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Abstract The focus of this study is to understand the
multiconfigurational nature of the biradical species
involved in the early reaction paths of the oxygen plus
ethylene PES. In previous work (J Phys Chem A 113,
12663, 2009), the lowest-lying O(3P) + C,H, PES was
extensively explored at the MCSCF, MRMP2, and MR-
AQCC levels of theory. In the current work, ground and
excited, triplet- and singlet-state reaction paths for the
initial addition of oxygen to ethylene were found at the
MCSCF and MRMP?2 levels along with five singlet path-
ways near the CH,CH,O biradical at the MCSCEF,
MRMP2, and CR-CC(2,3) levels. One of these five paths
can lead to the CH,CO + H, products from CH3;CHO
rather than from the CH,CH,O' biradical, and this pathway
was investigated with a variety of CAS sizes. To provide
further comparison between the MRMP2 and CR-CC(2,3)
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levels, MR-AQCC single-point energies and optimizations
were performed for select geometries. After the initial
exploration of this region of the surface, the lowest singlet—
triplet surface crossings were explicitly determined at the
MCSCEF level. Additional MRMP?2 calculations were per-
formed to demonstrate the limitations of single-state per-
turbation theory in this biradical region of the PES, and
SO-MCQDPT2 single-point energies using SA MCSCF
were calculated on a grid of geometries around the primary
surface crossing. In particular, these calculations were
examined to determine a proper active space and a physi-
cally reasonable number of electronic states. The results of
this examination show that at least four states must be
considered to represent this very complex region of the
PES.

Keywords Multireference - Spin—orbit coupling -
Potential energy surface - Biradical - Combustion

1 Introduction

Understanding the kinetics and dynamics of the O + eth-
ylene reaction is important for both hydrocarbon combus-
tion studies [2] and development of materials that resist
surface erosion for space vehicles in low-Earth orbit.
Several low-pressure crossed molecular beam experiments
[3-5] were performed for this reaction. On the lowest-lying
triplet potential energy surface (PES), OCP) addition to
ethylene first forms a ketocarbene that connects to reaction
pathways leading to the three most dominant set of prod-
ucts CH,CHO + H, CH; + CHO, and CH, + H,CO [6].
The pathways to the CH,CHO and H,CO products are low
barrier, single-step decompositions, and these reactions
occur under thermal conditions. In contrast, the CHO
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reaction channel has a large rearrangement barrier prior to
decomposition and is only observed for hyperthermal
reactant conditions. In the vicinity of the triplet ketocar-
bene, triplet—singlet non-adiabatic electronic transitions are
possible to the singlet PES. If this electronic transition
occurs, a hydrogen shift leads to the CH; + HCO products.
The overall product distributions are nearly pressure
independent over a temperature range of 287-2,000 K and
a pressure range of 0.007—1 atm [6]. Nguyen et al. [6] have
shown that collisional stabilization of the ketocarbene
adduct remains negligible (<10%) even at 100 atm and
~ 1,500 K. Thus, the product distributions are primarily
controlled by the temperature. As found from both theo-
retical calculations [6] and experiment [3], at 298 K the
percentage yields for the three dominant channels (i.e.,
CH,CHO + H, CH; + CHO, and CH, + H,CO) are
40 £ 10, 50 + 10, and 10 % 5, respectively. For the much
higher temperature of 2,000 K, theoretical calculations
give percentages of 18.5, 36.9, and 29.1 for the respective
yields of these three products [6]. As the temperature is
varied, both the product yields and distributions change.
Several initial theoretical studies of this reaction are
present in the literature [7-11]. This work was followed
by the calculations of Nguyen et al. [6] considered above
and those of Hu et al. [12], who studied the reaction in
substantial detail at different levels of theory on both the
triplet and singlet PESs. In addition, Joshi et al. [13]
studied oxirane decomposition with  B3LYP/6-
3114++G(d, p) optimized geometries and G3B3/6-
311++4G(d, p) single-point energies and investigated the
biradical region of the singlet PES with an unrestricted
singlet wavefunction and spin projection. Yang et al.
[14] located ~ 100 stationary points involved in reactions
that emanate from the acetaldehyde potential energy
minimum. They used B3LYP/6-3114++G(d, p) geome-
tries and CCSD(T)/cc-pVTZ single-point energies with
basis set superposition error corrections for weakly
bound complexes. Recent studies at the CCSD(T)/aug-cc-
pVTZ level of theory by Bowman investigated how
pathways important to the CH4 4+ CO product channel
bypass the minimum energy path (MEP) and hence the
traditional transition state (TS) [15-17]. Combining both
experimental and theoretical results, another recent study
[18] proposed a novel pathway (i.e., CH,CH,O —
CH,CO + H,). However, the theoretical component is
somewhat uncertain since it consisted of G3(MP2) sin-
gle-state, single-reference results with large spin con-
tamination. To date, most theoretical studies on this
system rely on single determinant methods since under-
standing even the most important reactions for this sys-
tem proves to be a challenge for multireference
electronic structure theory methods. The calculations
presented here examine the multireference nature of the
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O + C,H,4 reactions, which show several important non-
adiabatic transitions in the biradical region.

For the O + ethylene reaction, both the two lowest-
lying triplets and two lowest-lying singlets play important
roles in the reactions of the initially formed biradicals and
the ensuing dynamics. Our initial study [1] of the lowest-
lying triplet PES examined pathways 1-9 from the Nguyen
et al. [6] work as well as an additional path 10. The current
study expands this earlier work [1] by examining multire-
ference barriers for the lowest-lying singlet paths 10-13, 20
as labeled in Nguyen et al. [6], excited states for path 1, the
Miyoshi path (M), and important surface crossings. In
particular, this study examines the following reactions:

Triplet A’ 1) “0C’P) + C,H, — CH,CH,O
Singlet A; 1) “O(ID) + C,H; — oxirane
Singlet A” 1) "O('D) + C,H, — CH,CH,O'
10) 'CH,CH,0O — CH;CHO

11) 'CH,CH,O' — oxirane

12) 'CH,CH,0O — CH,CHOH

13) CH3CHO — oxirane

2 Methods

Results from calculations at the multiconfigurational self-
consistent field (MCSCF) level in combination with several
dynamical correlation methods were obtained with the
GAMESS software [19]. Since the multireference approach
for these calculations has already been explained for the
triplet surface [1], only a summary of that procedure is
given here. To recover the majority of the quasi-degenerate
correlation, all calculations were carried out at the full
optimized reaction space (FORS) [20-22], or complete
active space self-consistent field (CASSCF), level of theory
using the aug-cc-pVTZ [23] basis set. The previous paper
[1] compared calculations between aug-cc-pVTZ and aug-
cc-pVDZ [23] and showed the double zeta basis set to be
sufficient for this system. The determinant-based method
[24] and the full Newton—Raphson converger with the
augmented Hessian technique [25-27] were used because
of the large complete active space (CAS) sizes and the
biradical species. Restricted Hartree—-Fock (RHF) or
restricted open shell Hartree—Fock (ROHF) calculations
with modified valence orbitals [28] and Boys localization
[29] provided good starting orbitals in most situations.
CASSCF stationary point searches for species in the
reactions described above employed analytic gradients and
central differenced, numerical Hessians. As in the first
paper [1], second-order, Gonzalez—Schlegel (GS2) [30],
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intrinsic reaction coordinate (IRC) calculations identified
minima associated with each TS.

Once a reaction path was located, single-state multire-
ference Mgller—Plesset second-order perturbation theory
(MRMP2) [31] as well as completely renormalized
coupled-cluster singles, doubles, and non-iterative triples
(CR-CC(2,3)) [32, 33] single-point energies using the aug-
cc-pVTZ basis set were performed along the IRC to
recover the majority of the dynamic correlation. In the
previous work on the triplet surface, MRMP2 results
quantitatively agreed with multireference average qua-
dratic coupled-cluster (MR-AQCC) [34] results obtained
using COLUMBUS [35-37]. Since both analytic gradients
and Hessians at the MRMP2 level are unavailable in
GAMESS, numerical derivatives are required. Unfortu-
nately, numerical derivatives involve computation at
asymmetric geometries where the multireference wave-
function might converge to any close-lying states by orbital
root flipping (ORF) to a different active space. Thus, given
that the MRMP2 results depend on the active space,
geometry optimizations, IRCs, and Hessians at this level
are numerically prohibitive and sometimes unfeasible.

To further validate the results, the COLUMBUS pro-
gram [35-37] was used for GVB-PP and MR-AQCC sin-
gle-point energy and geometry optimization calculations at
select geometries with the cc-pVDZ [23] basis. The GVB-
PP(9) approach utilizes the generalized valence bond-
perfect pairing (GVB-PP) method with 9 electron pairs
[38—40]. Besides the chemical core O1 s and C1 s orbitals,
which are doubly occupied, all other orbitals are treated on
an equal footing, allowing for the correct dissociation of
individual electron pairs. The total electronic wave func-
tion consists of an antisymmetrized product of the nine
perfect pairs (PPs), yielding a space of 2° (512) configu-
rations. For the MR-AQCC calculations, a PP(5) reference
space was chosen for path 12 and a PP(4) reference space
for path 13. The choice of pairs was guided by consider-
ations of the necessary orbitals for the reaction, balanced
treatment of bonds, and computational cost. The bonding
orbitals of the remaining pairs are doubly occupied in the
reference space. For path 12, these doubly occupied orbi-
tals represent two CH, the CC, and the CO bond, while in
path 13 the four CH and the CC bonds are used. Based on
these reference spaces, single and double excitations are
allowed by imposing generalized interacting space
restrictions [41]. With 32 (16) reference configuration state
functions for PP(5) (PP(4)), the total MR-AQCC expansion
space consists of 3,088,992 (1,561,728) configurations.

Even though most of the lowest-lying singlet PES lies
far below the lowest-lying triplet surface, the ‘CH,CH,O
biradical has several degenerate electronic states that can
lead to non-radiative transitions and to several major sin-
glet minima. To understand these electronic states, two

minimum energy crossing (MEX) regions were located at
the CASSCF level with GAMESS: one near the
‘CH,CH,O' triplet minimum and one near the CH>;CHOH
triplet biradical. Because calculations based on a single-
state (8,7) CAS resulted in ORF, the crossing seam near
‘CH,CH,O' was located with a (6,6) CAS, which yielded
equal energy gaps at the CASSCF and MRMP2 levels
between the lowest-lying triplet and lowest-lying singlet
states at the triplet CH,CH,O" minimum; this specification
ensures that both surfaces receive similar amounts of cor-
relation at these levels of theory.

Investigating these PES regions requires both location of
the crossing seams [42-44] and a multiple-state perturba-
tion approach [45-48] with spin—orbit coupling (SOC) [49,
50]. Toward this end, second-order, spin—orbit multicon-
figurational quasi-degenerate perturbation theory (SO-
MCQDPT?2) [50, 51] single-point energies were calculated
with GAMESS at the CASSCF MEX geometries. The SO-
MCQDPT?2 level of theory combines spin—orbit effects of
the partial or full Breit-Pauli operator [51-54] with
MCQDPT2 [48]. The SO calculations included full
1-electron and partial 2-electron integrals, which result in a
mean field adjustment to the 1-electron integrals. SO-CAS
configuration interaction (SO-CASCI) energies are also
reported since they are included in the SO-MCQDPT?2
energy evaluation. The second-order, perturbative calcu-
lations included all excitations from the reference into the
virtual space from all but the chemical core orbitals (O1 s,
C1 s). Unlike the calculations with pure (i.e., single) state
solutions, state averaged (SA) MCSCEF can lead to appro-
priate active spaces that include the lone O2p without in—
out correlation (IOC). So, with the proper electronic states,
the SO-MCQDPT2 approach can lead to physically
meaningful results.

To further investigate the multi-state nature of the
‘CH,CH,O' biradical region, (8,7) SA CASSCF and SO-
MCQDPT?2, single-point energies were computed for the
geometries previously obtained in the CASSCF IRCs near
the biradical region. The number of electronic states
included was primarily determined by examination of the
energy gaps between the states for both pure and SA
wavefunctions. In addition, around the 'CH,CH,O MEX
geometry, a series of (8,7) SA CASSCF and corresponding
SO-MCQDPT?2, single-point energies using geometries
obtained from (6,6) CAS, triplet constrained optimizations
were performed to further describe this very flat,
14-dimensional intersection seam.

3 Results and discussion

Table 1 displays the active space for each reaction where
the label “far” refers to the carbon farthest from oxygen.

@ Springer
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Table 1 Description of the main CAS sizes used for each reaction
pathway

In—out
correlation

Active
space

Reaction
pathway

Description

13A” (6,6) N
13A
1 IA//
1A,

CCoa, CCr, biradical(202p)
— CCo, COg,

biradical(farC2p, O2p)
CCo, CCr, biradical(202p)
— CCog, 2COqa

4 CHo, CCo, COgo,
biradical(farC2p, O2p)

— 4 CHo, CCo, COg, COn

COg, CCo, biradical(farC2p,
0O2p)

— 2 COg, CCo

COg, CCo, 2 CHo,
biradical(farC2p, O2p)

— COg, CCo, CHg, OHo,
CCn

CHo, COg, COn, CCo,
lone O2p

— CHo, 2 COg, CCo,
lone O2p

2 CHo, COg, CCo,
biradical(farC2p, O2p)

— OREF for the O2p

2 CHo, COm, lone O2p,
COg, CCo

— HHo, 2 COn, CCn, COg,
CCo,

(6,6) N

10 (14,14) N

11 (6,6) N

12 (10,100 N

13 (10,10 Y

M (10,10) N/A

20 (12,12) Y

Only the lone pairs and bonding orbitals are shown; the antibonding
orbitals can be inferred from bonding orbitals and the indication of
in—out correlation. The O2 s is always in the core

Examination of bond length changes, natural orbital
occupation numbers, and localized molecular orbital
coefficients in different CAS sizes over the course of each
reaction ultimately decide the choice of the final active
space. Tables 2 and 3 give the overall barrier information
for all elementary reactions listed in the Introduction where
each TS divides each pathway into a forward barrier
(reactant to TS) and a reverse barrier (product to TS).
Table 2 shows the CAS barriers with and without zero-
point energies (ZPE). Table 3 contains energetics at several
levels of theory: (1) the barriers from single-point MRMP2
energies along the CASSCF IRCs; (2) optimized MR-
AQCC barriers for paths 12 and 13; (3) Nugyen et al. [6]
and Yang et al. [14] barriers; (4) single-point MR-AQCC
barriers along the CASSCF IRC for paths 12 and 13; and
(5) the barriers from single-point CR-CC(2,3) energies
along the CASSCF IRCs. While the single-point energies
along the CASSCF IRC geometries are not strictly barriers,
they should approximate the barriers [1]. Differences
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between single-point MRMP2 data at the MCSCF minima
and maxima are labeled stationary point MRMP2
(SPMRMP2) energy barriers and always include ZPE
(except for species with ORF issues in numerical Hessians
as discussed below). However, as shown below, single-
point MRMP?2 energies along the IRC can result in shifted
barriers because of shifts in the TS and/or the mini-
mum(a) (i.e., reaction coordinate/horizontal shifts and
energetic/vertical shifts).

As in our first paper [1], results with IOC tend to
incorporate more dynamic correlation into the reference
wavefunction. However, if a weakly occupied IOC orbital
undergoes ORF with a virtual orbital and if dynamic cor-
relation has a large contribution to the total correlation,
then barriers with different IOC orbitals do not necessarily
lead to accurate energetics. Therefore, IOC orbitals in the
active space might result in configurations that lead to
unphysical barriers. As a result, unless either the 10C
constitutes proper radial correlation at some geometry in
the pathway or ORF prevents placing the lone O2p in the
MCSCEF core, CASSCF active spaces do not contain I0C
orbitals.

For the elementary reaction results in this section, the
descriptions contain the following, unless otherwise
explicitly noted: comparisons of barriers and energetics
include MCSCF ZPE; the CASSCF active spaces do not
contain IOC and contain one lone O2p orbital in the
MCSCEF core; any reported MRMP2 barriers include all
occurring reaction coordinate shifts; any reported CR-
CC(2,3) barriers in the text do not include any shifts, are
determined at the minima from the MCSCF IRC, and are
listed with and without MCSCF ZPE; MR-AQCC barriers
in the text always include MR-AQCC ZPE; any references
made to stationary points refer to CASSCF stationary
points (except for MR-AQCC optimizations); and indi-
vidual pathways report only non-negligible geometry
changes in CASSCEF stationary points relative to Nguyen’s
[6] B3LYP and/or CASSCEF results.

3.1 Triplet A’ pathway 1: "O + C,H; — CH,CH,O

This reaction has an A’ state in C; symmetry throughout
most of the pathway and is well represented by a (6,6)
CAS. The reaction begins with an initial oxygen approach
on the first excited state and then passes the A’ symmetric
saddle point into the biradical region. Like the triplet A”
ground state pathway [1], this excited state path becomes
asymmetric very close to the biradical minimum. The
current methodologies of MCSCF usually do not allow for
the determination of pure, asymmetric excited states. So, in
order to obtain the IRC in this region, the calculations
continued to use A’ symmetry and led to a symmetric
stationary point that is not a minimum and contains a
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Table 2 Barriers to reactions in kcal/mol calculated at the CAS level without and with (in parentheses) ZPE

Reaction CAS forward CAS reverse Nguyen forward Nguyen reverse
pathway barrier® barrier® barrier” barrier”
Triplet A’ 1 19.8 (19.6) 17.4¢ - 20.9
Singlet A; 1 2.2 (2.5) 108.9 (104.8) - -
Singlet A” 1 5.2 (5.2) No C¢ minimum - -

10 1.5 (1.0) 90.5 (86.6) -29 82.0

11 0.2 (0.3) 59.8 (55.7) 1.6 59.1

12 6.8 (6.3) 80.0 (75.5) 0.0 74.2

13 95.0 (92.0) 64.8 (60.5) 86.3 58.9

M 17.1 (14.9) ORF - -

20 95.0 (89.0) 66.6 (68.9) 81.3 55.6

Nguyen’s barriers include ZPE

% CAS barriers are obtained from unconstrained optimizations unimolecular species and a distance of ~3-5 A for separated products

® Nguyen’s barriers are the average barriers from several different levels of theory [6]

¢ This difference does not contain ZPE and is not a true barrier since it is taken from a Cg geometry that is not a minimum

single, imaginary frequency of —401 cm™' that indicates
that the OCCH dihedral angle bends out of the C; plane.
Also, including dynamic correlation leads to large changes
in energetics and large shifts along the reaction coordinate.
As a result, the forward barrier is 19.6 (3.3) kcal/mol at the
CASSCF (MRMP2) level. This CAS barrier versus the
MRMP?2 barrier demonstrates the importance of dynamic
correlation for this path. Other pathway discussions will
not contain any further, unnecessary comparisons of CAS
and MRMP2 barriers (see Tables 2 and 3).

Since the calculations could not fully determine the
reverse barrier because of the symmetry-constrained IRC,
the symmetric product provides an approximation. Given
that the A” geometries parallel the A’ geometries and the
ground state A” CASSCF ZPE changes the ground state
reverse barrier by less than 1.0 kcal/mol [1], the excited
state reverse barrier of 21.2 kcal/mol (without ZPE) at the
MRMP?2 level at the symmetric CASSCF stationary point
nicely agrees with Nguyen’s reverse barrier of 20.9 kcal/
mol (with ZPE).

3.2 Singlet A; pathway 1: "O + C,H; — oxirane

The calculations for this pathway used a (6,6) CAS with an
A, state in C,, symmetry throughout the IRC. Because
numerical Hessian steps converge to different states in this
case, Hessian calculations with a double zeta basis (which
allows for analytic Hessian calculations in GAMESS)
provided an approximate curvature for a triple zeta, saddle
point search. Single-state MRMP2 leads to barrierless,
oxygen addition for this excited state with an overall
reaction exothermicity of —121.5 kcal/mol.

3.3 Singlet A” pathway 1: "O + C,H; — CH,CH,O

A (6,6) CAS calculation was also used to study this path-
way, which has an A” state in C, symmetry only
throughout the forward barrier. The dihedral rotation
breaks the symmetry near the CH,CH,O biradical as
discussed in the previous section. At the (6,6) CASSCF
level of theory, the two lowest, singlet states appear to
intersect one another near the forward barrier A” saddle
point, and again, problems with the numerical Hessian
required a double zeta Hessian approximation. Including
dynamic correlation results in a barrierless, overall energy
change of —61.7 kcal/mol (without ZPE).

3.4 Pathway 10: CH,CH,O — CH;CHO

This pathway involves a H-atom shift and requires the use
of a (14,14) CAS. It is one of several pathways with a TS
(see Fig. 1) near the CH,CH,O' biradical and has several
dominant determinants contributing to the wavefunction.
The majority of path 10 is asymmetric with only acetal-
dehyde having an A’ state in C; symmetry. While including
some dynamic correlation does not lead to any substantial
energy shifts along the reaction coordinate as shown in
Fig. 2, it causes the forward barrier to change from a
shallow height of 1.0 kcal/mol at the CASSCF level to a
barrierless process. Therefore, no reverse barrier exists
at the MRMP2 level along these CASSCF IRC points.
The resultant barrierless reaction has an exothermicity of
—77.6, —89.9, and —93.3 kcal/mol at the MRMP2,
CR-CC(2,3), and CR-CC(2,3) without MSCF ZPE levels of
theory, respectively. This energy difference shows the

@ Springer
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Table 3 Barriers to reactions in kcal/mol calculated at the MRMP2 and CR-CC(2,3) levels with aug-cc-pVTZ basis

Reaction pathway SPMRMP2* Shifted MR-AQCC Nguyen"/ Vertical Vertical Vertical
MRMP2 Yang MRMP2 MR-AQCC CR-CC(2,3)
Triplet A’ 1 R 17.6 212 - 20.9 - - -
Triplet A’ 1 F —0.8 2.8 - - —0.6 - -
3.3°
Singlet A; 1 —121.5 - - - - - -
Singlet A” 1 —61.7¢ - - - - - -
10 -77.6 - - —84.9 —81.0 - -933
11R 56.6 56.6 - 59.1 60.6 - 68.6
11F 0.0 0.0 - 1.6 0.0 - -0.3
0.2¢
12R 64.1 64.1 69.78" 74.2 67.0 74.6" 75.9
73.5!
12 F —34 —34 1.88h 0.0 -29 3.40 —6.3
0.4° —4.4
13R 52.5 52.7 51.7" 58.9 56.9 55.8" 68.1
53.9° 63.0'
I3F 78.3 78.5 83.0" 86.3 81.3 85.9" 942
81.8° 90.8'
MR ORF' ORF' - - ORF' - ORF!
M F -1.6 —1.1 - - 0.6 - —6.7
0.3°
20R 52.6 52.6 - 55.6 50.4 - 52.1
52.8°
20F 76.7 76.8 - 81.3 82.8 - 87.4

The MR-AQCC barriers are calculated with the cc-pVDZ basis. F indicates the forward barrier, while R indicates the reverse barrier. Absence of
F or R indicates reaction energies rather than barriers. The shifted MRMP2 barriers are formed based on the minima and maxima values of the
MRMP2 single-point energies along the CASSCF IRC. Stationary point (SP) MRMP?2 and shifted MRMP?2 barriers include ZPE from CASSCF
stationary points while MR-AQCC barriers derive from stationary points and ZPE at the MR-AQCC level. Nguyen’s barriers include ZPE.
Vertical MRMP2, vertical MR-AQCC, and vertical CR-CC(2,3) barriers do not include ZPE and are all at the same CASSCF geometries

% SPMRMP2 values derive from CAS stationary points, which are obtained from unconstrained optimizations of unimolecular species and a

distance of ~3-5 A for separated products

® Nguyen’s barriers are the average barriers from several different levels of theory [6]
¢ MRMP2 barrier with ZPE from shifts in minima in addition to shifts in TSs

4 Barrier does not include ZPE

¢ Yang’s barriers at the CCSD(T)/cc-pVTZ//B3LYP/6-311++G* level of theory [14]

" ORF indicates orbital root flipping (see text for more complete description)

€ This TS contains an extra imaginary frequency, which could not be eliminated for pathway 12 to retain an actual barrier

" Barrier is with cc-pVDZ basis
! Barrier is with aug-cc-pVDZ basis

J This difference does not contain ZPE and is not a true barrier since it is taken from a Cy geometry that is not a minimum

importance of including more dynamic correlation such as
with CR-CC(2,3). It also indicates that other pathways
(e.g., singlet A” pathway 1) can contribute to path 10
products in a barrierless fashion if the ‘CH,CH,O'" biradical
is in that particular pathway. This conclusion applies to any
other pathways whereby dynamic correlation removes the
reaction barrier.

During the hydrogen shift, the CCH angle of the action
CH distance changes from 110° (CASSCEF biradical) to 92°

@ Springer

(CASSCF TYS) in the forward barrier while the CO distance
changes from 1.34 to 1.22 A in the reverse barrier. Here
and throughout this paper, “action” coordinates refer to
internal coordinates that significantly change in length or
degree relative to remaining (i.e., “non-action”) internal
coordinate changes, which are defined by cutoffs. Nguyen
et al. [6] report geometries at the CASSCF(8,8)/cc-pVDZ
level. All geometry differences between their study and this
one remain negligible.
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"

Fig. 1 TS geometry at the (14,14) CAS level of theory shown for
pathway 10

5 T T T T T T T T T

(33 Ts
10F
-15 F
-20 F X
25 *
30 | X:\
% )

"(14.14) MCSCF ——
(14/14) MRMP2 3
CRCC(2.9) K- 3

Energy (kcal/mol)

_95 1 1 1 1 1 1
-5 -1 05 0 05 1 15 2

25 3
S value (bohr*sqgrt(amuy))

Fig. 2 (14,14) CAS IRC and MRMP2 single-point energies for
pathway 10 shown with shifted energies so that the CAS energy
equals the corresponding MRMP2 and CR-CC(2,3), single-point
energies at the CH,CH,O' biradical. These results show how dynamic
correlation leads to a barrierless reaction

3.5 Pathway 11: 'CH,CH,0" — oxirane

This pathway gives the ring closure of the CH,CH,O' bi-
radical to oxirane and is well described by a (6,6) CAS.
The CC distance changes by only ~0.03 A across the
entire reaction pathway in the (6,6) CAS, which includes
the CC ¢; thus, a (4,4) CAS could represent this reaction.
However, since the initial part of this pathway requires
SOC in the biradical region, a (6,6) CAS is appropriate and
not much more expensive than a (4,4) CAS. This reaction
has C,, symmetry only for the oxirane minimum. Including
dynamic correlation leads to results similar to the results
for pathway 10. The reaction is essentially barrierless with
a forward barrier of 0.2, —0.1, and —0.3 kcal/mol, whereas
the reverse reaction has a barrier of 56.6, 64.5, and

68.6 kcal/mol at the MRMP2, CR-CC(2,3), and CR-
CC(2,3) without MCSCF ZPE levels, respectively.

With several determinants contributing to the wave-
function, this TS also has biradical character and geomet-
rically resembles the starting biradical, ‘CH,CH,O". Both
the biradical minimum and TS geometries have a CO (CC)
distance of 1.41 (1.51) A. The OCC angle is 116° in the
minimum structure and 115° in the TS, and the smaller
OCCH dihedrals for both structures are 14 £+ 1°. However,
the OCCH dihedral for the minimum is 176° and for the TS
is 148°. Oxirane has a CO distance of 1.44 A a CC dis-
tance of 1.48 A and a COC angle of 62°. In this study, both
dihedral angles in the TS geometry significantly differ from
Nguyen et al. [6] B3ALYP (CASSCF) values of 37° (26°)
and 130° (129°) for the TS. As will be shown in the surface
crossings section, this (6,6) CAS consistently recovers
correlation in the biradical region as opposed to an (8,8)
CAS with IOC. This factor strongly affects the accuracy of
the forward barrier. Indeed, these structural differences
emphasize the need for careful determination of the proper
CAS sizes for this very complex region close to the
‘CH,CH,O' biradical.

3.6 Pathway 12: 'CH,CH,0O' — CH,CHOH

With a (10,10) CAS, this pathway is dominated by a
hydrogen shift. The majority of this pathway does not have
symmetry; vinyl alcohol has Cg symmetry. At the MRMP2
level, this reaction is almost barrierless with a forward
barrier of 0.4 kcal/mol. Hence, this pathway represents the
third reaction to originate from CH,CH,0O" and to become
barrierless with application of MRMP2, single-point ener-
gies. Furthermore, the shifted, CR-CC(2,3) energies for the
forward barrier are also small at 0.7 kcal/mol. However,
unlike pathways 10 and 11, the MRMP2 and CR-CC(2,3)
single-point energies along the CASSCF IRC for pathway
12 still have some curvature that resembles the CASSCF
IRC near the TS instead of appearing totally barrierless
(see path 10, 11, and 12 IRC plots in the Supporting
Information). The reverse barriers are 64.1, 71.4, and
75.9 kcal/mol at the MRMP2, CR-CC(2,3), and CR-
CC(2,3) without MCSCF ZPE levels, respectively. At the
MR-AQCC level, the forward barrier is 1.8 kcal/mol, while
the reverse barrier is 69.7 kcal/mol. However, for this
theory level, the TS displays a first imaginary frequency
of —1241 cm™"' and a second imaginary frequency of
—91 cm™"' that could not be eliminated.

Given both discrepancies among the various levels of
theory and computational limitations, single-point energies
using first- and second-order CI (CISD) with Davidson +Q
correction[55, 56] from a (4,4) CAS (MR-CI + Q) and
aug-cc-pVDZ basis, both with and without additional
excitations out of the core non-1 s orbitals, were performed
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on the forward barrier via the occupation restricted multi-
ple active space (ORMAS) [57] implementation in GA-
MESS. At the same geometries, CR-CC(2,3) calculations
were also performed with the aug-cc-pVDZ basis for
comparison purposes. Without ZPE, these single-point
energy results give forward barriers of 1.7, 9.8, —1.0, and
9.8 kcal/mol for MR-CI, MR-CI without the additional
excitations, MR-CI 4+ Q, and MR-CI + Q without the
additional excitations, respectively, and —4.4 (—6.3) kcal/
mol for CR-CC(2,3) with the aug-cc-pVDZ (aug-cc-pVTZ)
basis. Combined with additional single-point energies at
these geometries (Table 3) and the above discussion for
path 12, these results strongly support that the forward
barrier is in fact barrierless.

The biradical character of the TS causes it to mostly
resemble the initial, CH,CH,O' biradical. As the reaction
progresses from the biradical to the TS, the action HCO
angle changes from 104° to 74°, and the non-action HCCH
dihedral changes from 60° to 21°. The CC distance changes
from 1.51 to 1.35 A during the course of the full reaction.

3.7 Pathway 13: CH;CHO — oxirane

This portion of the PES is very difficult to characterize
given that the concerted hydrogen shift with CO bond
formation most likely involves several asymmetric, quasi-
degenerate states. In more general terms, this pathway
requires not only a transformation among lone pair and
bond-antibond orbitals but also a change in dominant
configurations over a small range of nuclear geometries.
Because of the extremely flat, MEP curvature around the
biradical-like TS, locating this stationary point proved
difficult in calculations both with and without analytic
Hessians. Several CAS sizes show one imaginary fre-
quency after geometry optimization. However, depending
on the initial geometry, active spaces without either the
O2p or the CC g, o* orbitals can lead to a TS with a
reasonable, distinct, single imaginary frequency that does
not lead to acetaldehyde via a traditional IRC. Instead, the
IRC calculations led to path 11 stationary points (some-
times with convergence issues far into the IRC calculation).
Hence, even though such configuration expansions result in
the proper curvature for the TS, they do not necessarily
give the desired IRC (e.g., pathway 13).

This path must have at least a (16,16) CAS in order to
include all quasi-degenerate effects. Since a (16,16) CAS is
very computationally expensive, a (10,10) CAS with the
non-action CH orbitals in the core provides a compromised
solution. Because this path is so difficult to follow, GVB-
PP calculations provided an initial TS geometry with the
CH, torsion dominating the imaginary frequency. The
resulting (10,10) CAS IRC gives the correct reaction end-
points. Since the (10,10) CAS is a compromise, another
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(12,12) CAS was examined to provide a comparison for the
energetics. The MCSCF core of the (12,12) CAS contains
the O2 s, CC g, and the lone O2p orbitals in addition to the
chemical core orbitals and produced stationary point
energetics comparable to those obtained with the (10,10)
CAS. However, this (12,12) CAS gives incorrect IRC
endpoints. At the SPMRMP?2 level, the forward (reverse)
barrier is 78.3 (52.5) kcal/mol for the (10,10) CAS and 79.3
(51.1) kcal/mol for the (12,12) CAS. The CR-CC(2,3) (CR-
CC(2,3) without MCSCF ZPE) calculations resulted in a
forward barrier of 91.2 (94.2) kcal/mol and a reverse bar-
rier of 63.8 (68.1) kcal/mol. Based on the MRMP2 and CR-
CC(2,3) results, dynamic correlation changes the barrier
heights but does not result in any horizontal shift in the
location of the TS. At the MR-AQCC level, the forward
barrier is 83.1 kcal/mol, while the reverse barrier is
51.7 kcal/mol. Also, at this theory level, a Hessian calcu-
lation on TS 13 produced a —535 cm™' imaginary fre-
quency with the same qualitative nature as the
corresponding GVB-PP and CAS imaginary frequencies.
TS 13 lies along a particularly flat region of the poten-
tial; this characteristic flatness distinctly shows up in the
IRC. In addition, MRMP2 (MR-AQCC) energies with the
aug-cc-pVTZ (cc-pVDZ) basis give an overall reaction
enthalpy of 25.8 (31.2) kcal/mol, which compares well to
an experimental enthalpy of 27.1 kcal/mol [58-60].
Multiple geometrical changes occur for this reaction. In
particular, this TS resembles the TSs for paths 10-12 and
also has several dominant configurations contributing to
the wavefunction. For the TS, only slight differences
between this study and Nguyen’s study exist for the two
HCC angles for the hydrogens closest to the oxygen.

3.8 Pathway Miyoshi M and 20:
CH2CH20 - CH2CO + H2
and CH3CHO - CHzCO + Hz

As shown above, representations of the pathways through
the biradical region strongly depend on the CAS size. For
the multiple bond changes in this pathway, inclusion of the
O2p orbital in the active space or not determines what path,
that is, M or 20, actually exists for the given level of the-
ory. At the (10,10) CAS level, putting the O2p orbital in
the MCSCEF core leads to path M with a symmetric, A" TS.
Starting from this TS geometry and placing the O2p in the
active space for a (12,11) or (12,12) CAS leads to an
asymmetric TS that leads to path 20 from Nguyen et al. [6]
rather than path M.

The complexity with active space continues when
examining the IRCs. For pathway M with the (10,10) CAS,
ORF occurs toward the end of the IRC for the products.
This ORF occurs during CO 7 bond formation, which
should be obvious given the product geometries. Thus,
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since a CAS with the O2p is required for the products and
does not give the TS for pathway M, the reverse barrier is
unavailable at the MRMP2 level, and since there is no
viable IRC, the CR-CC(2,3) barrier is also not reported.
With the (10,10) CAS at the MRMP2 level, the forward
barrier is 0.3 kcal/mol. Shifted CR-CC(2,3) values give the
forward barrier as —2.7 kcal/mol.

Pathway 20 is found by either a (12,11) or (12,12) CAS
and is the dissociation of a hydrogen molecule from acet-
aldehyde. It is the second of the pathways in the series of
compromised active spaces due to computational expense,
with pathway 13 being the first. To fully describe all of
these compromised pathways requires at least a (16,15) or
(16,16) CAS if no ORF occurs. For pathway 20, the
compromised (12,12) CAS comes from taking acetalde-
hyde’s methyl group and placing two of the three initially
degenerate CH os in the core. For the IRC leading to
acetaldehyde using a compromised CAS, the active CH o,
c* orbitals do not lie in the plane of symmetry. As well,
when the IRC reaches the H,CCO + H, products separated
by ~4 A, the bimolecular product does not fully separate,
and H, does not lie in the symmetry plane of the H,CCO
molecule. Therefore, symmetry was not used in these cal-
culations. Also, this particular pathway forms another CO
n, 7% and thus has IOC for the H,CCO + H, ~ 4 A
product. The single-point MRMP?2 shifts the minima along
the reaction coordinate very little, and the forward barrier
(reverse barrier) is 76.8 (52.8) kcal/mol at the MRMP2
level. The experimental reaction enthalpy is 27.8 kcal/mol
[58, 60-63], which lies within 4 kcal/mol of the MRMP2
enthalpy. The CR-CC(2,3) (CR-CC(2,3) without MCSCF
ZPE) level results in a forward barrier of 81.4 (54.4) kcal/
mol, a reverse barrier of 87.4 (52.1) kcal/mol, and an
overall enthalpy of 27.0 kcal/mol, which lies within 1 kcal/
mol of the experimental enthalpy.

For path 20 in the forward barrier, the HH distance goes
from 2.58 to 1.03 A, while for the reverse barrier, it
changes from 1.03 to 0.76 A. The methyl group CH dis-
tance changes from 1.11 to 1.68 A for the forward barrier.
The CC distances are 1.53, 1.42, and 1.33 A at the sta-
tionary points in this pathway. This study’s TS has only a
slight difference from Nguyen’s TS; the departing hydro-
gen from the terminal carbon lies 1.51 (1.38) A from the
carbon nearest the oxygen in this (Nguyen’s) study. (The
Supporting Information contains plots of both paths M and
20.)

3.9 Geometry comparisons between the CH,CH,0O
biradical and TSs 10-13

Despite the different active spaces, TSs 10-13 display
several geometrical similarities. The smallest, OCCH
dihedral angle ranges from 10° to 24° and the OCC angle

ranges from 115° to 125°. The CO distance varies from
1.34 to 1.41 A, and the CC distance has a range of 1.43 to
1.51 A. For the non-action Hs closest to the O, the two
OCH angles cannot be distinguished. Likewise, for the Hs
farthest from the O, the OCH angles also show no sub-
stantial differences (e.g., range from 116° to 120°). Indeed,
besides slight differences in the action areas that differen-
tiate key features of the reactions themselves, these four
TSs appear almost identical. Furthermore, these TS
geometries from paths 10-12 differ little from the
‘CH,CH,O' biradical geometries obtained with the various
CAS spaces: the CO distances differ by less than 1.00 A,
the CC distances also differ by less than 1.00 A and the
OCCH dihedral (OCC angle) differs by 18° (9°) at most.

3.10 Surface crossings at the MCSCEF level:
‘CH,CH,O' and 'CH,CHOH

This study found two relevant surface crossings—one near
the ‘CH,CH,O' biradical and one near the ‘'CH>CHOH bi-
radical. GAMESS currently cannot use MRMP2 for the
MEX search because the MEX search requires analytic
gradients, so MCSCF wavefunctions are used in these
MEX calculations. Therefore, it is important to find an
active space that gives consistent results with expected
correlation effects. In order to justify the active space
choice for a MEX of interest, Table 4 shows CAS and
MRMP?2 singlet—triplet energy gaps at CH,CH,O' for the
(6,6) and (8,8) CAS pure electronic states. The (6,6) CAS
for the MEX and path 1 are the same. These singlet—triplet
gaps show how increasing the active space by adding the
lone O2p leads to inconsistent correlation recovery in the
MRMP2 results relative to the CASSCF results; that is,
single-state MRMP?2 fails when the active space leads to
quasi-degenerate electronic states (this perturbative, single-
state root flipping is well known [22]).

The CH,CH,O — 'CH,CHOH reaction on the triplet
surface (i.e., pathway 6 from our first study [1]) contains
both crossings. The ‘CH,CH,0" MEX geometry has a CO
distance of 1.43 A and a small OCCH dihedral of 61°,
whereas the CH>,CHOH MEX occurs at a CO distance of
1.40 A and a small OCCH dihedral of 67°. Paths 1 and 6

Table 4 (6,6) and (8,8) CAS and MRMP2 triplet-singlet gaps in
kcal/mol at the ‘CH,CH,O' biradical triplet minimum

Triplet-singlet gap  (6,6) Triplet (8,8) Triplet

(kcal/mol) minimum geometry minimum geometry
(6,6) CAS 0.6 0.8
(6,6) MRMP2 0.7 0.9
(8,8) CAS 04 1.3
(8,8) MRMP2 —-04 0.5
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SOC results and further investigation into the ‘CH,CH,O
biradical give better insight into the PES near these MEXSs.

3.11 SOC single-point energies:
O+ C2H4 g CH2CH20

To further understand the multiple, close-lying PESs in the
reaction, additional calculations were performed along the
IRC for path 1. As previously discussed, since a pure state
(8,7) CAS has convergence difficulties for path 1, CASSCF
optimizations were done with a (6,6) CAS. However, the
(6,6) CAS does not allow for simultaneous exploration of
all close-lying states. The (8,7) SA CAS contains the lone
O2p orbital, which essentially allows for the important
configurations necessary for two of the four quasi-degen-
erate states near CH,CH,O'. As discussed in the methods
section, (8,7) SA CAS, single-point energies followed by
SO-MCQDPT2, single-point energies should give the
quasi-degenerate states and perturbatively recover the
dynamic correlation and SOC effects from those several
close-lying states.

Calculations using the (8,8) SA CAS, MCQDPT2
method were also performed for the biradical region to see
whether it would be an effective CAS size. It was found
that the (8,8) SA CAS configurations qualitatively differ
from the (8,8) MCQDPT?2 configurations, whereas config-
urations between the (8,7) SA CAS and (8,7) MCQDPT2
do not qualitatively differ. In other words, for the (8,8) SA
CAS, the dominant configurations drastically change with
the perturbation. Thus, this study uses an (8,7) SA CAS
reference to further examine path 1 as well as the
‘CH,CH,O' biradical region rather than an (8,8) CAS.

For pathway 1, the nonrelativistic, triplet A” IRC from
the O + ethylene to the 'CH,CH,O' biradical has the
nonrelativistic, triplet A’ state lying very close throughout
the path. To obtain the relativistic potentials, (8,7) SA
CAS, single-point energies followed by SO-MCQDPT?2,
single-point energies were calculated at the (6,6) CAS IRC
geometries. However, for the SA CAS, only careful state
selection yields physically reasonable, smooth curves.
Using an (8,7) SA CAS with the three lowest-lying, non-
relativistic triplets gives a reasonable wavefunction for
obtaining SOC results—nine relativistic triplets and five
relativistic singlets—until near the triplet A” TS (see
Figs. 3, 4, 5). Since SO-MCQDPT2 and SO-CASCI cou-
pling constants are in good agreement, only the latter are
given.

The three nonrelativistic triplets no longer remain
degenerate near the CH,CH,O' biradical. One of these
surfaces becomes much higher in energy and prevents
correct results with MCQDPT2 in that surface region (see
Supporting Information for the additional graphs). Because
of this limitation, additional calculations were repeated
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with an (8,7) SA CAS using the two lowest-lying, non-
relativistic triplets and the two lowest-lying, nonrelativistic
singlets in order to obtain SOC results across the entire IRC
for path 1. Figures 6, 7, 8 display the results from the TS to
‘CH,CH,O'. In particular, Fig. 8 shows a sharp but con-
tinuous change in the coupling constants; this change
corresponds to the OCCH dihedral rotation at the end of
path 1. Thus, these four states (two triplets and two sing-
lets) will prove very important in determining any
dynamics for this system.
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3.12 SOC single-point energies:

Pathway 6 on the lowest-lying triplet surface has quasi-
degeneracy with several surfaces. In this case, four states
lie near the ‘'CH,CH,O' biradical, but only a triplet and
singlet lie close between the TS and ‘'CH,CHOH. Using the
(8,8) CAS IRC geometries, several SA CAS wavefunctions
were examined to give more information on the close-lying
states for this part of the PES. For example, a (10,9) SA
CAS would be appropriate to describe all four states.
However, ORF does not allow the SA CAS to be consistent

35

T
A triplet 1 ——
N\ triplet 1
triplet 1 é
triplet 2
triplet 2
triplet 2
singlet 1 - z
\ singlet2 —&-
25 | N, 4

30

Energy (kcal/mol)

CH,CH,0

\g;‘;& FRERRER
0 0.5 1 15 2 25 3 35
S value (bohr*sqgrt(amu))

Fig. 7 Path 1 SO-MCQDPT?2 single-point energies shown with six
triplets and two singlets from an (8,7) SA CAS on the two lowest-
lying, nonrelativistic triplets and two lowest-lying, nonrelativistic
singlets. Here, the following relativistic state energies almost always
overlap: the first 3 triplets, and the second 3 triplets
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Fig. 8 Path 1 SO-CASCI single-point, coupling constants shown
with six triplets and two singlets from an (8,7) SA CAS on the two
lowest-lying, nonrelativistic triplets and two lowest-lying, nonrela-
tivistic singlets

at all geometries: the O2p* IOC orbital displaces the rel-
evant CH o* orbital despite various attempts to maintain
the active space. Therefore, an (8,8) SA CAS is used to
obtain accurate SOC results for the lowest-lying triplet and
close-lying singlet for the full path as compared to
the lowest state results from the (10,9) SA CAS on the
‘CH,CH,O' biradical half of the path. Figure 9 shows the
energetics for this hydrogen migration at the (8,8)
SO-CASCI level. All coupling constants along this path are
less than 4 cm™'. These SOC constants do not match the
(10,9) CAS couplings near CH,CH,O' since the (8,8) CAS
does not contain some states of interest due to its lack of
the O2p in the active space.
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guishable because of overlap in the energies

lowest triplet state ——
lowest singlet state ———

%

v

(kcal/mol)

OCCH Dihedral
Angle (Degrees)

60

90

CO Distance (Angstroms)

Fig. 10 (6,6) CAS triplet constrained optimizations and (6,6) CAS

singlet single-point energies on a large region of PES for overview
energetics

3.13 SOC single-point energies around the ‘CH,CH,O
biradical

With several singlet TSs in this PES region (TS 10-13) and
several close-lying surfaces, a finer description of the
‘CH,CH,O' biradical region of the PES requires two non-
relativistic singlet and two nonrelativistic triplet states.
Path 1 leads to large changes in the OCCH dihedral near
the 'CH,CH,O' biradical. Thus, in order to describe these
lower state curvatures over an extended geometry range,
(6,6) CAS triplet constrained optimizations and (6,6) CAS
singlet single-point energies were performed on a grid from
1.2 to 4 A for the CO distance and from 0 to 90° for the

OCCH dihedral in increments of 0.5 A and 15°, respec-
tively. The boundary of 1.2 A was chosen since ORF
occurs toward the more repulsive part of the potential.
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Fig. 11 (8,7) SA CAS single-point energies for 4 lowest-lying
states—two singlets and two triplets—on top of (6,6) CAS triplet
constrained optimizations about the ‘'CH,CH,O" biradical

Figure 10 shows this region of the PES from these calcu-
lations. A crude outline of the MEP of path 1 can be seen
along the 90° dihedral. As the initial oxygen approach
reaches an OCCH dihedral angle of 0°, the constrained
optimizations no longer lead to the biradical but to the
initial minimum for hydrogen abstraction from ethylene.
In order to refine the results in the quasi-degenerate PES
region, the same calculations were performed as above, but
with a narrower range of geometries and a finer resolution;
that is, for 1.2-2 A and 50-90° in increments of 0.05 A and
1°, respectively. Then, (8,7) SA CAS (see Fig. 11) and
SOC calculations were performed on the four lowest-lying
states as described above. As shown in Fig. 11, these
lowest-lying states are nearly degenerate at many points
around the biradical region. Figures 12,13 give the CASCI
and MCQDPT?2 contours of the lowest-lying, nonrelativ-
istic singlet relative to the lowest-lying, nonrelativistic
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triplet. Figure 14 displays the SOC coupling constants for
the lowest-lying, singlet—triplet gap in this region (the
Supporting Information contains excited state plots of this
region). In particular, this figure shows that the relativistic
energy changes as the OCCH dihedral rotates. The cou-
pling constants vary in a “half cone-like” fashion with
respect to the OCCH dihedral angle near ~1.4 A Co
distance and ~60° OCCH dihedral—coordinates near the
(6,6) CAS, CH,CH,O MEX. It is expected that this PES
region will strongly influence the non-adiabatic dynamics
as a result of the many quasi-degenerate states, showing
that a single-state, single-reference approach may miss
much of the essential non-adiabaticity.
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Fig. 13 MCQDPT?2 single-point energies from an (8,7) SA CAS in
kcal/mol for lowest-lying, singlet-triplet gap about the 'CH,CH,O
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CAS in cm™' for lowest-lying, singlet—triplet gap about the
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4 Conclusions

In this work with careful choice of the active space,
CASSCF, MRMP2, MR-CISD, and MR-AQCC are used to
model the multiconfigurational nature of the singlet surface
for the addition of oxygen atom to ethylene. Reaction paths
involving the biradical region (paths 1 and 10-13) clearly
have many configurations contributing to the wavefunction
and thus require a multiconfigurational treatment to
account for non-dynamical correlation. In particular, with
pure state solutions, TSs 10-13 all have similar geometries
with MEPs in a very flat PES region. Relative to available
data from single-reference treatments, multireference cal-
culations resulted in the following significant differences
for TS geometries in this region: (1) for path 13, the CO
distance with the (10,10) CAS results in 1.40 A while
Nguyen’s [6] B3LYP yields 1.31 A, and (2) for path 20 for
one action CH distance, (12,12) CAS shows 1.51 A
whereas Nguyen’s [6] B3LYP gives 1.38 A.

While perturbative, dynamic correlation does not have
much effect on the geometries of the singlet stationary
points, dynamic correlation is essential for obtaining rea-
sonable energetics. Although the MRMP2 captures a sig-
nificant portion of the dynamic correlation, this treatment
certainly does not encapsulate all of it. While multiple
levels of theory have been used in this study, the best level
of theory for barrier energetics is still not well understood.
Since the biradical regions clearly require multiconfigura-
tional wavefunctions, it is anticipated that CR-CC(2,3)
barriers may require more non-dynamical correlation while
the MRMP2 barriers require more dynamic correlation.
The MR-AQCC calculations hold promise, but are limited
to smaller basis sets and active spaces because of the
computational expense. CR-CC(2,3) gives values within
1 kcal/mol of the experimental values for the thermody-
namics of pathways 13 and 20, while MRMP2 is within
1.5 kcal/mol for pathway 13 and within about 4.0 kcal/mol
for pathway 20. Computational expense limits the latter
pathway to a compromised CAS, which may explain a
significant part of this error. However, these comparisons
with experiment are for closed shell molecules and do not
help to elucidate the best methods for obtaining energetics
in the biradical regions.

At the MRMP2 and CR-CC(2,3) levels, pathways 1, 10,
11, 12, and M are essentially barrierless processes, which
again emphasizes the need for a careful treatment of this
part of the PES. Furthermore, in paths 13 and M, the
addition of O2p to the active space qualitatively changes
these pathways at the CASSCF level in the sense that a
geometrically similar TS leads to different minima. How-
ever, whenever possible, CASSCF active spaces for pure
states do not contain lone O2p orbitals, which tend to lead
to IOC ORF with the current, convergence techniques. This
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active space construction is particularly important in both
solving for pure states at the CASSCEF level (avoiding IOC
ORF) and obtaining single-state MRMP2 results (avoiding
state root flipping).

In addition to the pure state calculations of the reactions,
this study explicitly and appropriately examines the
biradical regions. First, two separate CASSCF surface
crossings between the lowest-lying triplets and lowest-
lying singlets are determined. Second, an (8,7) SA CAS is
used to describe the 'CH,CH,O' biradical around this
CASSCF approximation to the given surface crossing.
Third, SO-MCQDPT2 is performed on the lowest four
states in a region around CH,CH,O'. Without treatments
such as non-orthogonal MCSCEF, these quasi-degenerate
states currently require SA wavefunctions to sort out close-
lying states—with or without IOC. This active space
selection requires care since MCQDPT2 application to an
(8,8) SA CAS reference changes the dominant configura-
tion(s). This fact also supports the avoidance of improper
IOC in SA MCSCEF, reference wavefunctions.

Overall, the O + ethylene PES definitely requires a
complex treatment in the quasi-degenerate regions around
the MEXs. In fact, PES regions about paths 10-13 will
need more sophisticated, multireference methods incorpo-
rating dynamic correlation in order to develop an accurate
potential for dynamic simulations. Future work on
O + ethylene will take a number of directions that include
further GVB-PP and MR-AQCC energetics, various cou-
pled cluster calculations, and dynamical simulations
including but not limited to surface hopping.
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