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The Reaction of CH, (X3B1) with O, (X3%;): A Theoretical CASSCF/CASPT2 Investigation
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The reaction between GHX®B;) + O, in the gas phase was investigated by carrying out CASSCF and
CASPT?2 calculations with the 6-31G(d,p) and 6-313(3df,2p) basis sets. The reaction proceeds by the
addition of Q to methylene and may follow a singlet and a triplet potential energy surface. In both cases, its
fate is the carbonyl oxide (€OQ). The reaction in its singlet multiplicity is computed to be exothermic by
50.9 kcal/mol with an activation enthalpy of 1.9 kcal/mol at 298 K. The reaction in its triplet multiplicity is
computed to be exothermic by 26.9 kcal/mol with an activation enthalpy of 5.4 kcal/mol at 298 K. According
to classical transition state theory, the branching ratio for the reaction in its triplet state multiplicity changes
from negligible at 298 K to about 26% at 1800 K, and this ratio equals the formation of atomic oxygen (O,
3P). The following unimolecular decomposition of carbonyl oxides in its singlet and triplet multiplicity was
also considered.

Introduction The aim of the present study is to perform a theoretical
investigation on the reaction between £X®B;) and Q
(X32;). This reaction can proceed via singlet, triplet, and
quintet potential energy surfaces (PESs). The quintet state
requires a parallel alignment of the four electrons of both triplet
reactants, and therefore, the corresponding PES is expected to
have repulsive character and was not considered. However, the
triplet and singlet PESs are expected to have bonding character
and have been investigated in the present work. Both reaction
channels proceed via the carbonyl oxide@@0) intermediates

in these singlet and triplet electronic states, and therefore, we
have also considered the processes that lead to their unimolecular
decomposition.

The reaction of methylene (GHwith O; is one of the most
important reactions in the combustion of unsaturated hydrocar-
bond—2 and has been investigated by several experimental
techniques® Bley et al. and Dombrowsky et 4t8 observed
OH radical and H and O atoms by atomic resonance absortion
spectroscopy and ESR, while as stable products, CG,;, CO
H,CO, HCOOH, and KD were reported®-12 Estimates of the
rate constant measured in the 29800 K range have been
also reported in the literatuf&;1417 and the recommended
values atT = 298 K are in the (1.21.7) x 10712 cm?
molecule! st range. In addition, photolysis of GBO in the
presence of @ produces HCO + Os;. Here, the ketene
photolysis produces Ciiand the formation of HCO + O (°P)

was suggested as a first-step reaction between(&FB;) and Computational Methods

0., preceding the formation of {by reaction between £and The geometries of all stationary points were located by the
O (pP)1s use of CASSCF wave functioffswith analytical gradient
Regarding the reaction mechanism, Dombrowsky étaald procedure§’—3° The character of each stationary point (minima
Su et aP suggested that the first step of the £H O, reaction or saddle point) was checked by performing frequency analysis
could be the formation of the carbonyl oxide »EDO) calculations, which are also used to derive the corresponding

intermediate, which can rearrange to dioxirane and methyl- zero-point energies (ZPE) and the corresponding enthalpy and
enebis(oxy) isomers before dissociation. However, as far as weentropy corrections. The ZPEs were scaled by 0.8929 to take
know, there is not a theoretical study concerning the detailed into account the anharmonic effeéfskFurthermore, to ensure
mechanism of the reaction between £&hd Q. On the other that each transition structure connects a reactant with a product
side, the intermediate carbonyl oxide and its isomerization and in every elementary reaction, we have carried out intrinsic
dissociation processes have received a great amount of interesteaction coordinate (IRC) calculation starting at the correspond-
in the past few years, both experiment#iiy* and theoreti- ing transition state. The active spaces of the CASSCF wave
cally,25-35 because of its importance in atmospheric chemistry functions were selected according to the fractional occupa-
as a result of the alkene ozonolysis. In fact, the stable compoundstion of a set of natural orbitals (NO%9)generated from a
CO, CQ, H,CO, HCOOH, and KO are observed as a fate of multireference single and double configuration interaction
the unimolecular decomposition of carbony! oxide?° (MRD-CI) wave functioi2-#4 correlating all valence electrons.
The active space composition of all stationary points considered
* To whom correspondence should be addressed. E-mail for J.M.A.: is schematized in Table 1 of the Supporting Information.
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structures, in both the singlet and triplet states, CASSCF
geometry reoptimizations were also carried out by using the
larger 6-313-G(3df,2p) basis sef In these cases, the frequency
analysis was also done employing the larger basis set. In some
other selected cases also, geometry optimizations were carried
out employing this larger 6-3#G(3df,2p) basis set.

The effect of the dynamic valence electron correlation on
the relative energy of the CASSCF stationary points was
incorporated by carrying out single-point CASPT2 calcula-
tions'”*8and using the larger 6-3¥15(3df,2p) basis set. In this 1282
case, the CASPT2 calculations were based on a common [128.4]
CASSCF(18,14) wave function, which leads to more than 4
10° determinants irfC; symmetry. In this active space, only the
1s electrons of the carbon and the two oxygen atoms are
considered as a core while the virtual orbitals were also selected [};‘;Z;
according to the occupation of the NOs derived from a single-
point MRD-CI calculation. The results presented in this work
were obtained employing the Gaussian “98GAMESSS0
Molcas 4.15' and MRD-CI program packages.

For the CH + O, elementary reactions, we have also a
computed the rate constants using classical transition-state

. 1271
theory. These rate constants were calculated employing the [i27.5

CASPT2/6-31%#G(3df,2p) energies and the partition functions

and zero-point corrections energies obtained at the CASSCF/
6-311+G(3df,2p) level. The tunneling corrections to the rate

constant were also considered and computed by the zero-order
approximation to the vibrationally adiabatic PES with zero g co0-.17.51200)
curvature’?2 where an unsymmetrical Eckart potential energy
barrier approximates the potential energy curve. The Rate
program by Truong et &8 was used for this purpose. imts1T (Cy, 34) im1T (C,, 3A")

(112.4]

H,CO0 = -164.3 [-169.1] HCOO = +/-75.8 [+~ 75.9)

Figure 1. Selected geometrical parameters of the CASSCF/6-31G-

(d,p_) and C_ASS_CF/6-31{1_G(3df,2p), _in square brackets, for the
We have designated the structures of the stationary pointsStationary points involved in the reaction between,Gid Q.

by im for the minima andmts for the transition states, followed  oxygen to CH is of the end-on type, and all five atoms lie in

by a number 1, 2, and so on). To distinguish the structures of the same plane as in the reaction produrt. Thus, the reaction
the singlet and triplet PESs, we have appended the [Etter  takes place entirely in th&€s plane. The analysis of the
indicate that the Corresponding structure has triplet mUltIpllCIty geometrica| parameters d|sp|ayed in Figure 1 shows a |arge cO
Otherwise, it is assumed that the corresponding structure hond distance (2.205 A) and a small OO bond length (1.219
possesses singlet multiplicity. In Table 1, we have collected A) which suggest an early transition state. Moreover, comparing
for each structure the zero-point energy (ZPE), entr&yand the results obtained using both basis sets, we observe quite
the relative energies and the ZPE-corrected relative energies ofsimilar geometrical parameters, the larger difference being the
all elementary reactions considered, which were obtained with co pond length iim1, which is 0.02 A smaller in the best
the best theoretical treatment in each case. The enthalpies angreatment. Foim1, the geometrical parameters compare also
free energies computed at 298 K are also included to allow with previous results from the literatuf@31-3235although the
comparison of the data with other results from the literature. 0O bond distance is 0.024 A larger than the most accurate
Figures 1 and 3 collect the most relevant geometrical parametersresults reported at the CCSD(T) level with a large basig5set.
of each optimized stationary structure, while Figure 2 displays  |n the triplet PES, the oxygen attack to €i$ also of an
a schematic potential enthalpy profile of the whole process end-on fashion. Figure 1 shows that the corresponding transition
consideredTable 3 displays the calculated rate constants for structure imts1T) is not symmetric anymore but deviates
the ChH + O reaction as well as the computed branching ratio sjightly, about 20, from the plane. The CO bond length is
for the triplet PES, while Table 4 contains the harmonic computed to be 2.096 A, which is about 0.1 A shorter than the
vibrational frequencies and IR intensities fonl, im2, and corresponding one in the singlet PES. The C atom is slightly
im1T. The Cartesian coordinates and absolute energies of allpyramidalized as one of the unpaired electrons is going to be
structures reported in this paper are available as a Supportingmainly located on it in the final product (tripletBOO,im1T),
Information or from the authors upon request. Please note tham1T hasCs symmetry $A") and that the OOC
The Reaction between CH (X3B;) and O, (X32;). The and HCH planes are perpendicular to each other as discussed
first stage of the reaction corresponds to the addition of previously in the literature32 The geometrical parameters
molecular oxygen to CH which can proceed via singlet and obtained in both basis sets are also quite similar andhiaiT
triplet electronic states. In each case, the fate of the reaction iscompare very well with previously reported valiés.
the intermediate carbonyl oxide §800) in its singlet and In addition, we have also looked for other possible reaction
triplet multiplicities, respectively. modes in both the triplet and singlet PESs. In particular, we
Regarding the singlet PES, Figure 1 shows that the formation have found saddle-point structures (for the singlet and triplet
of carbonyl oxidém1 (Cs, X*A") occurs through the symmetric  PESs), which correspond to a side-on attack gft® CH.
transition statémtsl (Cs, 'A'). The attack of the molecular  However, these saddle points possess two imaginary frequencies.

Results and Discussion
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TABLE 1: Zero-Point Energy Corrections (ZPE in kcal/ TABLE 2: Character of the CASSCF Wave Function
mol), Entropy (S in eu) and the Best Values Corresponding Corresponding to imts1 and imts1T Transition States
to the Relative Energies, Energies Including the ZPE imtsL (C. A"
Corrections, Enthalpies, and Free Energies (in kcal/mol) for imts1 (Cs, 'A)
the Singlet and Triple PES coeff  8a' 9a' 10a'" 1la" 23" 1lla' 12a' 3a"

compound ZPE S relativeto AE A(E+ZPE AH AG 0.63 2 2 2 2 2 0 0 0

Singlet PES -047 2 2 2 2 0 0 0 2
imts1 134 67.6 CH+ O, 05 2.4 1.9 103 033 2 2 1 2 1 1 0 1
im1 17.7 59.7imtsl -56.7 —52.3 —52.8-50.5 —-030 2 2 0 2 2 2 0 0
imts2 16.7 59.6im1 20.1 19.0 189 18.9 0.27 2 2 0 2 0 2 0 2
im2 19.1 57.5imts2 —-48.7 —46.3 —46.1 —48.7 oc 196 196 152 196 1.23 052 0.04 0.81
imts3 15.4 59.4iml 35.2 32.9 325 326 ]
im3 17.4 60.5imts3 —267 —247 —24.2 246 imts1T (Cy, *A)
imts4 17.3  59.3im2 20.6 18.8 18.5 18.0
ima 173 58.6imtsd 152 —1514 —140 —14.7 coefft 8a 9a 10a 11a 12a 13a 1l4a 15a
imts5 15.7 59.5im4 3.8 2.2 19 16 0.84 2 2 2 2 1 1 0 0
im5b 19.9 59.2imts5 -980 —939 —93.4-93.3 -035 2 2 2 0 1 1 2 0
imts6 15.0 58.2im4 06 -17 -19 -18 ocd 1.96 196 196 162 1.05 0.99 041 0.05
imts7 15.6 62.1im5b 69.8 65.5 65.4 64.6
im5a 19.6 59.5im5b 4.7 4.4 45 44 2The abbreviations coeff and occ stand for the coefficient of the
imts8 14.1 59.2imb5a 68.3 62.8 621 622 leading configuration and the natural orbital occupation of the CASSCF
imts10 18.7 58.9im5b 11.1 9.9 9.7 9.8 wave function, respective|y_
CO, + Ha 11.0 83.6imts8 —-82.7 —857 —84.4-917
CO+ H,0 14.8  92.4imts7 -61.7 —62.4 —61.0-70.1 . . .
Imts9 : 135 59.9im4 24.9 21.1 206 202 for the 14a orbital §*(CO) character), points out the formation
HCOO+ H 11.8 87.5imts9 -5.0 —6.7 —5.5 —13.7 of the CO bond, while the unpaired electrons are already located
€O, +2H 54 107.2 HCOOrH —164  —228 -22.3 ~28.2 on the C and the terminal O, respectively, as in the product
. 56 690 CTriploet PES o . 5 im1T (Cs, SA") (see Figure 1 and ref 32). On the other side,
imts1T 13. .0 CH+ 0, 4. 1 54 13.1 P~ ;
im1T 163 66.2imalT _349 —322 —323 314 'I_'able 2 shows that the transition structure _for the ;lnglet PI_ES
imts2T 154 64.9imiT a1 32 29 34 (imts1) possesses a very complex electronic description, with
H,CO+ O @P) 15.7 53.6imts2T -31.8 -315 —32.0-288 five electronic configurations having a very important weight.
This fact makes clear the need to use theoretical approaches

aThe ZPE values are scaled by 0.8929 to consider the anharmonic ) o : h
effects. that can take into account the multiconfigurational character of

the wave function to obtain a correct description of this process.

The analysis of the vector corresponding to the second imaginary!t i interesting to note the natural occupation of the 10a’ and
frequency indicated a movement toward the end-on-type attack11a' orbitals (1.52 and 0.52), which posseg£O) and
as described above, and therefore, we concludedrttist and 0*(CO) character, respectively, and that of the 2a" and 3a"
imts1T are the unique reaction modes for this reaction. Orbitals (1.23 and 0.81), corresponding to th¢CO) and
Furthermore, we have also looked for the possible existence of*(CO), respectively. This fact reflects clearly the simultaneous
van der Waals complexes between Cihd G, but no such formation of theo and & bonds in the singlet PES, which
like complexes were found in the present investigation. BecauseProduces an extra stabilization of this transition structure with
we have used a CASSCF approach, which does not includerespect to the triplet transition state.
dynamical correlation energy, we cannot definitely exclude the  Finally, to determine the competition between the singlet and
possible existence of such van der Waals complexes. Becausdhe triplet PESs, we have computed rate constants in the 250
of the multiconfigurational character of the wave function (see 1800 K range, utilizing classical transition-state theory. The
below), a proper treatment of these structures would require acorresponding valuess for the singlet and; for the triplet,
multireference method as CASPT2. However, the Molcas 4.1 are displayed in Table 3, which also contains the computed
has not gradients available at CASPT2 level, and a point-wise branching ratioI", corresponding to the triplet PES. Hefeis
search using a CASSCF(18,14) reference function is beyondsimply calculated ak/K whereK is the sum of rate constants
our computer facilities. Ks + Ki Table 3 shows important discrepancies for the
From an energetic point of view, our best calculations from computed rate constant at = 298 K. Our calculated rate
Table 1 show that reactions are computed to be exothermic byconstant is about 300 times smaller than the estimated experi-
56.2 kcal/mol AH = —50.9 kcal/mol) and 30.9 kcal/mohH mental values (in the (1:21.7) x 10-!2 cm® molecule! st
= —26.9 kcal/mol) for the singletifil) and the tripletim1T) range aflT = 298 K)14-16 Despite this difference, this should
PES, respectively, the singlehl being 25.3 kcal/mol more ~ not have a strong effect in the calculation of the branching ratio
stable than the tripleim1T (24 kcal/mol considering the  of the triplet PES because both the single and the triplet paths
enthalpy corrections), which compares with the 24.1 kcal/mol are computed at the same level of theory and the corresponding
value reported in the literatuf. The corresponding energy  activation energies are expected to suffer the same error.
barriers are computed to be 0.5 kcal/maH = 1.9 kcal/mol) ~ BecausémlT dissociates into bCO + O (3P),3? the branching
for imts1 and 4.0 kcal/mol 4H = 5.4 kcal/mol) forimtsiT, ration of the triplet PES is equivalent to the O atom production
respectively. It is here remarkable that the energy barrier for in its ground state®P). The computed values displayed in Table
the singlet PES is considerably lower than that of the triplet 3 indicate thaf’(O) is very low or negligible at lowl but rises
PES. This fact can be rationalized by looking at the electronic Up to about 26% at 1800 K. These values may be compared
structure of the corresponding CASSCF wave functions, which With an estimated mean channel distribution of*8)(of about
are displayed in Table 2. The triplet transition sta¢s1T is 10% reported in the 10061800 K range.®
mainly characterized by two electronic configurations, which ~ Unimolecular Decomposition of the Singlet Carbonyl
differentiate from each other by the double excitation?a Oxide (H,COO, X!A"). The unimolecular decomposition of
142. The natural orbital occupation of the CASSCF wave carbonyl oxide has received much interest in the past few years
function, 1.62 for the 11a orbitab(CO) character) and 0.41  because of its importance in tropospheric chemistry because it
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TABLE 3: Calculated Rate Constants (in cn®? molecule™®
s1) at Different Temperatures (T in K) for the CH , (X3B;)
+ 0, (X3X") Reactior?

Chen et al.

ously?234 and compare quite well with other results from the
literature31:35> Moreover, in some cases, additional CASSCF

geometry optimizations were carried out using either the larger

T Ks Kt Ks + K r basis set or a larger active space. Further single-point CASPT2
250 3.317x 10735  1.422x 1078 3.318x 107  0.04 energy calculations were done on the optimized geometries.
298 6453 107° L130x 1077 6.464x107° 017 Carbonyl oxide in1) can decompose according to two
850 1.15L<107%  5.901x 107+ 1.157x 107 051 different paths, the fates of which are dioxiranenZ) or

400 1.982x 10 2.003x 10 2.002x 104 1.00 - -

450 3.172¢ 104 5341x 106 3225x 104  1.66 HCOOI-_I (m3). The d_ecomposmon path leadingitn3 occurs

500 4.735x 107 1.199x 1015 4.854x 10°%4  2.47 throughimts3 (see Figures 2 and 3) in a process that involves
600 9.119x 10 4.263x 1075 9.545x 107  4.47 a H migration from the carbon atom to the terminal oxygen.
700 1.538x 10° i 1.114x 10° ij 1.650x l(Ti 6.75 This process has been already reported by Gutbrod®éndio

888 gi;gx iglf* i'igsx igl“ g-gééx igm 1?[%4 indicate thaim3 decomposes into HC@ OH with nearly a
1000 4..738§ 10-13 7:542§ 10-14 5:492§ 10-13 13:7 nonexistent barrier.. This is one of the mgchanisms that may
1100 6.298< 102 1.185x 1033 7.483x 102 158 pr_od_uce atmo_sphenc forma_mon of _OH radicals, and therefore,
1200 8.128x 10°'® 1.757x 10'® 9.885x 101® 17.8 it is important in tropospheric chemistry. Our computed energy
1300  1.024x 1@12 2.491x 102 1.273x 1012 19.6 barrier is 35.2 kcal/molAH = 32.5 kcal/mol), which agrees
1400 1.264< 10  3.402x 10~*  1.605x 10~*  21.2 very well with the best-reported values buy Gutbrod etal.
1500 1.535x 107** 4.509x 1071® 1.986x 10712 22.7 . . L L. .
1600 1.837x 1022 5.826x 10-13 2.420x 10-22 24.1 _The |ml_|sor_ner|zat_|on to dioxiraneir(2) has been exten-
1700 2.172< 1012  7.369x 10°1® 2.909x 1012 253 sively studied in the literature;28:32.35and the corresponding
1800 2.540x 102 9.152x 10 3.456x 10 26.5 transition structure is labeled asts2 (see Figure 2). It is

aK, refers to the singlet PEX; refers to the triplet PEK + K;
stand for the total, single plus triplet, PES5js the branching ratio
(in %) of the triplet PES. The computed tunneling parametesse
1.497, 1.198, and 1.023 f&; at T = 250, 298, and 350 K, respectively.
For the remaining temperatures andKgat all temepratures considered,
K is <1, and therefore, tunneling was not taken into account.

gratifying to observe that our best computed energy bamNer (

= 20.1 kcal/mol and\H = 18.9 kcal/mol) and reaction energy
(AE = —28.6 kcal/mol andAH = —27.2 kcal/mol, see also
Table 1) are in very good agreement with the high-level CCSD-
(T)/(4s3p2d1f/3s2pld) calculations by Cremer eah Table

4, we have also displayed the computed harmonic vibrational

is involved in the alkene ozonolysis processes. The different frequencies and IR intensities fan1 andim2. Our CASSCF
elementary reaction mechanisms are displayed in Figure 2.values compare with previous CASSCF reported frequeticies
Several theoretical studies exist in the literature that covers theand differ from previous CCSD(T) reported values by an average

unimolecular decomposition of J80025-3> However, the

of 110 cn1 for im12° and 70 cm? for im2°4. The most intense

different electronic structure of the distinct intermediates along Pands correspond to OO and CO stretching for both structures
the decomposition path has made the theoretical study of these(See Table 4) in agreement with previous calculated vaff&s;
species difficult. Therefore, we have considered it to be worth calculated values of the relative intensities have proved to be
extending our investigation to include high-level CASPT2 strongly dependent on the theoretical method #8&4.
calculations on these systems.
The geometrical parameters of the corresponding stationarygoes on through isomerization to methylenebis(oxy)4j,
points displayed in Figure 3 were basically reported previ- which may produce formic acidng5), CO, + H; or CO, +

Figure 2.

imts1T, 5.4

The following unimolecular decomposition of dioxirare®)

triplet PES

CH, CBy)
+0,0%) 220
imts2T
32.1
-42.7
singlet PES
im3
-59.7
- H+HCOO (o)
imts4 3
H imtss, -727 95 H,CO+0CP)
\c—o 746
At -78.2 -
H im4 o imts6, (??) .
im2 W -81.8
(A) o) Hi, o *
M, H=O (A
e o CO, +2H
0 995
Ay -100.7
,-—;‘\ ' imts§  \
YW imts An
VAA oA
-161.7 -166.1
H (kcal/mol) 1839
CO+H,0 HCOOH (im5b)
CO, +H,

Schematic potential enthalpy diagram showing the relative enthalpies of the whole process considered.
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1.536
[1.526]

.....................

H,COO0 =-48.3
H,COO0 =133.1

H,C00 =120.3
H,CO0=-115.2

imis4

135.2
(133.7)
T 33T
{132.3}

H,CO0 =-97.1
H,COO =155.5
imts5

H,C0,0, =-108.9
H,C0,0, = 156.9

HCOO

imts9
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HOCO =-93.95

imts10

L138 1.140
0,

50'1!)%)) 1243
1440

{1876

N 1Lt
N2

0.950
H,0,C0, =169.8

imts7

Figure 3. Selected geometrical parameters of the CASSCF stationary points involved in the unimolecular decomposi®@@f KA’ and

ASA" electronic states. Values optimized at different levels are designated as follows: single values correspond to CASSCF(8,8)/6-31&{d,p), value
in parentheses correspond to CASSCF(12,11)/6-31G(d,p), values in square brackets correspond to CASSCF(18,14)/6-31G(d,p), and values in braces

correspond to CASSCF(18,14)/6-31G(3df,2p).

2H. These reaction modes have been also considered in theandimts6 by [0.89...6a230,22b,%4b,2—0.34...6@¢3021a,%4b,?]

literature?”-30.33.35However, the carbonyl oxidéni1), dioxirane
(im2), methylenebis(oxy)ifm4), and the transition structure
(imts6) of the corresponding symmetric unimolecular dissocia-
tion into H, + CO, deserve special interest.

Dioxirane {m2) is characterized by the electronic configu-
ration [...6a23,%2b21&7; im1 is mainly described by the
electronic configurations [0.94.1634'%2a'2—0.20.10&1a'%-
3a'7], while im4 and imts6 possess a very strong biradical
character. Produdim4 is described mainly by the electronic
configurations [0.83...6&800,22b;%4,°—0.50...6@3b°1 8?4 0,?]

(see also ref 33). Please note that &, and a" orbitals are
m-type orbitals and the projection of thin4d and imts6
configurations intdCs symmetry leads to comparable electronic
descriptions for these species to that iofl. The distinct
electronic description of these species makes it difficult to obtain
a balanced description of these electronic structures, and this
fact is clearly shown by looking at previous theoretical results
from the literature. Thus, for instance, computed relative energy,
AE(im4—im2), values of 12.4 kcal/mol (QCISD(%¥,11.1 or

8.1 kcal/mol (CASPT2(6,4) or CASPT2(14,129)7.1 kcal/mol
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TABLE 4: Calculated CASSCF Harmonic Vibrational Frequencies (cnT1)2 and IR Intensities (km mol~1) for im1, im2, and
imlT

iml im2 imlT
sym assignment frequencies IRint sym assignment frequencies IR int sym assignment frequencies IR int
a' OOC deform 540 0.7 i1a OOC deformH OO deform 746 1.3 a" CH2twist 75 2.4
(482) (666) (67)
a" CH twist 647 59 b COstrasym 931 215 a OO0C deform 453 9.8
(578) (831) (404)
a' OOstr 867 301.4 ,a CH2 twist 1096 0.0 a CH2wag 799 14.7
(774) (979) (713)
a" CHwag 903 349 b CH2rock 1249 35 a O0Ostr 928 22.9
(806) (1115) (829)
a' CO str+ CH;rock 1271 1757 a COstrsym 1279 453 a COstr 1077 39.0
(1135) (1142) (962)
a' CHrock+ 1306 62.25 b CH2wag 1367 41 a" CHock 1192 6.5
CO str
(1166) (1221) (1064)
a' CH scissor 1590 31.6 i1a CH;scissor 1671 5.3 a  Giscissor 1563 10.6
(1420) (1492) (1396)
a' CHstrsym 3297 20.9 ia CHstrsym 3250 36 a CHstrsym 3268 155
(2944) (2902) (2918)
a' CH strasym 3456 0.2 1b CHstrasym 3350 59 a" CHstrasym 3414 7.0
(3086) (2991) (3048)

aValues in parentheses are scaled by 0.8929 to account for the anharmonic“effects.

TABLE 5: Single-Point CASPT2(18,14)/6-31%G(3df,2p) Absolute Energy (in hartree) and Relative Stabilization Energies
(values in parentheses, in kcal/mol) for im1, im2, im4, and imts6 Obtained at Different Geometries and Relative EnergieAE
in kcal/mol) between im1 and im2, im2 and im4, and im4 and imts6

AE AE AE
geometry iml im2 im4 imts6 (im1—im2) (im2—im4) (im4—imts6)
8,8 —189.286 48 (0.00)—189.33198 (0.00)—189.31795 (0.00)—189.32552 (0.00) —28.55 8.80 —4.80
8,8-c —189.286 40 (0.05)
12,11 —189.319 30 {0.85) —189.32362 (1.19) —-2.71
18,14 —189.332 03 {0.03) —189.322 11 {2.61) —189.322 97 (1.60) 6.22 —0.54
18,14-c —189.32256 (1.86) 0.63
R —189.286 67 {0.12) —189.33225 {0.17) —189.323 57 {3.53) —28.60 5.45

aThe designations 8,8; 12,11; and 18,14 stand for the geometry optimized at CASSCF(8,8), CASSCF(12,11), and CASSCF(18,14) with the
6-31G(d,2p) basis set. The designations 8,8-c and 18,14-c stand for the geometry optimized at CASSCF(8,8) and CASSCF(18,14) with the
6-3114-G(3df,2p) basis set. R stands for the geometry taken from ref 35, optimized at the MR-AQCG/&@UE,3pd) level of theory? Relative
to the best value ofm4 (—189.323 57 hartree).

(MRD-CI),®3 5.1 kcal/mol (B3LYP)Y®> or 4.6 kcal/mol small stabilization (0.12 and 0.17 kcal/mol, respectively) is
(MR-AQCC) have been reportéd. These results indicate  obtained on going from the geometry optimized at CASSCF-
differences in the predicted relative energy of these species of(8,8)/6-31G(d,p) to the geometry reported by Cremer &b al.
up to 7.8 kcal/mol, a value which is about 4 kcal/mol larger However, forim4, an important stabilization of 2.61 kcal/mol
than the lowest relative energy predicted. Consequently, we is obtained on going from the geometry optimized at CASSCF-
believe that this point merits a more detailed investigation. (8,8)/6-31G(d,p) to the geometry optimized at CASSCF-
Because of the impossibility of performing a CASPT2 geometry (18,14)/6-31G(d,p), and this stabilization is enlarged to 3.53
optimization, we opted, in a first step, to go on combining kcal/mol if we consider the best geometry reported by Cremer
CASSCF geometry optimizations with single-point CASPT2- et al3 In a similar way,imts6 is destabilized up to 1.6 kcal/
(18,14)/6-311G(3df,2p) energy calculations at the optimized mol on going from the geometry optimized at CASSCF(8,8)/
geometries. In a first step, we have limited ourselves by using 6-31G(d,p) to the geometry optimized at CASSCF(18,14)/
the 6-31G(d,p) basis set in the CASSCF geometry optimization, 6-31G(d,p) or up to 1.86 kcal/mol when the optimized geometry
but we have enlarged systematically the active space consideringvas obtained at the CASSCF(18,14)/6-313(3df,2p) level.

up to 18 electrons in 14 orbitals. In a second step and for The interest of these results is clearly reflected byABeelative
carbonyl oxide im1), dioxirane (m2), and methylenbis(oxy)  energies displayed also in Table 5. Thus, taking the geometries
(im4), we have also performed single-point CASPT2(18,14)/ optimized at CASSCF(8,8)/6-31G(d,p), we obtainB(im2—
6-311+G(3df,2p) calculations on the most reliable geometries im4) of 8.8 kcal/mol and the transition stdtats6 is computed
from the literature obtained by Cremer et®aby using the to be lower in energy than the corresponding miniimet
MR-AQCC/6-311G(3df,3pd) theoretical approach. In a third (AE(im4—imts6) = —4.8 kcal/mol). However, considering the
step and forimts6, we have also performed a CASSCF- best geometry that we have available to perform the CASPT2
(18,14)/6-311G(3df,2p) geometry optimization followed by  single-point calculations (see Table 5), we calculatedEGm2—

a single-point CASPT2(18,14)/6-3t5(3df,2p) energy calcula-  im4) of 5.45 kcal/mol in very good agreement with the result
tion. With this series of calculations, we gain dynamical reported by Cremer et &.and AE(im4—imts6) = 0.63 kcal/
correlation energy in the geometry optimization, which allows mol. On the other side, no appreciable changes are observed
us to check its importance in the geometrical parameters andfor AE(im1—im2) obtained with the CASSCF or the best MR-
in the relative energies as well. The corresponding results areAQCC geometries. These results point out the importance of
displayed in Table 5. It shows that fam1 andim2 a very the dynamical correlation energy for tie4 andimts6 species,
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which possess a very strong biradical character, not only for also carbonyl oxide in its triplet excited state{ T, A3A", Cy).
obtaining good estimates of the relative energies but also for This process is computed to be exothermic by about 32 kcal/
obtaining a good prediction of the optimized geometries. Pleasemol.

also note from Tables 4 and 1 that even considering the best (2) We have computed the rate constants for both the singlet
treatments at the MR-AQCC geometry reported by Cremer et and triplet PES, in the 2501800 K range, applying the classical

al 35 for im2 and CASSCF(18,14)/6-33#1G(3df,2p) forimtss, transition-state theory, which allow us to estimate the corre-
the corresponding energy barrier is still negative when consider- sponding branching ratidj. The computed rate constants are
ing the ZPE or the enthalpy corrections. This fact indicates that about 300 times smaller than the estimated experimental values.
we still do not have an optimum geometry for the transition However, despite these differences, we believe that we calculate
state, provided that the minima were optimized with a method accuratd” values because both the singlet and triplet PESs are
that considers explicitly the dynamic correlation energy. These computed at the same level of accuracy. Thus, we have
energy data and the corresponding geometrical parametersestimated the branching ratio for the triplet PES (which leads
displayed in Figure 3, especially fon4 andimts6, make also to the formation of O3P) atom) to be negligible at 250 K but
evident the well-known fact that CASSCF exaggerates the bondto rise up to 26% at 1800 K.

lengths. (3) We have also considered the unimolecular decomposition
Regarding the two additional decomposition modes of meth- of carbonyl oxide ifn1) (X'A’) and the obtained results compare
ylenebis(oxy) i{m4), the first one is labeled asts5 (Figure quite well with previous results reported in the literatéfé>
2) and producesynformic acid {m5b). The computed energy ~ Compoundm1 can either isomerize to HCOOHKh{3), which
barrier is very low AE = 3.8 kcal/mol orAH = 1.9 kcal/mol), dissociates into HC@- OH with an activation enthalpy of 32.5
and the highly exothermic reaction energyH = —91.5 kcal/ kcal/mol, or isomerize to dioxirané§2) requiring an activation
mol) compares quite well with other values from the litera- enthalphy of 18.7 kcal/mol. The subsequent decomposition goes
ture3435The second one, which is labeled iags9, involves on through isomerization to methylenebis(oxyn4), which

the homolytic cleavage of one CH bond formingtHHCOO. may decompose producing @& H,, HCOOH, and Ht+ HCO.
Here, we report an energy barrier of 24.9 kcal/meH(= 20.6 Carbonyl oxide ifnl), dioxirane {m2), methylene(bis)oxy
kcal/mol), a value that is about 3 kcal/mol larger than those (im4), andimts6 have deserved special interest. The very strong
reported previousR# and that reflects the best description of biradical character ofim4 and imts6 leads to a strong

im4 obtained in the present work. HCOO was also reported to dependence on the theoretical method used to obtain accurate

decompose into H- CO, with a very small energy barriéf. results. Our calculations indicate the need to use methods that
Finally, the computed unimolecular decomposition of formic include dynamical correlation energy for both the optimized
acid (m5a andim5b, which isomerizes throughnts10) into geometry and the relative energy to obtain accurate results for

CO; + Hy (throughimts8, AE = 68.3 kcal/mol and\H = 62.1 these species. For the remaining structures, which do not possess
kcal/mol) and into CO+ H20 (throughimts7, AE = 69.8 kcal/ as strong a biradical character, our results, which compare with
mol andAH = 65.4 kcal/mol) (see also Table 1 and Figure 2) others from the literatur®, indicate that large scale CASPT2

compares also well with previous results from the literafe. calculations carried out over CASSCF optimized geometries
Unimolecular Decomposition of the Triplet Carbonyl provide 900(_i results. _
Oxide (H,COO, A3A™): The Formation of H,CO + O (°P). 4) The triplet HCOO (m1T) (ASA") decomposes into

This reaction proceeds by an elongation of the OO boriahirT H2CO (X!'A;) + O (Py). The process is computed to be exoergic
leading to the formation of formaldehyde 4EI0) and atomic by about 27 kcal/mol and has an activation enthalpy of 2.9 kcal/
oxygen 8P) (seeimts2T in Figure 2). This process has been mol.

already reported in the literatuf@and here, we aimed only to
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Conclusions Supporting Information Available: Active space composi-
) _ _ ) tion of all stationary points and Cartesian coordinates and
In this work, we have investigated the reaction between CH gpsolute energies of all structures. This material is available
(X®By) and Q (X3Z7) by means of CASSCF and CASPT2 free of charge via the Internet at http:/pubs.acs.org.
guantum chemistry calculations. The following points come out
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