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Computational Studies of the Kinetics of the C+ NO and O + CN Reactions
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Thermal rate coefficients for the reactions’@(+ NO(X?IT) — CN(X2Z") + OFP), CEP) + NO(X2IT) —
CO(X!Z™) + N(®D), and OFfP) + CN(X2Z") — CO(X!=") + N(?D) in the temperature range from 5 to 5000

K have been obtained using quasiclassical trajectory calculations. Results are reported for two ab initio potential
energy surfaces corresponding to statedfdfand?A” symmetry. Good agreement between calculated and
experimental rate coefficients are obtained for the-@IO reactions for all temperatures, whereas the rate
coefficient for the O+ CN reaction at room temperature is larger than that found experimentally. The dynamics
is considerably different on the two potential energy surfaces witBAheyiving rate coefficients in better
agreement with experiments. The quality of the potential energy surfaces are discussed in the light of new
electronic structure calculations including spiorbit coupling.

1. Introduction TABLE 1: Thermal Rate Coefficients for the C + NO

. Reaction
The reactive systems &) + NO(X?IT) and OfP) + CN
(X2=™) have received attention from molecular astrophysitists

year TIK k/10-** cm® molecule! s7*

and combustion scientists!* alike. Three of the possible gﬂasta!ng et gz 3888 %g %gi iz
i i astaing et ai- . .

reactions are exothermic Chastaing eta? 2000 54 25.6: 0.8
3 5 ot 3 Chastaing eta? 2000 83 17.3:2.6
C("P) + NO(XII) —~ CN(X°Z") + O(P) ) Chastaing etaf 2000 207 16.9: 1.5
Chastaing eta? 2000 295 12.6:0.1
CCP) + NO(X?II) — CO(X’=") + N(°D) 2) Lindackers et at® 1990 2720-3810 3.3+ 0.7
Dean et af* 1991 1556-4050 8.0+ 3.6

and

TABLE 2: Room Temperature Rate Coefficients for the C
+ NO Reaction

OCP)+ CN(X=") — co(X'=") + N(*D) ©)

year k/107** cm?® moleculel st

The C+ NO reaction has been of interest as part of the process Braun etaf* 1969 11
of nitrogen reburning, i.e., the removal of NO and eventual :“S‘a!” and Kirsctf 1971 7.3£22

. o . usain and Yount§ 1974 4.8+0.8
formation of N, in high-temperature combustion. The#0CN Becker et al’ 1988 1.6+ 0.2
reaction has also received attention as a possible major source porthe et af® 1991 2.7+ 0.3
of depletion of CN both in combustiéhand in dense interstellar Bergeat et al? 1999 5.4+ 0.8
clouds!3 For the latter application, it is believed that this  Chastaing et & 2000 12.0+0.1

reaction could be the most important source of CN destruction.
Because CN is a possib|e precursor to Comp|ex mo]ecu]eS, sucmave obtained thermal rate coefficients that are CompaI'Ed to
as CyanopolyyneS, the detailed know|edge of the rate of the OeXperimental data. In section 2, we giVe the details about the
+ CN reaction could be crucial to the understanding of the calculations, and in section 3, the obtained results are presented
chemical evolution of interstellar clouds. There have been a and discussed. Finally, a few concluding remarks are given in
number of measurements of the rate coefficients for these Section 4.
reactions. These are summarized in Table8.1lt is seen that ) ]
there are large deviations between the experiments at room2: Computational Details
temperature for both the & NO and O+ CN systems. No 2.1. Potential Energy SurfacesOur dynamics calculations
measurements of IOW-temperature rate coefficients for the |atterare performed on two different potentia| energy surfaces (PES)
reaction have been reported. Previous theoretical work has beerrhese surfaces correspond to electronic state®\o&nd 2A"
discussed in ref 15. symmetry and constitute a Bor©ppenheimer basis for the

In this paper, we present quasiclassical trajectory calculationstrye RennerTeller coupled ground state of the CNO systém.
using two potential energy surfaces corresponding to electronicFor linear configurations the surfaces are degenerate and
states oA’ and ?A” symmetry. From these calculations, we correspond to an electronic state?bf symmetry. The analytic
forms of the surfaces are of a many-body expansion (MBE)

E_;;‘I’, "‘;\hon’:‘ag%reﬁgoﬂdsegce should be addressed. Fa6 31 167194.  yne and they have been produced by fitting these expressions
T G&eb%rg Unif,)ers'i?y_' ' to approximately 2400 energy points, out of which about 1000
* Chalmers University of Technology. are ab initio (CASPT2) points and the rest are calculated from
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TABLE 3: Thermal Rate Coefficients for the O + CN Reaction

year TIK k/107* cm?® molecule! s™*
Schmatjko and Wolfruit 1978 298 1.A0.7
Titarchuk and Halper§ 1995 298 3.69: 0.75
Boden and Thrus# 1968 576-687 (10.54 5.8) exp[1200+ 350)/T]
Louge and Hansc# 1984 2000 3.0+ 2.6/~-1.3
Davidson et af’ 1991 3006-4500 13.0+ 2.6
TABLE 4: Arrangement Channels: Comparison between
Our PESs and Experimental Data (ltalicp
A€o e We
C+ NO 0 1.161 1883 —
0 1.151 1904 2
O+ CN —-1.22 1.187 1998
—1.26 1.172 2069
N(®D) + CO —2.03 1.140 2141
—2.21 1.128 2170
N(*sS) + CO° —4.51 1.140 2141
—4.59 1.128 2170

a Experimental diatomic data are taken from ref 27 and atomic data
from ref 50. Exothermicities are relative to£NO and are quoted in
eV, equilibrium distances are in A, and harmonic frequencies are in
cmL. b This channel is not included in our PESs. The data presented
is derived from our diatomic potentials.

YA

TABLE 5: Most Important Stationary Points on the
Analytic PESs

Ren' Rvo Reo \ w1 w2 w3 w4
Linear Minima

CNO 1.226 1.221 2.447—4.213 1851 1087 532 532

1.227 1.220 2.446—4.214 1838 1164 287 287
NCO 1122?"1; 222223 111125_238(15 13?? Egg gig gfg Figure 1. Polar contour plots of the @ NO channel for (afA' and
CON 5514 1303 1211-1734 1482 922 476 476 (b) 2A". NO is kept at its equilibrium distance. The potential curves

B range from—4.0 to 0.95 eV with a spacing of 0.15 eV. The energies
2521 1.308 1.213-1.785 1455 932 366 366 are relative to the G- NO asymptotic energy.
Triangular Minimum gA"")

A-CNO 1.349 1.402 1.467—3.470 1446 1053 607

Nonlinear Saddle Point34’")
CNO— A-CNO 1.284 1.366 2.065—2.673 1456 1033 500i
NCO— A-CNO 1.293 1.844 1.424-2.537 1399 515 713i

|
|"
I
Nonlinear Second-Order Saddle Points |{

Nonlinear Saddle PoingA') %
CNO 1.237 1.478 1.715-1.201 1674 739 690i
C—ON 2.639 1.184 1.819 0.128 1531 228i 435i
1.971 1.232 1.711 0.533 1373 354i 494
O-CN 1.211 2.217 2.484—1.091 1745 247i 331i -3
1.207 2.252 2.427-1.136 1986 203i 296i
a Al distances are in A. All energies are relative to4€NO and 3 3 . 1 . 3
are quoted in eV, and the harmonic frequencies are intcBata for (b)
2A" and?A’ (jtalic) are given. r 125
an expression for the long-range energy. These calculations and I 12
the features of the surfaces are presented in our previous 2 115 °§
paperst>l’” In Table 4, the energetics of the arrangement L 11
channels are presented. Good agreement between our surfaces
and experiment is found, except for the exothermicity of the I 198
N(?D) + CO channel which is underestimated by 0.2 eV. The ' 0

most important stationary points are summarized in Table 5. 4 = 9 1 % g

The reason for the linear species not being strictly equal on the X/A

two surfaces is that the surface fitting was performed separatelyFigure 2. Polar contour plots of the @ NO channel for (afA’ and

for each surface. The differences in bending frequencies are(b)2A". NO is kept at its equilibrium distance. Only regions where the

however natural because these depend on the potential as &otential energy is higher than the € NO asymptotic energy are

function of bending angle. We have in our calculations neglected Plotted, with potential curves ranging from 0 to 1.0 eV with 0.02 eV

the couplings between the surfaces and treated them separatel)?.pac'ngs' The energies are relative to the ®10 asymptotic energy.
2.1.1. The C+ NO Channel.In Figures 1 and 2, the

differences between ti&' and?A" surfaces are clearly visible  repulsive for the perpendicular approach of carbon toward NO,

for the C+ NO channel. For nonlinear geometries, the surfaces there is a triangular potential minimum\-CNO, on the?A”

exhibit quite different behaviors. Whereas th& surface is surface. Both surfaces have potential barriers for an angled
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Figure 3. Polar contour plots of the @ CN channel for (afA’ and

(b) 2A'". CN is kept at its equilibrium distance. The potential curves
range from—6.5 to 1.0 eV with a spacing of 0.15 eV. The energies
are relative to the G- NO asymptotic energy.
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Figure 4. Polar contour plots of the @ CN channel for (afA" and

(b) 2A". CN is kept at its equilibrium distance. Only regions where the
potential energy is higher than the © CN asymptotic energy are
plotted, with potential curves ranging from 0 to 1.0 eV with 0.02 eV
spacings. The energies are relative to the-@N asymptotic energy.
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Figure 5. Contour plot of the potential energy as a function of the
Jacobi coordinates and R for the C+ NO channel. The anglé is
kept fixed at 90 (perpendicular approach of C toward the NO center
of mass). The potential curves range from.9 to +1.2 eV with a
spacing of 0.15 eV. The energies are relative to the ISO asymptotic
energy. (afA’ surface (bfA" surface.
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Figure 6. Contour plot of the potential energy as a function of the
Jacobi coordinates and R for the O+ CN channel. The anglé is
kept fixed at 90 (perpendicular approach of O toward the CN center
of mass). The potential curves range fror3.45 to+1.2 eV with a

approach of C toward the oxygen end of NO. The barrier heights spacing of 0.15 eV. The energies are relative to the RO asymptotic

are however quite different on the two surfaces: 0.53 eV for

2A" and 0.13 eV forA".

2.1.2. The O+ CN ChannelAs shown in Figures 3 and 4,
the 2A" and 2A" surfaces are quite similar for the @ CN
channel compared to the situation in the-FNO channel. There

energy. (afA’ surface (bfA" surface.

2.1.3. The A-CNO Minimum. The triangular minimum,
A-CNO, is quite important for the reactivity on tR&" surface.
In Figures 5-7, the surfaces are plotted for the perpendicular
approach of the atom toward the diatom center of mass, i.e., at

are barriers for the perpendicular approach of O toward CN of a Jacobi angle of 9Qfor the three arrangement channels. It is

similar height on both surfaces (0.09 eV % and 0.14 eV on
2A'"). However, there is th&-CNO minimum inbetween CNO

seen that through th&-CNO minimum the system has a more
accessible pathway between the different linear minima and also

and NCO on théA" surface. This facilitates the rearrangement between reactants and products on A& surface compared

between the different minima.

to the2A’ surface.



5442 J. Phys. Chem. A, Vol. 107, No. 28, 2003 Andersson et al.

. 3 ments, being energies of the involved states calculated at the
08 multistate CASPT2 level employing tlga Fock matrix with
the 1s orbitals frozen. By diagonalizing the spirbit matrix,
I (2 we have as diagonal elements obtained the nine lowest adiabatic
- 115 “3‘.3 spin—orbit states, i.e., those that adiabatically correlate to the
I 14 fine structure states of the reactants, as described in the next
section. All electronic structure calculations were performed
198 using the MOLCAS 5.2 program packagfe.
: 0 2.4, Electronic Degeneracy Factord=rom the combination
e a8 4 of the electronic states of the reactants, one obtains 3649
electronic states adiabatically correlating witlfR)(@nd NO(XIT)
3 and 18 (9x 2) with OCP) and CN(X="). Because the CNO
I los system has an odd number of electrons, the electronic states
come in degenerate pairs, Kramers doublets, because of time-
i 12 reversal invariancé*?> Thus, we have 18&listinct potential
L 115 F energy surfaces for é®) + NO(X2I) and 9 for OfP) + CN
i 14 ((X2=1). Conversely, ouPA’ and?A" surfaces correspond to
four electronic states.
i 104 From adiabatic correlations between the potential energy
0 surfaces and specific fine structure states of the reactants, we
e . obtain what we refer to as electronic degeneracy factors. These
rA describe the fraction of the thermal population on the reactant
Figure 7. Contour plot of the potential energy as a function of the electronic states that may lead to reaction. This, of course,
Jacobi coordinates andR for the N+ CO channel. The anglé is requires some a priori knowledge of which potential energy
kept fixed at 90 (perpendicular approach of N toward the CO center surfaces have readily available pathways to the products.
of mass). The potential curves range frem.2 to+1.2 eV with a A general expression for an electronic degeneracy factor of

spacing of 0.15 eV. The energies are relative to the IO asymptotic

energy. (afA surface (bPA" surface. an A+ BC reaction is given by

_ Qa-sc(N

2.2. Quasiclassical TrajectoriesWe have run quasiclassical (M= W (5)
trajectories (QCT) on the two potential energy surfaces described ALT/<BC
above. The QCT are calculated by integrating Newton’s equation
of motion using the RADAU integratd€ This integrator has
been shown to be both efficient and accurate for molecular
dynamics application® We have performed calculations for
the C+ NO and O+ CN reactions for different temperatures.
For these calculations, thermal rate coefficients have been
calculated as (for a specific product chaniel

where Qa(T) and Qgc(T) are reactant electronic partition
functions, anda—gc(T) is the partition function of the reactant
fine structure states that adiabatically correlate with the surfaces
leading to reaction.

Assuming that théA’ and?A" surfaces are the only surfaces
available for reaction we have multiplied the “raw” rate
coefficients (eq 4) obtained from our trajectory calculations by

8k, T\ 12 N appropriate electronic degeneracy factors. To be able to compare
k(T) = (_) nbmaszi (4) the results from the separate surfaces to each other and to

U N experiment, we have as a first approach considered the case
when the dynamics takes place on one surface¢he other.

whereN is the total number of trajectoriebl; the number of 15 the electronic degeneracy factors presented below are
reactive trajectoriedimax; is the largest impact parameter, and  ~nstructed for this situation.

u is the reduced mass of the_reactants. The sampling procedures g the O+ CN reaction, it is assumed that two out of the
have been described prevu?usly, o€ ref 15. Kif€) are five J = 2 states of the oxygen atom correlate with the reactive
calculated separately for ttfd' and?A” surfaces. surfaces. CASPT2 calculations of the fine-structure states in

In our trajectory cglculations, a col'lision complex is consid-  ha long-range part of this system, performed as detailed in
ered to have formed if at least one minimum distance exchangeggction 2.3, strongly indicate that this is a proper description,

occurs, i.e., the shortest_distance t_)etweeq any two nuclei doesSee Figure 8. This gives the following expression for the
not involve the same pair of nuclei at all times. _ electronic degeneracy factor

2.3. Electronic Structure Calculations Including Spin—
Orbit Coupling. For the long-range part of the ®© CN channel O+CN 2
we have performed new state average CASSCF calculations for f (M= 5+ 3 exp(~228IT) + exp(—326/T) ©)
the lowest electronic states of each symmetry. An active space
with 13 electrons in 11 orbitals was used, where all 1s orbitals For the C+ NO reaction, the choice of electronic degeneracy
and the 2s orbital on oxygen were held inactive. For all factor seems to be more difficult. We were not able calculate
calculations, we used an atomic natural orbital (ANO) basis set the fine-structure states for the complex CNO as there were
with the 14s9p4d3f primitive set contracted to 4s3p2d1f. Further problems of converging to the correct states, mainly be-
the RASSHSO (restricted active space state interaction with cause the number of states is twice as large as fer ON.
spin—orbit coupling$® method was employed to calculate spin  Lacking this information, we shall here describe two approaches
orbit matrix elements between the electronic states. For thesefor choosing electronic degeneracy factors for thetQNO
calculations, the Douglas-Kroll Hamiltoni#?2was used. To reaction.
form the full spin-orbit potential matrix, these off-diagonal In the first approach, it is assumed that the reactive sur-
matrix elements have been supplemented with diagonal ele-faces tA’ and2A") correlate with C¥Py) + NO(X?I1y,) and




Kinetics of the C+ NO and O+ CN Reactions

0.3

0.2 r
01t
0 =

VieV

=01 r
-0.2
-0.3

-0.4
/

-0.5

35 4 45 5
R/A

VieV

35 4 4.5 5

R/A
Figure 8. Profiles of the nine lowest fine-structure potential surfaces
for the O+ CN channel calculated at the CASSCF/CASPT2 level of
accuracy. The profiles correspond to Jacobi angles’(&p6 CN) and
(b) 9C°. Energies are relative to the %) + CN(XZ") asymptotic
energy.

2 2.5 3

C(Py) + NO(XIzp). In this way, the following factor is
obtained

1
§ CHNO(T) = 7
oo (N 1+ 3 exp23.6MM) + 5 exp(62.4) 0
This is derived from the fact that ti&1 ground states of the
linear intermediates (CNO, NCO, and CON) are split into two

states withQ = 1/2 and 3/2, respectively, whei@ is the

guantum number of the total electronic angular momentum about

the internuclear axis. Combining tlle= 0 state of the carbon
atom and theQ = 1/2 (or 3/2) states of NO will give states

with Q = 1/2 (or 3/2) for the compound system. This approach
is the one taken in connection with the ACCSA calculations

presented in the paper by Geppert eféal.

We now argue against using the above electronic degenerac
factor. From the experiment, it is inferred that even though the

electronic ground state of NO #&1,,,?7, the ground states of
CNO?8 and NCG5, are both?Ilz,. Thus, surfaces of different
Q will have to cross somewhere as asymptotically théPQ(

+ NO(X21y,) and CEP,) + NO(X2I1,,) states are below the
C(®Po) + NO(X?I13y,) states. Furthermore, for nonlinear geom-
etries Cs symmetry) surfaces ofA’ and?A” symmetries will
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Figure 9. Total thermal rate coefficients for the € NO reaction.
Open symbols correspond to calculated rate coefficients forAhe
and?A" surfaces, and filled symbols correspond to experimental results
(refs 32-34).

at nonlinear geometries, since in this case there is only one
possible symmetry (half-integer spin states). If the above choice
of electronic degeneracy factor is to be valid, then nonadiabatic
transitions must be effective in taking the system fromiPg)(

-+ NO(X?I13p,) to the lowest PES during the course of approach
of the reactants.

The second approach for determining an electronic degen-
eracy factor is as follows. There is the possibility that apart
from CE@Pg) + NO(X2I1y)), which correspond to the states of
lowest energy at infinite separation of the reactants, al8B,C(

+ NO(X?I1y2) may correlate with the reactive surfaces, since
this can give states wit® = 3/2 for the compound system
and also because they are the states of second lowest energy at
infinite separation. This choice would be natural if one treats
the dynamics as strictly adiabatic, i.e., not allowing transitions
between surfaces. In the paper by Beghin etat.was argued

that for C+ NO the system would be well described within a
single surface approximation for temperatures below 500 K.
This analysis was based on the Massey criterion, as described
by Graff and Wagnét in their study of the O+ OH reaction.

An adiabatic picture, as described above, gives an electronic
degeneracy factor of the form

o om=
2+ 2 exp(23.6)
[1+ 3 exp23.6T) + 5 exp(=62.4M)][2 + 2 exp(172.4M)]
8

The temperature regime where the adiabatic approximation is
assumed to be valid is also where the electronic degeneracy

¥actors have the largest effect on the calculated rate coefficients.

The use of §;V(T) gives at most about 60% largk(T) than
fSNO(T) (at 50 K), whereas the difference at high tempera-
tures T = 1500 K) is less than 5%. We have chosen to use

£S5 NO(T) in the present work.

3. Results and Discussion

have avoided crossings among themselves, disregarding the We have performed quasiclassical trajectory calculations for

values ofQ (and A, the quantum number of orbital angular
momentum about the axis) for linear geometri€s, (sym-
metry). In the far long-range region where the interaction
potential is smaller in magnitude than the splitting of the spin

23 temperatures in the range-5000 K for the C+ NO and O

+ CN reactions on both théA' and 2A"" surfaces. For each
reaction, surface, and temperature, 16 000 trajectories have been
run. The total rate coefficients are presented in Figures 9 and

orbit states, the system is best described by Hund's coupling 10. The branching fractions for the € NO reaction, defined
case (¢)j{ coupling) as opposed to the strong interaction region ask,/(k; + k), are shown in Figure 11.

where Hund’s case (a).§coupling) is more appropriaf8 This
means that thé&' andA" symmetries lose their significance at

For the C+ NO reaction, it is seen that both surfaces give
good agreement with experiment at temperatures at and below

long range and thatll adiabatic surfaces have avoided crossings 300 K32 Comparing the branching fractions it is seen that it is
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Figure 10. Total thermal rate coefficients for the © CN reaction. 05
Open symbols correspond to calculated rate coefficients forahe ’ )

and?A" surfaces, and filled symbols correspond to experimental results
(refs 35-38).
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Figure 11. Branching fractions for the & NO reactionk; is the rate
coefficient for O+ CN formation andk; the rate coefficient for N+
CO formation. Open symbols correspond to calculated branching
fractions for theA’ and?A’" surfaces and filled symbols correspond to

experimental results (refs 33 and 34).

and (b) the!A” surfaces. Energies are relative to the-GIO asymptotic
energy.

and/or NCO or a linear approach toward the CON configuration.
For these latter cases, the potential is less attactive and there is
also a barrier for some angles of approach as was discussed in
section 2.1.1. Fol < 200 K, the total rate coefficients do not
only the?A" which is close to the measured value of Bergeat deviate much betweetA' and?A” due to the fact that for the

et al33 Also comparing to the high-temperature data of Dean et low collision energies involved it is the long-range potential
al.34the2A"” surface gives results in very good agreement with that is decisive for the reactivity. The long-range parts are in
these, both for rate coefficients and branching fractions. On the fact quite similar, which they should be as they converge
27 the production of N+ CO s quite low for almost the whole ~ asymptotically. In these cases, as was discussed above, most
temperature range. It is only at very high temperatures that this Of the trajectories go through CNO, but on ##¢ surface, the
product channel becomes significant. system can also proceed th-CNO without barriers. This
Whereas the calculated-€NO rate coefficients show a peak ~accounts for the significantly higher production oH#NCO on
at about 10 K, the G- CN rate of reaction peaks around room the ?A” surface compared to tHe\'.
temperature. This isotin agreement with experiment, however.  As can be seen from Figure 9, with increasing temperature,
The two most recent measured rate coeffici&ifsare consider- the reactivities on the two surfaces start to deviate considerably,
ably below our calculated values, and our values are about awith the 2A" surface being a factor of 2 or so more reactive
factor of 4 larger than the larger of these two. There are no than the?A’ surface at high temperatures. This is due to the
experimental data for temperatures below 300 K. Both our fact that A-CNO and thus also NCO become more readily
surfaces show also for this reaction quite similar behavior for available. This increases the number of possible reaction
low temperatures, but it is only ti&" surface that compares pathways available to the system, especially those leading to N
well to the high-temperature experiments of Davidson éf al. + CO. To conclude, one can say that at low temperatures the
The rate coefficient measured at 2000 K by Louge and Hatfson, C -+ NO reaction is dominated by the collinear reaction through
contrary to the results of Davidson et &lis much lower than ~ the CNO minimum, but at higher temperatures, nonlinear
our results. reaction pathways become more important, especially on the
The differences and similarities in reactivity of the two 2A" surface.
surfaces can be understood by considering the behavior of the 3.2. Reactivity of O+ CN. As discussed in section 2.1.2,
interaction potential. This will be discussed in the following for the nonlinear approach of O toward CN, there are potential
two sections. barriers on both surfaces. This makes the rate of reaction
3.1. Reactivity of C+ NO. For low temperatures, say < decrease with decreasing temperature below 200 K. As shown
25 K, the trajectories are guided according to the most attractive in Figure 13, the low-energy trajectories should be “drawn” into
pathway, i.e., towards a (near-)linear CNO configuration, see the NCO minimum as the potential is highly attractive for
Figure 12, which yields almost exclusively-©CN as products. approach toward this minimum. Just as for the-GlO reaction,
For N + CO to be formed, either a nonlinear approach of C the difference in reactivity of the two surfaces at higher
toward NO is needed to make it possible to rearrange-@NO temperatures is due to thieCNO minimum becoming more



Kinetics of the C+ NO and O+ CN Reactions J. Phys. Chem. A, Vol. 107, No. 28, 200445

(a)
0 E
00
3! 457 >
° 1 220 ............. 3
>
_2 1 800 ___________
-3 r
2.5 3 3.5 4

R/A

(b)

270
o
CASPT2 oo

0.1

V/eV
o

PRIl

25 3 35 4
R/A -0.2
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and (b) the?A" surfaces. Energies are relative to the-GN asymptotic 0 ,
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easily available on théA” surface. It must also be remembered
that it is almost exclusively N- CO that is formed due to the -0.05 -
C + NO channel being endothermic by about 1.2 eV. This
means that trajectories entering (near-)collinearly into the CNO
minimum emerge as nonreactive in most cases.

Regarding the deviation from experimental rate coefficients
for this reaction, the quality of our surfaces in this channel could
play a role. At long-range, the surfaces seem to be slightly too
attractive; that is, the gradient of the interaction potential is too -0.15 3 e . a5
large with respect t&. In Figure 14, we compare new CASPT2 ‘ ’

. ' : R/A

calculations of the two lowest fine-structure states, as described
in detail in section 2.3, alongside tR&' and?A” surfaces for Figure 14. Profiles of the potential energy in the © CN channel at

N _’ . H O, — _ 2N
medium long-range distances at three angles of approach. It |s‘]a§2bf,ang|fes (@°’qO—-CN), (b()j 90, a”? © r1f80 (Od NC). Our AI |
hat our surfaces seem to be somewhat too attractive. Wé surfaces are compared to newly performed CASPT2 calcula-
seent . . . - WE&ons on the two lowest fine-structure states.
note that the surfaces were fitted with an emphasis on the long-
range part of the G- NO channel. There was also a lack of vibrational modes of the linear molecules (NCO, CNO, and
some ab initio points in the @ CN channel due to numerical CON) transitions between these states will occur.
problems (see ref 15). It can thus be expected that the quality During the course of the reaction, it is not unlikely that the

Viev

of our surfaces in this latter channel is lower than fot-QO. system will find itself in a bending motion of a linear
We expect that the rate cqefficients for thetOCN presgnted intermediate. Should it initially be on tR&' surface, a transition
in this paper are too high in the low-temperature regime. could take place that would take the system into lMENO

3.3. Rate CoefficientsLooking at experimental data itis of ~ minimum on the?A” surface. From this minimum, there is a
course impossible to discuss reactivity depending on one surfacedirect pathway to the N- CO products, as we discussed in ref
or the other. We can from experiment only extract information 17. The opposite situation, a transition fréa’ to 2A’, would
about what reactant states enter the reaction and what produchot open up any alternative pathways to the product channels.
states emerge at the other end. To compare our results to Thus, we consider it quite possible that there is an additional
experiment, we must combine our calculasathle-surfacelata “escape route” out of the interaction region on #¢ surface
into unique rate coefficients for the reactions. A simple way to through theA-CNO minimum on théA'" surface; that is, there
do this is to just add the separate rate coefficients together,would be a net flux of population frordA’ to 2A"". We thus
weighted with appropriate thermal factors. This however relies suspect that the reactivity for trajectories initially on e
on the two surfaces being uncoupled whereby the dynamicssurface would be increased should a proper treatment of the
occur oneither2A’ or 2A". Because the CNO system exhibits Renner-Teller effect be included. A rigorous treatment of this
the RennerTeller effect!® a more complicated situation arises. effect is not trivial. Trajectory surface hopping calculations could
Working with Born—Oppenheimer basis states, #A¢and2A” be a way to get more insight into this interesting aspect of the
surfaces in our case would mean that for excited bending dynamics.
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Figure 15. Recommended rate coefficients for thetCNO reaction Figure 16. Recommended rate coefficients for the#OCN reaction

from our calculations using eq 9 together with plotted Arrhenius type from our calculations using eq 9 together with plotted Arrhenius type
fits for two temperature regimes: 300 K and 206-5000 K. The fits for two temperature regimes: 300 K and 206-5000 K. The
rate coefficients correspond to-©OCN (k;) and N+ CO (kz) formation. rate coefficients correspond to M CO (ks) and C+ NO (k-1)
formation.
Here we have chosen a simplistic approach to deal with these
matters. We make the assumption tladlit complex-forming
trajectories on théA' surface make the transition to tRa"

TABLE 6: Parameters for Arrhenius Type Expressions
Based on egs 9 and 10

surface and proceed to the product channels on that surface, A10MemPs B /K
The resulting rate coefficients from this approach can be T=5-400K
described as ki, C+ NO— O+ CN 6.055 —0.59 4.51
k2, C+ NO— N+ CO 3.907 —-0.21 7.68
' P ,O+CN—N+ CO 14.164 0.13 5.30
k1(T) :Mk‘”(n (9) TK_B= 200-5000 K
2k’c'('|') ki, C+ NO— O+ CN 5.572 —0.315 0
k, C+NO— N+ CO 3.488 —0.0153 O
. - . ,O+CN—N+ CO 14.512 —0.178 0
where ki(T) is the rate coefficient for product channelat E:, O+ CN—C + NO 5.369 0 13750

temperatureT, k(T) and k(T) are the rate coefficients for

complex formationi.e., involving both reactive and nonreactive experimental data. As was discussed in the text, we believe that
collisions, on the?A’ and ?A" surfaces, respectively, arld e overestimate these rate coefficients for low temperatures,
(T) is the rate coefficient for product channebn the ?A" but we cannot predict by how much. Because the detailed
surface alone. o ) knowledge of the rate coefficients for this reaction in the low-
For near-collinear processes, it is not likely that these (omperature regime is of utmost importance for astrochemical

trans@tiong WiII.occur due to the fact .that it i§ onlly for expited applications, it is our hope that low-temperature experiments
bending vibrations the RenneTeller interaction is effective. . pe performed for this important reaction.

The dynamics should in these cases be dependent on the two The QCT calculations presented in this paper are mostly in

surfacesseparately As discussed above, it is only at low d t with : t Th | f
temperatures that the reactions are collinearly dominated. A 900d agreement with experiment. -1here are several ways o
nvestigating the accuracy of our calculations, all of them,

these temperatures, the total rate coefficients on the two surface it tati v d dina:
are however quite similar, meaning that there would be no great ovyever, quite computationally emgn mg.. )
effect on the “composite” rate coefficients. It could however (i) For the lower temperatures considered in this work, there

be significant for the branching fraction of the#€NO reaction, ~ could be pronounced quantum effects on the nuclear dynamics.
because N CO production is so much lower on tA& surface ~ Quantum dynamics calculations for & NO have been
than on2A" at low temperatures. performed by Monnerville et & and Abrol et af®in 2D and

Using eq 9, we have calculated rate coefficients which are by Monnerville et aft* in 3D on a simpler PES with only the
the recommended results to compare to experiment, accordingCNO minimum included. Collinear (2D) calculations are quite
to our discussion above. These rate coefficients differ from the feasible, but full 3D calculations on the present surfaces would
ones calculated using tR&"" surface, by factors lying between be quite heavy and time-consuming due to the presence of
0.8 and 1.1. The results are presented in Figures 15 and 16several deep potential wells.
together with fits to an Arrhenius type expression of the form (i) At the higher temperatures considered in this work, more

than just the two lowest potential energy surfaces may become

K(T) = A(T/298fe " (20) accessible as alternative reaction pathways. Preliminary CASPT2
calculations suggest that for instanc#\ state which correlates
The fits have been performed for a low-temperature460 with all electronic ground states of the arrangement channels
K) and a high-temperature (263000 K) regime separately, could become important. This is the ordyliabatic pathway
and the parameters are given in Table 6. from C + NO and O+ CN to N(*S) + CO(X'=").

(iii) It is highly probable that non-BorrOppenheimer effects
play a role in the dynamics of this system. This does not only

Our results support the experimental rate coefficients of involve the RennerTeller effect as discussed in this paper but
Chastaing et &2 and Dean et & for the C+ NO reaction also spir-orbit and derivative couplings between the adiabatic
and Davidson et &’ for the O + CN reaction at high potential energy surfaces. There are crossings ofAhsurface
temperatures. However, for the @ CN reaction at room discussed in the previous paragraph and#end?A" surfaces
temperature, our results disagree quite strongly with the availableused in our calculations (see ref 42). Because there are nonzero

4. Conclusions
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spin—orbit matrix elements between these states this could be

an importantnonadiabaticpathway to N{S) + CO(X'=H).
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