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The CEP) + OH(X 2I1) — CO(X 'Z4™) + H(?S) reaction has been investigated by ab initio electronic structure
calculations of the %A’ state based on the multireference (MR) internally contracted single and double
configuration interaction (SDCI) method plus Davidson correctio®) using Dunning aug-cc-pVQZ basis

sets. In particular, the multireference space is taken to be a complete active space (CAS). Improvement over
previously proposed potential energy surfaces for HCO/COH is obtained in the sense that present surface
describes also the potential part where the CO interatomic distance is large. A large nhumber of geometries
(around 2000) have been calculated and analytically fitted using the reproducing kernel Hilbert space (RKHS)
method of Ho and Rabitz both for the two-body and three-body terms following the many-body decomposition
of the total electronic energies. Results show that the global reaction is highly exotheréuit €V) and
barrierless (relative to the reactant channel), while five potential barriers are located on this surface. The
three minima and five saddle points observed are characterized and found to be in good agreement with
previous work. The three minima correspond to the formation of HCO and COH complexes and to the CO
+ H products, with the COH complex being a metastable minimum relative to the product channel. The five
saddle points correspond to potential barriers for both the dissociation/formation of HCO and COH into/from
CO + H, to barriers for the isomerization of HCO into COH and to barriers for the inversion of HCO and
COH through their respective linear configuration.

I. Introduction only a small barrier (0.07 eV relative to H CO) toward

The HCO system has been the object of several eXperimentsdissociation or formation into/from H- QO. On the other hand,
spanning a wide energy range, from subthermal of interest in COH has never been observed experimentally, but accurate ab
astrophysiCS, to thermal of interest in combustion Studies’ to initio calculations indicate that a metastable minimum corre-
suprathermal of interest in vibrational energy transfer. Further- sponding to COH exists at 1.04 eV abovetHZO with a barrier
more, the OH hydroxyl radical plays a crucial role in the of 0.68 eV to dissociation leading to a barrier of formation of
atmospheric chemistry of the troposphere. Indeed, it reacts with1.72 eV from H+ CO. The sensitivity of the COH formation
a lot of compounds and acts as a cleaner of the atmospherewith the potential barrier was analyzed by quasi-classical
despite its very short lifetime. It can transform active species trajectory calculations of collisional excitation of CO withfH.
into inactive ones or, inversely, transform inactive species into Quantum coupled channel calculations of resonances # H
active ones. In addition, because ab initio calculations provide cO have been conducted by Romanowsky et dhese

accurate energies for a system of such light atoms, HCO hasyesonances are observed due to temporary formation of the HCO
become a prototype for the theoretical studies of radical complex.

spectroscopy or unimolecular reactions. So, there have been

previous theoretical studies of the HCO radical in which portions ~ Following the methodology previously used for the treatment
of the potential energy surface have been evaluated by semiemof reactive collisions betweenztand open-shell atonfs!2 we
pirical or ab initio methods. For instance, the HCO complex start to explore here a new class of collisional systems: the
has been the object of previous studies concerning its photo-studies of reactive collisions between open-shell atoms and the
dissociation process through théAX—A?A" Renner-Teller hydroxyl radical, OH. As it involves the presence of two open-
coupling*~2 The ab initio characteristics of the extrema (3 shell systems, the experimental studies are particularly scarce,
minima and 5 saddle points) have been improved over the 5o that present theoretical study is pioneered in the field and
previous values published more than 20 years‘&gdCO is will furnish essential information. First of all, we will study
known to be stable by 0.8 V relative to # CO(X'Z") with the reaction of the hydroxyl radical with a carbon atom in its

* Author for correspondence. E-mail: beatrice.honvault-bussery@ ground®P state leading to the reaction: 3?1"‘ OH(?(ZH) -
univ—fcomte.fr. CO(X2=™) + H(%S). To our knowledge, it is the first global
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>y the dissociation pathway of HCO into COH by the group of
Werner et al}213 they have informed us that, for collinear
2r . H(S)+COCA) geometry, the symmetry of the HCO ground-state wave function

is 2IT and that it correlates asymptotically with the first excited
state of CO, i.e., COg&l) + H(2S), while the lowest ground-
state products dissociation CO{X™) + H(2S) correlates with

a repulsive (relative to itJ=" state. This leads to a crossing of
the 2IT and2=* states at a CH distance around 2.6 bohr (see

OC'P)+CH(X’IT)
HCS)+CO@'E)

H(S)+CO@’M)

S, Figure 1 of ref 13), while it will lead to an avoided crossing
B (saddle point) between the tWA’ states irCs. All other excited
5 5L states of CO T, 132, 18A, and 1) lead to repulsive
S interaction states with hydrogen (relative to the respective
4 dissociation channel) at linear geometry, except tHé State,
r which shows a pronounced potential well. We note from the
S study of Werner and colleagues that the order of the CO excited
_6'_ i . states changes as a function of the interatomicOdistance.

L HCSHCOX'E) B. Computational Details. We have done ab initio calcula-
1= tions of the ground %A’ state of HCO/COH using the internally
Figure 1. Correlation diagram irC.., symmetry. contracted MR-SDCI (multireference single and double con-

] ) - ) figuration interaction) method as previously applied for the
X@%&E_%ﬁfﬁt{f r\)\;icthSEitleé)Agsegg,] g;)rgrt(hgl Igt)(,ergggog(zosf) description of potential energy surfaces (PESs_) of the three-
+ CO(XZ*) Together with Their Correlation Between C., atoms compleX:14-16 The multireference space is taken as a
and C; Point Groups complete active space (CAS), to correctly describe, i.e., at a

complex Con C. size-consistent level, the electronic rearrangements that follows
AGP)+ BHOKA) 2411 Zan’ 2aA" the breaking and forming of chemical bonds occurring during
240 24p" 240 the reaction. The configurations included in the reference wave

245+ 2471 function are obtained by distributing the valence electrons (2

245 240" electrons for carbon, 4 electrons for oxygen, and 1 electron for

H(®S) + CO(X'Z") zZr A H) in all possible ways among the valence orbitals, 2p for C

_ _ ) _ and O and 1s for H, resulting in a CAS of 7 electrons distributed
study of this system, as it has never been studied previouslyin 7 orbitals (5-94 and 1-2d'). The 1s and 2s orbitals of C

either theoretically or experimentally. and O (1-4d) have been treated as inactive at the CAS level
N . ) and kept doubly occupied. They are not supposed to participate
Il. Ab Initio Electronic Calculations in the bond breaking and forming which occur along the

A. Correlation Diagram. The correlation diagram presented €action. While the 2s electrons of C and G-(&) have been
in Figure 1 collects the lowest energetic data available for the correlated at the configuration interaction (ClI) level, the 1s core
entrance and output channels of the title reaction, i.e., for the (1~2&) orbitals have been frozen even at the Cl level to keep
C, H, and O atoms and the diatoms OH, CO, and CH. The the computer time reasonable. We note that tHeh@a been
energy differences correspond to values without the zero-pointincluded in the present active space, which is different from
energies. The interaction of &) + OH(X?II) leads to six Werner calculation$® The paired and unpaired electrons

doublet states and six quartet states which are correlatgg,in ~ arrangements of HCO are shown in Figure 2 for the reactants
to 245+, 245~ 241 and24A states as described in Table 1. Each and products and indicate the necessity to include therbéal

IT and A state will split into one Aand one A state in theCs in the active space to have smooth behavior of the potential as
symmetry group, i.e., when the complex is bent, while 3e the orbital correlates with a CO valence one. The electrons and
state leads to one’/A&nd the=~ state to one A state. So, irCs, orbitals of the CAS are entraped in a box in Figure 2, and the
the C+ OH interaction will lead to threA’ and three?A"” triatomic orbitals are numbered and labeleddnsymmetry.

states. However, not shown on the correlation diagram of Figure The complete active space self-consistent field (CASSCF)
1, most of these states present a repulsive behavior or a verymolecular orbitals have been built up by averaging the calcula-
shallow attractive well at large distance between ground-statetions over the first three states ((1,2)and 1A’) in order to

C and OH, except for th&T state, which shows an attractive improve the description of the ground state near the dissociation
binding between the reactants. The title reaction will be strongly Where degeneracy between states occurs. The dynamic correla-
exothermic, as the energetic difference between the reactantdion has been handled by a calculation at the internally
and the products, both in their ground states, is 6.49 eV. The contracted single and double configuration interaction (SDCI)
excited &1 state of CO is energetically below the ground-state level based on the natural orbitals of the previous CASSCEF step.
reactants and is correlated to it via doublet and quartet statesFinally, total energies have been corrected for the non-size
Nevertheless, this state is more than 6 eV above the ground-consistency by addition of the Davidson correction (nct&).

state products. From Figure 1, we note that only one doublet All the ab initio calculations presented here have been performed
state correlates to the ground-state products, #€.)XCrossings with the MOLPROpackagé.’ Following previous quality tests

of different symmetry states i€, will result in avoided  with several basis sets made by the group of Wethere have
crossing or conical intersection @ if the states belong to the  chosen the polarized correlation consistent basis set of quadru-
same class of symmetry in this group. This will be the case ple< quality of Dunning!® i.e., contracted basis sets of
between thé=" and?I1 states, as th& state is more bound  [5s4p3d2f] for C and O and [4s3p2d] for H. With such basis
than the’=" in the entrance channel, while only tRE" state sets, we have obtained ab initio characteristRs De, we) Of
correlates to the ground-state products. Indeed, in the study ofthe diatomics (OH, CH, and CO) at the MR-SDIE) level in
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e 'H' TToe— s g Figure 3. Jacobi coordinates relative to£0OH. TheG point is fixed
at the center of mass of OH.
T 'H‘4a'- T t:,-H- 2s .
2w = R T [ll. RKHS Fitting Procedure
T e Following Murrell and Carte?? the single-valued potential
T T s energy surface for the title reaction can be decomposed in terms
lo 'H'_“'-- DI .
- e of many-body expansion
_ 1 2 2 2
Vico =V + VEL(Row) + VE(Reo) + VE(Re) +
3
HCS) HCOC AY) o' Vi o(Rom Reor Rer) (1)
E,
—a . . . .
o e T e 6o whereRag is the bond distance of the diatom AB, i.e.;-@,
P N TR C—0, or C-H andVv®, V@, andV® are, respectively, the one-,
15 + e two-, and three-body terms. The one- and two-body terms are
T P determined separately. The one-body term is assigned the value
5 of the total dissociation energy in the three-atom limit, i.e.,
Heg————- H 4w E(C(GP)) + E(O(P)) + E(H(%S)). The two-body terms are
obtained by interpolating a discrete set of ab initio points.
) Ha - - - + Finally, the three-body term is obtained by interpolating the
T Hg—————H 2 difference between the total electronic energy and the corre-
sponding one- and two-body terms on an optimized 3D regular
HFm———H grid (Ngr, Nr, Ny) of ab initio points in Jacobi coordinateR, (r,

Figure 2. Qualitative energetic diagrams of the HCO molecular orbitals and6) relative to C+ OH (see Figure 3).
relative to those of the reactants (upper panel) and products (lower A, Two-Body Potentials. For simplicity, we will drop the

panel). subscripts OH, CO, and CH in the two-body terms for the
TABLE 2: Ab Initio (MR-SDCI +Q) and Experimental moment..lt has been' shown that within the framework of the
Spectroscopic Constants of CO(X=+), CH(X2II) and reproducing kernel Hilbert space (RKHS) a two-body potential
OH(X ) V@AX(r) can be represented!4s
diatom Re(bohr) D¢ (eV) we(cm™)
N
CcCo(Xzh) MRCI+Q 2.14 11.03 2162 >
fit V() = Z o0y "(r;, 1) 7))
exptac 2.132 11.08 2169.8 1=
CH(XII)  MRCI+Q 2.12 3.58 2860
fit . - - -
expth 2116 3.65 2858.5 in terms of a distancelikenth-order, 1D reproducing kernel
OH(XA) MRCI+Q 1.83 4.53 3748
fit n, 1 —
exptd 1.834 458 3737.8 a"r,n) =
re
*Ref 19.° Ref 20.¢ Ref 21. n’B(m+ 1, n)r;m_lel(—n +im+Lntm+1—] (3)

TABLE 3: Absolute and Relative to CGP) + OH(X2I) ab
initio energies for the Reactant and Product Dissociatior’s

with integersn = 1 andm > 0.r- andr < are, respectively, the

i b
absolute energy relative energy  expt. larger and smaller of andr’, B(a, b) is the g function and

dissociation Chanznel (au) (eV) (eV) oFi(a, b; c; 2) is the Gauss hypergeometric function. The index
g(g';gi 8(;'(?(;{_[')"( S) :ﬁg'%gg‘l‘ggg g'gi g'gg i of eq 2 runs over thé&l two-body data points, adopted for the
C(P)+ OH(X2IT) —113.44070079 0.0 0.0 |nterpolat|o'n. It is prudent to keepandm as low as possible,
H(®S)+ CO(&I1) —113.45597973 —0.42 —0.46 so that the interpolant of eq 2 can be globally smooth regardless
H(%S) + CO(X=H) —113.67936223 —6.49 —6.50 of the numberN of data points. Moreover, the interpolation
2The ab initio energies are given at the MR-SBQ level.  Ref based oneq 2 will be insensitive t_o the ChOiCE,m?as long as
20. the spacings between the data points are sufficiently small and

the number of points is sufficiently largé As suggested in ref

) ) _ ) ) 14, we tookn = 2 andm = 0, so that the interpolation based
good agreement with previous works and in particular with the g, eq 2 will be unique. Thusﬁ'o is

experimental values presented in Table 2. Similarly, relative
electronic energies of the dissociation channels presented in r
Table 3 are in good agreement with the literature values. The a>%r, ) =£2F1(_1, 1: 3;_<) 4)
quality of the basis sets is so confirmed by present results. r- r

>
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and

N
VA =S ag?%r,r) i=1,..N (5)
JZ et J

The o; coefficients for the OH, CO, and CH potentials are
available, on request, from the authors.

B. Three-Body Potential. Now, we consider the three-body
interaction potentiaWyco®(R, r, 0) obtained on a 3D regular
grid in Jacobi coordinateR( r, 6). Again, for simplicity, we

will drop the subscript HCO. We have taken the general case 4

where all three numbensg, N;, andNy of the optimized 3D
regular grid are large, i.e> 10. Here, we introduce three new
anglelike variablesx y, z) with 0 < x =exp(-aR) < 1,0 =<
y=exp(br) < 1,and 0< z= (1 + cos#)/2 < 1, withaand

b being two positive real numbers, to account for the fact that
the three-body term falls off quickly to zero at larBendr. In

the present case, the optimized choicedaandb is 0.4. By
invoking the RKHS methodé?24 the three-body term can be

Zanchet et al.
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Figure 4. MR-SDCH-Q diatomic potential energy curves (symbols)
for OH (triangle up), CO (circle), and CH (square) as a function of the
respective internuclear distance together with the related triatomic global
fit (solid line) obtained withR = 50 bohr for the OH curveRco = 50

represented as a direct product of three 1D reproducing kernelsbohr for the CH curve an& = 50 bohr for the CO one.

in X, y, and z These anglelike reproducing kernels in the
intervals [0, 1] can be written in a closed form as
0y"(% X) = 7,_4(% X) + 8,"(x, X) (6)

wherem,—1(x, X') is the fi — 1)-order polynomial kernel of the
form

n—1

(% X) = an‘x" )

andg."(x, X) is an anglelike reproducing kernel of the form

X<
qzn(xl X) = n)QXZ_lel(l’ -n+1;n+1; X_) (8)
wherex- andx< are, respectively, the larger and smallerxof
andx'. In terms of the reproducing kernels defined in eqs 6 and
8, the 3D three-body term can be represented as

N, Ny N,

VOx,y, 2) = ZZZai,-kaz”*(x, NG Y, VB 2.2 (9)
I=1j=1k=

whereN,(=Ng), Ny(=N;), andN,(=Ng) denote, respectively, the
number of data points iR, r, and@; andn,, ny, andn, are the
orders of the anglelike reproducing kernels. The coefficients
ik are determined by solving eq 9 on the optimi2édx Ny
x N regular grid. Here again, thg, ny, andn, are assumed to
be low, i.e.,n, = ny=n, = 2. In this particular case, thp"(x,
X') kernel reduces to

X<

3x.

8,°(%, X) = 2Ex. (1 - (10)

It is readily seen that the relative error is zero at each ab
initio point, as the RKHS interpolated surface is found to exactly
reproduce the points on which it is based. Indeed, we have a
root-mean-square error 01012 eV between the RKHS fit
and the ab initio points, which results from the numerical
evaluation of the fit. Nevertheless, the constructed PES contains
two sources of error due to (i) the finite number of the ab initio
data and (ii) the regularization. Ho and Rabitz proposed a way
to estimate an a posteriori error boutidyut this estimation
has not been done in the present work, so that we have no idea
of the quality of the present fit outside the ab initio points.
Anyway, we can say that the quality of the present PES is
limited by the accuracy of the ab initio method (a few kcal/
mol) rather than by the fitting procedure which can be as precise
as we need.

IV. Results and Discussion

A. Diatomic Potentials. We report in Figure 4 the ab initio
MR-SDCH-Q energies of the diatomic potentials associated with
the OH, CO, and CH molecules, together with the triatomic
global fit when the third atom is far away from the diatom, i.e.,
R = 50 bohr for OH,Rco = 50 bohr for CH andRcy = 50
bohr for CO. The triple bond in CO leads to a very strong
binding of more than twice that in CH or OH. In all three cases,
the diatom+ atom correlates asymptotically with the atoms in
their ground states, i.e., &) + O(CP) + H(2S), so the full
PES matches perfectly the diatomic potentials.

The good description of each diatomic potential is further
confirmed by the values of Table 2. Indeed, the dissociation
energies De) of OH and CO yield a calculated exoergiciyE
and AHS for the title reaction of 6.5 and 6.4 eV, respectively,
in perfect agreement with the respective experimental values
derived from Table 2.

B. Global Potential Energy Surface.Figure 5a shows the
analytical ground XA' PES for a fixed OH distance as a

The potential energy of HCO/COH has been calculated on afunction of the position of the carbon atom around OH

three-dimensional grid\g = 16) x (N, = 13) x (Ny = 10) of
ab initio geometries witlR = {1.0, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4,
2.6,3.0,3.5,4.0,4.5,5.0,5.625, 6.25,}7.6={1.0, 1.4, 1.6,
1.8, 2.0, 2.2, 2.4, 2.6, 3.0, 3.5, 4.0, 4.5,}5.and6 = {0, 30,
50, 60, 90, 120, 135, 150, 155, 189ielding a total of 2080
nuclear geometries. Thgy coefficients determined by solving
eq 9 are available, on request, from the authors.

describing the potential energy for the reactants. The hydroxyl
radical lies on thec-axis with its geometric center fixed at the
origin and its interatomic distance fixed at 1.83 bohr. The carbon
atom is given by thex y) coordinates. The zero of energy is
taken to be the entrance channeRBR)H OH(X2IT) (re = 1.83
bohr). There is no barrier for reaction regardless of the approach
angle of the carbon atom to OH, except near °188 the
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6 T T T T ] TABLE 4: Calculated Structures, Normal-Mode
r ] Frequencies (in cnt?), and Relative Energies (in eV) for the
L h Two Minima
L : parameter present surface others
. B HCO Minimum
r 1 E (eV) relative toH+ CO  —0.78 —0.842 —0.81b9
T ] —0.834(-0.784%
£ oL b E (eV) relativeto C+ OH  —7.26
< . Rch (bohr) 2.10 2.12pg2.11¢2.10
C i Rco (bohr) 2.24 2.26,2.24292 23¢
L b 2.2
- : (OHCO (deg) 126 12412609 124.5¢
C ] 127.43
_JL b w1 (cm™1) (CH stretch) 2767 27482920P (2456)°
L j 2434.5¢ 2435
C ] 2 (cm™1) (CO stretch) 1885 19052147b (1843.2)¢
-6L I I 1 L | i 1868°¢ 18758
6 -4 -2 0 2 4 6 w3 (cm™1) (HCO bend) 1142 11451148 (1079.2)¢
x(bohr) 1080.8¢ 1107
(R (bohr),r (bohr),6(deg)) (2.03, 3.87, 151)
] e B B B COH Minimum
B (b) 1 E (eV) relative to H+ CO  0.99 0.84,1.049
L i E (eV) relative to C+ OH  —5.50
4 7 Row (bohr) 1.85 1.88b9
r ] Rco (bohr) 2.44 2.43,2.4349
a . 0OCOH (deg) 111 1121149
2r B w1 (cm™1) (OH stretch) 3495 362836209
r ] w2 (cm™1) (CO stretch) 1387 138713059
N 4 w3 (cm™%) (COH bend) 1157 118510439
e Tt ] (R (bohr),r (bohr),6 (deg)) (2.48, 1.85, 67)
C ] aRef 4.°Refs 6, 7.°Ref 1.9Ref 25.¢ Ref 26.f Ref 27.9 Ref 18.
,2 — —
L ] and the other two saddle points (one barrier for the dissociation
—4r —_ of HCO into H+ CO and one barrier for the dissociation of
C ] COH into CO+ H) are more clearly seen in Figure 6a and b
N R R T N S for 6 = 65° andd = 150, respectively, corresponding to the
-6 -4 -2 0 2 4 6

Jacobi angle of the respective minima (see Table 4). Similar

Figure 5. Polar contours of the 32’ state of COH (a) at a fixed ©H figures ford = 0° (Figure 6¢) and) = 18C" (Figure 6d) show
distance ron = 1.83 bohr, (b) at a fixed €O distancesco = 2.14 that the title reaction will be energetically possible through an

bohr. The zero energy is taken (a) at the entrance channel, i#) c( abstraction mechanism when carbon approaches the hydroxyl
+ OH(X) (re), (b) at the exit channel Bg) + CO(X!=*) (ro). The radical on the oxygen side, while the dissociation channel CH
diatom lies on thex-axis with its geometric center at the origin and the + O will not be possible at low energy due to a huge potential
oxygen atom on the left side in the upper panel and on the right in the barrier when the carbon approaches OH on the hydrogen side
lower one. The position of the third atom corresponds with the cartesian (6 = 180°). To conclude with this triatomic system, the ground
(x y) coordinates. X2A' PES presents three minima and five saddle points
reaction leading to CH- O is endothermic. This figure clearly ~ described well by the present RKHS globall fit. Their numerical
shows the presence of a deep well of more than 5.4 eV whencharacteristics have been tabulated in Table 4 for the first two
the carbon atom approaches OH on the oxygen side. It leads toninima and in Table 5 for the five saddle points. Energetics of
the formation of COH fordJCOH ~ 11C°. The symmetric these extrema relative to the entrance and output channels of
conterpart is observed on the opposite side of the OH-axis with the title reaction are presented in the lower panel of Figure 7,
a saddle point or inversion barrier BICOH = 180° around while their electronic structure is visualized in the upper panel.
—4.2 eV. A similar figure for the potential energy of the To demonstrate how well our fit behaves, expecially near
products is presented in Figure 5b as a function of the position the conical intersection, we present in Figure 8 one-dimensional
of H around CO, which lies on theaxis. The CO geometric  cuts through the PES alongHCO (Figure 8a) an&c (Figure
center is fixed at the origin, and the-@© distance is fixed at ~ 8b) for fixed CO distance of 2.05 bohr. For this valueRab,

its equilibrium distance of 2.14 bohr. Here, the zero of energy the conical intersection occurs negy ~ 2.5 bohr as clearly

is taken to be the output channel, i.e.?8)+ COXZ") (re shown by the upper curve obtained for this CH distance in
= 2.14 bohr). This figure presents several important features Figure 8a. With increasing distance from the conical intersection,
of the potential of the ground 24’ state. First, there is an  in both directions, the potential cuts become gradually smoother.
attractive well (dotted contours) that corresponds to the most The same general behavior is also seen in Figure 8b. With
stable minimum of HCO. Second, there is a metastable (relative increasing distance away from the linear geometry, the potential
to the output channel) well that corresponds to the COH cuts become more and more smooth. Figure 8b nicely illustrates
minimum. Third, we can see three saddle points, one barrier that the potential barrier to dissociation of HCO (the-GO

for the inversion of HCO, one barrier for the inversion of COH, saddle point) allHCO ~ 12’ is essentially a remnant of the
and one barrier for the isomerization of HCO into COH. As conical intersection at 180

will be discussed later, at the top of the HCO inversion barrier, C. Comparison with Previous Potential Energy Surfaces.

the ground electronic state becomes degenerate with an excited~our previous semiempirical and ab initio calculations of the
electronic state, the?A"" state, and these two states form the ground HCO/COH potential energy surface exist but are limited
two components of a Rennefeller pair. The third minimum to short distances in CO, as they were built up for the description

x(bohr)
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Figure 6. Contour plots of the XA’ state of HCO/COH as a function of the Jacbandroy coordinates with (ap = 65°, (b) 6 = 150, (c) 6

=0°, and (d)6 = 180

of the H+ CO system or photodissociation of HCO intoH

values of Austin et &® The first excitation energies of the two

CO. Indeed, the first PES was semiempirical and published by stretching CH and CO and bending modes are all overestimated

Carter et aP. more than 25 years ago. Another one was fitted
by Geiger and SchéiZ with the Sorbie-Murrell (SM) method
on configuration interaction calculations of Dunniffpr limited
portions of the PES. The first (semi)global ab initio PES (with

a small semiempirical adjustment) was proposed by Bowman,

Bittman, and Harding (BBH)20 years ago but limited tBco

< 3.4 bohr. More recently, new ab initio (semi)global PESs
for the first three states, (128’ and A" of HCO/COH, were
built up by Werner and colleague's at a high computational
level (MR-SDCI) followed by a high-precision fitting procedure
in order to study the photodissociation of HCO intotHCO.
Again, the range of €0 distances is limited to values lower
than 3.0 bohr. Despite the high level of calculations used by
these authors, deviations observed with the experimental value
for the two stretching modes (CH and CO), the dissociation
barrier of HCO to Ht+ CO, and the dissociation energy of HCO
force the authors to slightly adjust the PES to better fit the
experimental characteristics, following the high sensitivity of

the width and positions of their resonances to these features.
Despite all these refinements, their PES remains inadequate fo
the present purpose which requires a fully global surface in order
to correctly describe the entrance channel of the title reaction
and so requires the characterization of the region with large

S

relative to the experimental valiié$+14%, less than 1% and
6%, respectively), while they are in good agreement with the
adjusted PES of Bowman et &80, the present PES will lead
to a zero-point dissociation energl;b,g (measured from the
zero-point level of HCO to the zero-point level of H CO),
that is too small, due to the cumulative contributions of the
potential well that is too shallow with vibrational frequencies
that are too high. The most recent experimental value of the
zero-point dissociation energy is 0.603 eV, derived in ref 13
from the room-temperature bond enthalpy for HECH + CO
measured by Chuang et3IThus, our calculated dissociation
energy is too small by about 0.06 eV. Another crucial
characteristic for the photodissociation or collision excitation
of H with CO is the barrier to dissociation/formation of HCO
to/from H+ CO. The experimental value of this HCO H +

CO barrier is very small relative to H CO (0.087 eV according

to Wang et af9 and is, in all cases, widely overestimated (by
+0.06 eV in present work) unless improved by empirical

ladjustements, while the position of this barrier is in good

agreement with the recent determination of Werner and col-
leagues. The barrier of HCO at linearity (at 18Phas an energy
of +0.31 eV relative to H+ CO, i.e., the barrier height is 1.09

C—O distances. We compare in Tables 4 and 5 present resultseV With respect to the depth of the well. This linear saddle point

with those of previous works in order to check the quality of
our calculations.

In good agreement with the unmodified PES of Werner and
colleague® and similar to them, we get a dissociation energy
for HCO that is too small, while its equilibrium structurRcp,
Rcy, OHCO) is in good agreement with the experimental

corresponds to the minimum of the?A" (equivalent at 180
to theIT state), and its geometry is known from the spectro-
scopic work of Johns et &% Rcy = 2.012 bohr, andRco =
2.258 bohr.

The COH part of the PES is less known, as this complex has
never been observed experimentally. Only theoretical investiga-
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TABLE 5: Calculated Structures, Normal-Mode R Min-1 Inv-1
Frequencies (in cnm?), and Relative Energies (in eV) for the ©® = LI B
Five Saddle Points J ‘Uw
parameter present surface others P1
H—CO Saddle Point o
E (eV) relative to H+ CO  0.15 0.069,0.110 Min-2 Inv-2
0.125(0.169%,0.087 244 246~ 195
E (eV) relative to C+ OH  -6.34 P2 5
Ret (bohr) 3.46 3.43,3.3503.53¢ 3.26 ©= (@© ©
Rco (bohr) 2.15 2.19,2.1822.15¢2.17
OHCO (deg) 115 117,139P 117.0¢ 118
(R (bohr),r (bohr),6 (deg)) (1.95, 4.79, 134) Sp-1 Sp-2 P-
215 226
HCO Inversion Saddle Point - m Q
E (eV) relative to H+- CO  0.31 0.39.0.27(0.319 O 120° s N
E (eV) relativeto C+ OH  -6.18
Ren (bohr) 2.01 2.03,2.01¢2.012 g
Rco (bohr) 2.30 2.28.2.25¢2.258 4 AE+6.5eV
OHCO (deg) 180 180°d 1 10
(R (bohr),r (bohr),6 (deg)) (2.04, 4.31, 180)
24 -
CO—H Saddle Point 1 % 8
E (eV) relative to H+- CO  1.46 1.46,1.72f I e C
E (eV) relative to C+ OH  -5.03 0 Toowest P
Rown (bohr) 2.32 2.3R2.5322.33 _ [ osmeol
Reco (bohr) 2.26 2.26,2.3302.26 2, r
OCOH (deg) 120 119,125P 120 ! F 4
(R (bohr),r (bohr),0 (deg)) (2.33,2.32, 57) \ L
COH Inversion Saddle Point *] AR 2
E (eV) relative to H+ CO  2.26 2.36 ] | S L
E (eV) relative to C+ OH  -4.23 6] | el o T
Rown (bohr) 1.95 ] \Min-1 /2
Rco (bohr) 2.46 s g 7308
OCOH (de 180 . L . .
(R(bohg),rg(lz)ohr),e (deg)) (2.58,1.95,0) Figure 7. Lower panel: Energetic diagram of the stationary points

located on the analytical PES of the HCO/CORAX state. Energies

Isomerization Saddle Point (in eV) are given relative to the reactants (left) or to the products (right).

E (eV) relative to H+ CO  2.04 2.1%,2.6472.30 Upper panel: Optimized geometries (in bohr, deg) of the corresponding
E (eV) relative to C+ OH  -4.44 b e stationary points of the complex. The smallest circle represents the H
ECCH (Eoﬂf) g-ig g'ig’g'ggg 32% atom. The P3 structure, which is an excited state of P1, is not described
DI—?éOo(cgzag) o8 s here as it is not related to this PES.

(R (bohn).r (bohr),6 (deg)) (.35, 2.17, 112) are not equivalent to MEPs, since they are not the steepest

aRef 4. Ref 6, 7.¢Ref 1.9 Ref 28.° Ref 29."Ref 18.9 Ref 5. descent from a saddle point. However, an appropriate RP is
not necessarily equivalent to the ME®and the trajectories

tions have been performed on*ft.” In particular, COH is  followed by the GS method connect two minima by passing
predicted to be metastable with a minimum at 1.00 eV above through one saddle poidtThus, these two RP are good
the CO+ H asymptote with a barrier to dissociation of 0.46 approximations of the local MEPs in the corresponding region
eV (or a barrier of formation of 1.46 eV relative to-H CO). of the PES.
The structural characteristics of all these extrema are seen to These three MEPs are plotted in Figure 9a. The barriers to
be in good agreement with previous findings, though the COH dissociation of HCO and COH into H CO are clearly seen
inversion saddle point was not characterized before except byas well as a metastable minimum for the linear abstraction
a semiempirical study of Carter et%ainore than 25 years ago.  corresponding to the inversion saddle point of COH (see also
Indeed, Bowman et dlfound that it was too high in energy  Figure 9b). For these three cases, the reaction will be possible

above the CO+ H asymptote to be considered, while it will  with no potential barrier energetically higher than the entrance
contribute to the title reaction, as it appears lower than the channel.

entrance channel, i.e54.23 eV relative to C+ OH.

VI. Conclusion

V- Reaction Path The entrance channel of the3@j+ OH(X2IT) reaction gives

While it is not possible to plot the PES in three dimensions rise to six doublet statesB)?A’, (1—3)2A") and six quartet
and as partial 2D cuts of the PES with a fixed third coordinate states ((£3)*A’, (1—3)*A"). Due to the nondegenerate case of
usually give an energetically nonoptimized view of the PES, the output CO(XZ4") + H(?S) channel, only one among those
we have plotted minimum-energy reaction paths of the title twelve states correlates with the product channel, i.e., ##¢.X
reaction in three cases: first, when the path goes through theFurthermore, most of them have a repulsive behavior in the
absolute HCO minimum of the PES; second, when the path entrance channel. Nevertheless, a crossing betWkamd =
goes through the metastable COH minimum; third, in the case states inC., gives rise to avoided crossing for nonlinear
of an abstraction linear reaction again via COH. The reaction geometries and extrema on the surfaces. For obvious reasons,
path (RP) going through the global minimum has been obtained we have considered in a first step only the state that correlates
by following the steepest descent from both entrance and exitto both the reactant and product channels.
channels to the global minimum. It is thus equivalent to the  We have built up a new fully global potential energy surface
minimum energy path (MEP). The other two have been for this X?A’ state allowing the treatment of the reactiveéR)(
evaluated using Quapp’s growing string (GS) metfodhey + OH(X?IT) — CO(X=4") + H(?S) collision based on the ab
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