, PMP2, PMP4, and CCSD(T) levels,
singles and doubles with 6-31G(d) basis set (denoted as QCISD/respectively.

6-31G(d)) as well. The vibrational frequencies of all the ) ) ) )

stationary points are obtained at both the MP2 and B3LYP levels @ElﬁeEfoZre I;?é?gggoﬁnoﬁ‘rggzcltgﬂ?sdlg?o%lzstsm Ilr(wtt:gmn:olligtnei
and I(_alter used in the RRKM calculations W|thou_t S(_:almg. 'I_'he and Transition States of FCO+ NO Reaction ’
reaction pathways are followed by the intrinsic reaction

coordinate (IRC) method. We have used notations such as (A) At UMP2/6-31+G(d) Geometry

CCSD(T)//B3LYP to indicate a CCSD(T) calculation performed species 0 PMP2 PMP4 QCISD(T)
with the B3LYP geometry in the following sections. FCO+NO 078078 0.00 0.00 0.00
) ) FNO+ CO 0.0,0.0 —30.91 —36.17 —31.87
lll. Results and Discussion CF(O)NO 0.43 —30.35 —30.42 —31.72
The various reaction pathways for XC® NO reaction s1 0.0 .17 —3:58 6.00
considered here are (B) At B3LYP/6-311G(d,p) Geometby
a species 0 B3LYP PMP2 PMP4  CCSD(T)
XCO + NO—XNO + CO FCO+NO 075075 000 000  0.00 0.00
. g FNO+CO 0.0,0.0 —20.86 —22.34 —26.96 —24.47
- a9 CF(O)NO 0.28 —27.20 —25.33 —2497 —26.62
XCO+NO< CX(O)NO—=XNO + CO TS1 0.0 6.87  13.00 4.87 14.75

2 The total energies of FC& NO are—342.155 84,-342.201 71,
and —342.191 53 au at PMP2, PMP4, and QCISD(T) levels, respec-
tively. ® The total energies of FC@® NO are—343.088 28;-342.305 16,
—342.353 04, and-342.340 35 au at B3LYP, PMP2, PMP4, and
CCSD(T) levels, respectively.

e . . .
— isomerization— product

XCO + NO -~ complex formation—~ XNO + CO

The relative energies calculated at various levels for the UMP2/ dissociation of CH(O)NO via TSM1, and (3) a channel forming
6-31+G(d) and B3LYP/6-311G(d,p) optimized structures are the HCO--ON complex and passing through TSM3. The
reported in Tables-13. Note that NO has a singly occupied transition states (TSs) determined at the UMP2 level are
a* orbital in the ground state?[T), and XCO is ac radical designated as TSM in this section, whereas those at the B3LYP
(eA"). level are designated as TS.

IIl.1. Reaction of HCO + NO. The structures of stationary The direct hydrogen abstraction path has a barrier of 2.35
points on the UMP2/6-3tG(d) PES of HCO+ NO reaction kcal/mol at the PMP2 level to form HN@ CO. At TSM2,
are portrayed in Figure 1, and the corresponding energy profilesan odd electron occupying the in-plam& orbital of NO
for possible reaction pathways calculated for those geometriesabstracts the hydrogen atom to form HNO and CO. The single-
are depicted in Figure 2. As shown in Figure 2, we have point energy calculations for TSM2 at the PMP4 and QCISD-
considered three reaction channels for the formation of HNO (T) levels indicated that this path is a downhill one (as shown
+ CO from HCO+ NO: (1) a direct hydrogen abstraction path in Figure 2). The estimates of the reaction rate on this path
through TSM2, (2) a path that includes the formation and using general transition-state theory (TST) are obtained from
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CH(O)NO-syn (TS) CH:O)NO non-planar CH(O)NQ-anti

Figure 1. Optimized structures of stationary points on the potential energy surface ofHRO at the UMP2/6-31G(d) level. All bond lengths
are in angstroms and angles in degrees.

TABLE 3: Relative Energies and (ZPE) in kcal/mol and [$*(]
before Projection of Reactants, Products, Intermediates, and

Transition States of CICO + NO Reaction PMP2

(A) At UMP2/6-314+-G(d) Geometr§y : —G2MP2)
species (%0 PMP2  PMP4  QCISD(T) "’
CICO+NO  0.78,0.78 0.00 0.00 0.00 TSM1
CINO+CO  0.0,0.0 -30.91 —35.40 —34.49 20 - HCO.ON TSM3
CCI(O)NO 0.0 —26.62 —26.48 -27.35
TS1 0.0 -5.13 —11.50 -2.87
(B) At B3LYP/6-311G(d,p) Geometby
species %0 B3LYP PMP2 PMP4 CCSD(T)
CICO+NO 0.76,0.75 0.00 0.00 0.00 0.00
CINO+CO 0.0,000 —28.62 —2853 —32.02 —30.28
CCI(O)NO 0.0 -20.66 —19.19 —18.95 —20.32
TS1 0.0 -6.10 -1.00 -5.38 1.09

aThe total energies of CIC@& NO are—702.160 79-702.217 09,
and —702.207 55 au at PMP2, PMP4, and QCISD(T) levels, respec-
tively. P The total energies of CICO+ NO are —703.452 48, CRO)NO
—702.288 11,—702.347 33, and-702.334 48 au at B3LYP, PMP2,

PMP4, and CCSD(T) levels, respectively.

HNO+ CO
Figure 2. Relative energies including zero-point energy correction

K(T, s) = (aksT/h) exp[~AG(T, S)/(keT)]. Here,sis the reaction (ZPE) of stationary points on the potential energy surface of HEO
coordinatep. denotes the statistical factdg is the Boltzmann NO at the UMP2/6-3+G(d) level.

constanth is Planck’s constant, andG is the standard free  structure of CH(O)NO shows no significant difference in the
energy of activation. We have used= 0.0, which leads to geometrical parameters, and it is only 0.05 kcal/mol higher in
the rate constant using simple TST. Assuming that this channelenergy compared with the corresponding UMP2 structure. This

is barrierless, the rate constant would turn out to bexd 1017 indicates that the effect of spin contamination [Bf1= 0.48)
cm?® molecule! s7! at 298 K, indicating that this channel does on the structure is negligible in this case.
not contribute significantly to the total reaction rate. Since the formation of CH(O)NO involves the coupling of

The second possible path involves the formation and dis- radicals, the reaction is expected to be exothermic and barri-
sociation of CH(O)NO. This complex exhibits a minimum for erless. The formation of the planar anti CH(O)NO is an
a planar structure with oxygen atoms being anti arourtNC exothermic reaction with a barrier of 10.55 kcal/mol at the
bond as well as for a nonplanar structure. The latter turns out UMP2 level (cf. TSM4 in Figure 1). Upon inclusion of
to be 2.7 kcal/mol less stable than the former. On the other corrections to the spin contamination at the PMP2 and higher
hand, a planar structure with the oxygen atoms disposed synlevels, the reaction becomes barrierless (cf. Table 1A). The
around the &N bond has one imaginary frequency and is 0.4 higher[for TSM4 in Table 1A suggests that the antibonding
kcal/mol higher in energy compared with the nonplanar triplet contamination artificially destabilizes the structure. Yet
minimum. Thus, itis the TS for rotation around the-I8 bond another TS (TSM4 shown in Figure 1) for CH(O)NO formation
between the two nonplanar structures. Note that the RMP2 exists on the UMP2 level PES. Analogous to TSM4, the
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Figure 3. Optimized structures of stationary points on the potential energy surface ofH8O at the B3LYP/6-311G(d,p) level. The numbers
in parentheses are structural parameters at the QC1SZ16(d) level. All bond lengths are in angstroms and angles in degrees.

formation of CH(O)NO through TSMdis barrierless at the  on the reaction path, namely, the TS for this process. However,
PMP2 and higher level calculations. The IRC path from TSM4 since no complex formation is favorable, the contribution of
leads to the syn structure of CH(O)NO, which is also the TS this reaction to the total reaction rate is not expected to be
for internal rotation as shown above. This indicates that before significant. Further, the inverse kinetic isotope effect is
reaching syn CH(O)NO, there must be a point on the PES whereapparently not expected for this reaction; hence, we have not
the reaction coordinate bifurcates toward the two enantiomeric investigated this process further.
structures of the nonplanar CH(O)NO. In summary, the MP2 calculations showed that among the
The decomposition pathway of CH(O)NO to form HNO reaction paths we have considered here, the path through CH-
CO (step d, cf. Figure 2) has high barriers of 44.65, 40.39, and (O)NO is the most plausible one. The possible reactions from
49.27 kcal/mol at the PMP2, PMP4(SDTQ), and QCISD(T) CH(O)NO are either redissociation to the reactants or dissocia-
levels, respectively. The G2(MP2) estimate for this barrier is tion to the products. The latter process requires a larger
41.90 kcal/mol. The corresponding TS (TSML1 in Figure 1) has activation energy and thus is less favorable.
the hydrogen atom bridging the carbon and nitrogen atoms and On the basis of the results obtained with the MP2 structures,
migrating from the former to the latter along with the-G— we studied this reaction by the B3LYP method to evaluate the
N—O dihedral angle of almost 180 The high barrier for this performance of this density functional method usually consid-
decomposition reaction indicates that the reverse reaction to theered to be reliablé! Various stationary structures obtained on
reactants (step c) is favored over the decomposition of CH(O)- the B3LYP/6-311G(d,p) PES are shown in Figure 3. The
NO giving HNO and CO. The path corresponding to the possible reaction channels and their relative energies are shown
isomerization (step e) of CH(O)NO does not exist on the UMP2 in Figure 4. Table 1B summarizes relative energies of all these
level PES, although such a path exists on the HartFeek structures at the B3LYP, PMP2, PMP4, and CCSD(T) levels
level PES. calculated using the B3LYP structures. As depicted in Figure
There exists yet another channel (step f) that contains the4, the B3LYP/6-311G(d,p) paths are rather different from the
formation of a weak complex HCOON (cf. Figures 1 and 2). UMP2/6-3H-G(d) ones; the B3LYP level PES has both
However, unlike the formation of a stable collisional complex isomerization (step e€) and dissociative (step d) paths from CH-
CH(O)NO through TSM4, an intermediate structure in this (O)NO leading to HNOCO and HNG- CO, respectively.
channel is unstable at all levels of theory (cf. Table 1A). The There exist channels for the dissociation of HNOCO to HNO
in-plane s electrons of NO prefer to be at the oxygen rather + CO and the isomerization of HNOCO to HONCO, which
than at the nitrogen because of the difference in electronega-subsequently dissociates to NOHCO also (cf. Figure 4).
tivity, and therefore, the structure of this complex is not For CH(O)NO, we took into account only the planar anti
favorable for any new bond formation and thus is less stable structure because it was shown in the above calculations to be
than the isolated reactants. From this complex, further reactionthe most stable. The CH(O)NO formation is a downhill process
proceeds with the abstraction of hydrogen from HCO by NO as inferred from the UMP2/6-31G(d) calculations. The TS
to form HNO + CO, requiring a negligible barrier relative to  (TS1 in Figure 3) corresponding to the dissociative path has a
the complex. Although the structure of the corresponding TS longer C-N bond, and its hydrogen is closer to carbon
(TSM3 in Figure 1) is similar to the complex, it has hydrogen compared to the corresponding TS (TSML1 in Figure 1) at the
closer to the nitrogen and the-©N bond is slightly elongated. = UMP2 level. The isomerization channel passing through TS2
At the PMP2 and higher levels, TSM3 is more stable than the has a compact structufeith a short C-N bond and an almost
HCO---:ON complex. Thus, the complex or the TS between linear NCO group) and involves hydrogen migration toward the
the reactants and the complex should be the least stable poinheighboring nitrogen (cf. structure TS2 in Figure 3). The
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CHO

+
-10.0 |- NO
-20.0 |
-30.0 CH(O)NO
-40.0 -

HONCO

Figure 4. Relative energies including the ZPE of stationary points on the potential energy surface of HQCat the B3LYP/6-311G(d,p) level.
The dotted lines show QCISD(T)/6-311G(d,p)//QCISD/6-31G(d) energies without inclusion of ZPE for some structures.

B3LYP barriers for dissociation and isomerization are 37.10

dissociation leading to HN@ CO is downhill and that HNOCO

and 38.78 kcal/mol, respectively, whereas they are 36.09 andis not an equilibrium structure or has a transient existence, a

46.71 kcal/mol at the CCSD(T)//B3LYP level; the barrier for
isomerization is higher than that for the dissociation reaction.
The isomerization product, HNOCO, exhibits a minimum on

result in consonance with those obtained by the MP2 geometry
determinations. At the MP2 level, the B3LYP reaction path
through TS2, HNOCO, and TS3 merges with that through TS1,

PES for both the planar and nonplanar structures with the latteras seen in the fact that the-Gl distance in TSM1 is close to

being more stable by 1.2 kcal/mol than the former. However,

the average of those in TS1 and TS2.

the IRC calculations indicate that reaction channels pass through To verify this conjecture, we have determined stationary

only the planar isomer shown in Figure 3. HNOCO dissociates
into HNO + CO with a negligible barrier via TS3 wherein the
HNO group is rotated and the-N bond is stretched to 1.61
A. The rotation makes the structure favorable for the interaction
between the carbon lone pair of CO and the HNOorbital,

an interaction that stabilizes TS3. On the other hand, HNOCO
can isomerize to HONCO via TS4 with a barrier of 22.78 kcal/
mol at the B3LYP level. In TS4, the HN—-O angle is
contracted from 123 to 65and the N-O bond is stretched by
0.15 A to facilitate hydrogen migration from nitrogen to oxygen.
This isomerization is exothermic by37.46 kcal/mol. HONCO

is a planar molecule with an almost linear NCO group and an
H—O—N-C dihedral angle of 180 Another isomer of
HONCO having an HO—N—C dihedral angle of Ois 6.1 kcal/

points on these reaction channels at the QCISD/6-31G(d) level.
Single-point energy calculations at the QCISD(T)/6-311G(d,p)
level have been performed at the geometries thus optimized.
The structural parameters of some stationary points are presented
in Figure 3 and the relative energies in Figure 4. At the QCISD
level, there exists a channel corresponding to the isomerization
of CH(O)NO to HNOCO as shown in Figure 4. The QCISD
TSs for the dissociation and isomerization of CH(O)NO have
structures similar to the structures of B3LYP TSs, but the former
TSs have a €N bond longer by 0.2 and 0.03 A, respectively,
than that of the latter TSs. The barrier for dissociation of CH-
(O)NO is 37.6 kcal/mol, whereas the barrier to the isomerization
is 48.8 kcal/mol. These barriers are comparable to those in the
CCSDI//B3LYP level calculations. Although the QCISD level

mol higher in energy than the most stable one shown in Figure barrier to the decomposition of HNOCO to HNOCO through

3. This isomer has one imaginary frequency, implying that it
is a TS for the internal rotation of the-€H bond around the
O—N bond. HONCO dissociates to NOH CO through TS5

in an endothermic reaction with a substantial barrier, viz. 60.78
and 51.92 kcal/mol at the B3LYP and CCSD(T)//B3LYP levels,
respectively. In TS5, the €N bond elongates by 1.06 A
compared to HONCO.

It is to be noted that there are several differences in the
structures and relative energies of the B3LYP and MP2 levels.
The TS for the dissociation of CH(O)NO has much shorteiNC
bond at the MP2 level (TSM1) than at the B3LYP level (TS1).
At the B3LYP level, there exist the TSs for isomerization of
CH(O)NO to HNOCO (TS2) and that for dissociation from
HNOCO to HNO+ CO (TS3). The PMP2, PMP4, and CCSD-
(T) energy calculations at the B3LYP structures have shown

TS3is 1.0 kcal/mol, the QCISD(T)//QCISD calculation indicates
a downhill reaction path-{3.8 kcal/mol). This confirms the
transient existence of HNOCO on this PES, similar to the MP2
results. TS2 is much less stable than TS1, and thus the path
through TS2 can be reasonably neglected.

There are some other differences to be settled. The energy
for the reaction HCCGF NO leading to HNO+ CO is found to
be —34.5 to—35.5 kcal/mol at the PMP4//MP2, QCISD(T)//
MP2, and G2(MP2)//IMP2 levels an&25.4 kcal/mol at the
B3LYP level, the difference being about 10 kcal/mol. The
experimental estimateof enthalpy change of the reaction is
—30 kcal/mol at 298 K, indicating that the calculations using
the MP2 structures overestimate the exothermicity, whereas
those using the B3LYP ones underestimate it. The energy of
the overall reaction is-32.6 kcal/mol at the QCISD(T)//QCISD

that TS3 is more stable than HNOCO. This suggests that level, which is close to that at the CCSD(T)//B3LYP level and
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1.15(1.13)
118(1.17) Y1.18(1.15) 116 (1713)
FCO FNO
l T CiCO CINO
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Figure 5. Optimized structures of stationary points on the potential
energy surface of FCO- NO at the UMP2/6-31+G(d) level. The
numbers in parentheses are structural parameters at the B3LYP/6-311G- CCI(O)NO non-planar CCIO)NO syn

d) level. All bond lengths are in angstroms and angles in degrees. . . . . .
@ g g g g Figure 6. Optimized structures of stationary points on the potential

. . energy surface of CICG- NO at the UMP2/6-31G(d) level. The
also to the experimental value. Further, the formation energy nympers in parentheses are structural parameters at the B3LYP/6-311G-
of CH(O)NO from HCO+ NO obtained from various levels  (d) level. All bond lengths are in angstroms and angles in degrees.

of theory at the MP2 structures-228 to —30 kcal/mol, whereas

by use of the B3LYP structure, it is21 to —25 kcal/mol. At The structures obtained using these methods reasonably agree
the QCISD(T)//QCISD level, it is-27.5 kcal/mol. The B3LYP with each other.

binding energy is underestimated probably because of the too e first describe the MP2 level structures and energetics
short CO and NO distances of CH(O)NO. Further, an extensive The energy-minimum structures of the intermediate complex
search of B3LYP level PES showed the absence of stationary CF(O)NO are a planar one with oxygens being anti around the
structures on the reaction channel through step f. C—N bond and a nonplanar one. The planar structure with syn
Some general salient features of the reaction HEMO oxygens has one imaginary frequency similar to the case of CH-
using experimental and theoretical methods are noteworthy. The(O)NO. The nonplanar structure is more stable than the planar
model proposed by LKlbased on RRKM calculations assumes  anti structure by 0.3 kcal/mol, whereas the syn structure is less
that the energy of formation of CH(O)NO from the reactants is stable by merely 0.1 kcal/mol. For all the structures of CF-
—32 kcal/mol and the corresponding barrier for its dissociation (O)NO, the harmonic frequency for the rotation of the-®
to the products is 24 kcal/mol. By use of these parameters, it bond around the €N bond is less than 50 crh, implying
was suggestédhat 2% of the CH(O)NO would be stabilized, almost free rotation. The CF(O)NO formation (step b) is an
50% would redissociate to the reactants, and 48% would exothermic and barrierless reaction with the reaction energy of
dissociate to the products. For explanation of the smaller about—30 kcal/mol. The dissociation channel (step d) passes
reactivity of vibrationally excited HCO and the modest tem- through a TS (TS1 in Figure 5 and Table 2A) in which the
perature dependence of the reaction rate, the importance of themigrating fluorine is shared by both the carbon and nitrogen.
lower activation barrier to dissociation to the products compared The barrier to this process is 33.52 and 37.72 kcal/mol at the
with that to redissociation to the reactants was pointed @it. PMP2//[UMP2 and QCISD(T)// UMP2 levels, respectively. The
the various ab initio levels, the TS1 for the CH(O)NO overall exothermicity of FCG- NO — FNO+ CO is found to
decomposition to HNG- CO is about 820 kcal/mol less stable  be —30.91 and—31.87 kcal/mol at the PMP2//UMP2 and
than the reactants. Thus, it is safe to say that the dissociativeQCISD(T)//UMP2 levels, respectively.
reaction path through TS1 has a higher barrier than the Atthe B3LYP/6-311G(d) level, we have considered only the
corresponding reverse dissociation of CH(O)NCHCO + NO, anti planar structure of CF(O)NO through which all the reaction
and the reverse reaction will be favored over the decomposition. channels pass at the MP2 level. Similar to the MP2 results,
This implies that the percent stabilization, redissociation, and this intermediate exhibits the low-frequency vibration of 80
dissociation of CH(O)NO as predicted by 2Mvould be cm L The formation of CF(O)NO from FC@ NO is —27.20
markedly different. To explain the unusual features of the kcal/mol exothermic without a barrier. The B3LYP binding
reaction, it is necessary to look for the other channels, with or energy is underestimated compared with the results mentioned
without the formation of CH(O)NO, for which the activation above and is not improved by the CCSD(T)//B3LYP calcula-
energy is smaller than the endothermicity for the redissociation tions, a trend that is similar to the results of CH(O)NO. Note
to the reactants. that, as often pointed out, the DFT method gives smaller spin
I1I.2. Reactions of FCO + NO and CICO + NO. The contaminations than the MO meth&dalthough the structures
stationary structures determined at the UMP2/6-G1d) and are similar (cf. the smallei¥values in Table 2). There is a
B3LYP/6-311G(d) levels on the reaction paths for FENO substantial difference in the overall energy of the reaction
and CICO+ NO reactions are displayed in Figures 5 and 6. calculated with the MP2 and B3LYP structures (cf. Table 2).
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With the B3LYP structures, the exothermicity is found to be and the QCISD(T)//MP2 energetics as well as using the B3LYP
underestimated<21 kcal/mol vs—31 to—36 kcal/mol) and is geometries and frequencies and the CCSD(T)//B3LYP energet-
not improved by the CCSD(T)//B3LYP calculations. On the ics. The formation of CH(O)NO from the reactants passes
other hand, the difference in the barrier to the dissociation of through a TS (cf. TSM4 in Figure 1) with almost zero barrier.
CF(O)NO to FNO+ CO (34.07 kcal/mol) by the B3LYP  We have used the simple transition-state theory (TST) to
method is only 47 kcal/mol lower than that by the QCISD-  determine the rate constant for this process. For HFERO

+

(T)//MP2 and CCSD(T)//B3LYP methods. and CICO+ NO, a distinct TS corresponding to the formation
than the endothermicity for the reverse reaction of CF(O)NO rate constants at room temperature. The high-pressure RRKM
at the same level). This clearly supports the experimental within the simple TST expressed in émolecule® s™* takes
conformer is the lowest in energy, and the syn planar isomer is Jcrolvo
respectively. Similar to the cases of CH(O)NO and CF(O)- HCO, Ino is that of NO, andp is the reduced moment of inertia
corresponding MP2 ones. On the other hand, for the fluorine (3-4 & 0.4) x 107 cm® molecule™* s™ .
wave function by both the MP2 and B3LYP methods (cf. Table 107* s+ or 10:>¢exp[~108.03 kJ motY/(RT)], whereas the
The barrier to the dissociative channel from CCI(O)NO is that the magnitude of the imaginary frequency of TS corre-
favorable or competitive compared with the redissociation to  FOF CF(O)NO, the calculations using the MP2 structures
result is obtained by the CCSD(T)//B3LYP calculations for 9€0metrical parameters are 6260 '#s! for the dissociation

x 1074 s71, which is higher than the corresponding redissocia-
IV. Calculation of Rate Constants
frequencies obtained theoretically. For the HEDIO reaction, The foregoing results using the ab initio energies and

Higher level energy calculations for these structures (except of a collisional complex does not exist. Therefore, the TS is
TS1 at the PMP4//UMP2) produce qualitatively, but not assumed to have a-€N bond 3.5 times longer than that in the
quantitatively, similar energy profiles. The activation energy complex!* The rate constants for the dissociation of CX(O)-
for the dissociative channel, CF(O)N® FNO + CO, is larger NO have been calculated and compared with the redissociation
— FCO + NO. Although this trend is similar to that in the rate constants are calculated by the versatile program UNI-
reaction of HCO+ NO, the activation energy for CF(O)N& MOL.13
FNO + CO (41.37 kcal/mol at the CCSD(T)//B3LYP level) is Since the formation of CH(O)NO from HC® NO has a
higher than that for CH(O)NG> HNO + CO (36.09 kcal/mol practically zero barrier passing through TSM4, the rate constant
observation that CF(O)NO is stabilized because of the higher the form4
dissociation barrier, and the reaction is pressure-depefdent.

All the structures of CCI(O)NO have small frequencies for h3\[ ABCl, \¥2f 4 )32
the C-N bond rotation at the MP2 level. The anti planar k(M) = d KT 2 Quio

' KTI\AB'Cl oY \Mm
the TS for the internal rotation. At the B3LYP level, only the ) ) ] o . )
anti planar structure has been determinethe energy of with Quip being the ratio of vibrational partition functions of
reaction of CICO+ NO — CCI(O)NO at the MP2/6-3:G(d) TSM4 and reactantsA, B, andC are the moments of inertia
and B3LYP/6-311G(d) levels is26.62 and-20.66 kcal/mol, (9 c1¥) of TSM4, A, B', andC' are the moments of inertia of
NO, the formation energy of CCI(O)NO is underestimated at for the rotation around €N bond. g andm are the corre-
the B3LYP level compared to the QCISD(T)//MP2 estimates. SPonding electronic multiplicities and masses. The calculated
This is presumably due to longer-Cl and N-Cl distances ~ 'ate constant at 298 K is 2.72 107 cm® molecule™ s,
for CCI(O)NO, CICO, and CINO at the B3LYP level than the which is fairly close to the experimentally obtaidedlue of
analogues, the €F and N-F bond lengths at both levels are For comparing the relative importance of the dissociation and
in good agreement with each other. Note that unlike=) redissociation channels, we have calculated the RRKM rate
and F, in the case of X= Cl the restricted wave function of ~ constants. The high-pressure unimolecular rate constant at 298
CCI(O)NO is stable with respect to becoming an unrestricted K for the redissociation of CH(O)NO to the reactants is 4.0
3). This means that, when 3% Cl, the electronic structure of ~ dissociation r?te constant is 5.4510 s™* or 107 exp[—
CCI(O)NO has a larger character of the closed-shell systems,154.7 ki mol¥/(RT)l. The unimolecular rate constant for the
Thus, the dependence of relative energies on the methods igSomerization reaction is 4.6% 1072 st or 10170 exp[-
small, as long as the structure used is the same. 194.42 kJ mott/(RT)] at 298 K. Further, it should be noted
21.49 and 14.56 kcal/mol at the PMP2//UMP2 and B3LYP// SPonding to the dissaciation of CH(O)NO is rather small (530i
B3LYP levels, respectively. This is smaller than the endother- M * &t the MP2 level), indicating that the tunneling correction
micity for CCI(O)NO— CICO + NO. This implies that the ~ (Calculated using the Wigner form =1 + [m*/(keT)]%24)
dissociation of CCI(O)NO into the products CINOCO is more Wil not be significant for this reaction at 298 K.
the reactants. This feature is quite different from the reactions showed that the re(_jis_sociation rate constant is &9 %5,
of FCO and HCO and thus will enable the faster dissociation and that the dissociation takes place with a rate constant of 3.24
of CCI(O)NO to CINO+ CO. A similar trend is shown by the X 10713s71. The rate constants for this reaction by use of the
higher level calculations as depicted in Table 3. The exceptional CCSP(T)//B3LYP energetics and the B3LYP frequencies and
which TS1 is only 1.09 kcal/mol less stable than CIGONO. of CF(O)NO and 6.75< 107° s* for redissociation to the
These results suggest that the dissociation channel may be mor&eactants. In the case of CCI(O)NO, the dissociation rate
effective than or competitive with the redissociation channel. constant calculated using the MP2 structures is found to be 2.69
tion rate constant of 3.8% 106 s71. The use of B3LYP
parameters results in a dissociation rate constant of 2.66*

We have calculated the rate constants for the reactions XCOs™1, whereas the rate for redissociation of CCI(O)NO to the
-+ NO at room temperature using geometries and vibrational reactants is 2.86 1071 s71.
the CCSD(T)//B3LYP energies have been used for evaluation parameters clearly indicate that the total reaction rates may be
of dissociation, redissociation, and isomerization rate constants.dominated by the dissociation channel in the case of CCI(O)-
For the reactions of NO with FCO and CICO, we calculated NO. A comparison of the dissociation and redissociation rate
the rate constants using the MP2 geometries and frequencieconstants of CX(O)NO for X= H, F, and CI shows that the
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dissociation channel is competitive only for=X Cl. On the For the reactions of FCO- NO and CICO+ NO, the
other hand, for CH(O)NO and CF(O)NO the dissociation structures and relative energies calculated at both the MP2 and
channel does not have any significant effect on the total reactionB3LYP levels are in a fair agreement with each other. The
rates. The rate constants calculated for the reaction of CH(O)- dissociation channel has a higher barrier than the redissociation
NO are not consistent with the experimentally reported forward of CF(O)NO at all higher level calculations, implying greater
reaction efficiency, suggesting again that a different mechanism probabilities of the redissociation or stabilization of the complex.

could be operative. The pressure dependence of the reaction indicates that stabiliza-
tion of the complex is more plausible. The dissociation channel
V. Concluding Remarks from CCI(O)NO could be the major channel for the product

Ab initio study at the MP2 and QCISD level as well as at formation. However, other low-barrier channels cannot be ruled

the B3LYP level has been carried out on possible reactions of out. It is felt that further detailed investigations are necessary
XCO (X = H, F, Cl) with NO. We have focused mainly on  [OF €xploring them.

the reaction path through a collisional complex CX(O)NO. For .
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