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Abstract

We present a study of the O(3P)+C2H4 scattering reaction, a process that takes

place in the interstellar medium and is of relevance in atmospheric chemistry as well.

A comprehensive investigation of the electronic properties of the system has been car-

ried out based on multiconfigurational ab-initio CASSCF/CASPT2 calculations, using

a robust and consistent active space that can deliver accurate potential energy surfaces

in the key regions visited by the system. The paper discloses detailed description of

the primary reaction pathways and the relevant singlet and triplet excited states at

the CASSCF and CASPT2 level, including an accurate description of the critical con-

figurations, such as minima and transition states. The chosen active space and the
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CASSCF/CASPT2 computational protocol are assessed against coupled-cluster calcu-

lations, to further check the stability and reliability of the entire multiconfigurational

procedure.

1 Introduction

The reaction between ethylene C2H4 and triplet oxygen O(3P) is a chemical process that

gained interest in the field of atmospheric chemistry and astrochemistry,1,2 due to its rele-

vance in specific chemical problems such as the degradation of the space ships traveling on

low Earth orbits.3–7 Furthermore, this reaction can be considered as a prototype for both ex-

perimental and theoretical studies in the field of chemical reaction dynamics, because of the

rather small number of atoms involved, as well as the occurrence of radiationless relaxation

phenomena involving electronic states of different spin multiplicity. Accordingly, this system

and the related products have been widely studied especially in the last fifteen years.3,8–18 In

particular, crossed molecular beams experiments and quantum-classical trajectory surface

hopping calculations showed that the reaction develops on both singlet and triplet potential

energy surfaces (PESs) via an intersystem crossing (ISC) process.15,16 These studies have as-

sessed the branching ratios between the various product channels and estimated both angular

and translation distributions of the products at different collision energies.

In Ref. [15], surface-hopping simulations have been performed on the lowest singlet (S0)

and triplet (T1) PESs, coupled by a spatially constant spin-orbit coupling (SOC). The PESs

have been fitted and shifted according to ab-initio single point energies obtained from differ-

ent methods, such as complete active space self-consistent field (CASSCF), multi-reference

configuration interaction (MRCI) and coupled-cluster with single-double and perturbative

triple (RCCSD(T)) calculations. It was shown that among the many exothermic product

2



pathways, the following are the most probable to occur:15

C2H4 + O(3P)

→ CH2CHO + H ∆H0
0 = −8.5 kcal/mol (Triplet) 20.1% (1)

→ CH2 + H2CO ∆H0
0 = −1.3 kcal/mol (Triplet) 6.1% (2)

→ CH3 + HCO ∆H0
0 = −20.5 kcal/mol (Singlet) 35.1% (3)

→ CH3CO + H ∆H0
0 = −15.7 kcal/mol (Singlet) 7.4% (4)

→ CH2CO + H2 ∆H0
0 = −76.1 kcal/mol (Singlet) 3.7% (5)

where the exothermicity values at 0 K are taken from previous coupled-cluster calculations.15

For each reaction channel we indicate the corresponding surface-hopping probability for a

collision energy of 0.36 eV, as reported in Ref. [19]. On account of these results a reaction

mechanism has been proposed and is summarized in Figure 1 (and Figure S18 of the Sup-

porting Information). Note that the numerical values of the energies reported in the figures

refer to this work, whereas in the discussed below we refer to the values reported in Ref. [

15]. The differences between our results and Ref. [15] are summarized in Figure 1, and will

be amply described in the course of paper.

The chemical process begins with a collision between the oxygen atom O(3P) and the

ethylene molecule C2H4 on the lowest triplet PES T1, to form a triplet biradical 3CH2CH2O.

In order to reach this configuration, the system has to overcome a small barrier of about

0.13 eV, related to the transition state TS1. The reaction then develops on either triplet or

singlet PESs. In particular, pathways (1) and (2) should stay on the triplet T1 (see Figure 1,

upper panel): the biradical can dissociate into the products H + CH2CHO via the transition

state TS3 with a barrier height of about 1.00 eV, or dissociate into the products CH2 +

H2CO by breaking the C-C bond via TS4, facing a barrier of about 1.15 eV. The final parts
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Figure 1: Summary and schematic representation of the critical regions of the singlet and
triplet PES from MS2-CASPT2 calculations. In the upper panel we report the results for
pathways (1) and (2) terminating in the triplet, whereas in the lower panel we report the
results for pathways (3) and (4) terminating in the singlet. Relative energies (in eV) are
computed with respect to the collision geometry O(3P) + C2H4. The values in parentheses
report the differences with respect to the values of Ref. [ 15]. Circled regions indicated as
ISC highlight the configurations where intersystem crossing is expected to occur.
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of pathways (3) to (5) should develop on the lowest singlet PES (S0) through ISC from

the triplet T1
15 (see Figure 1, lower panel, where we show pathways (3) and (4)). This

triplet to singlet spin-flipping occurs in a particular region of PESs centered around the

biradical 3CH2CH2O, where S0 and T1 are almost degenerate and coupled by a small SOC

of ∼35 cm−1 (which is not surprising due to the nature of the atomic species involved). The

singlet biradical denoted as TS0 on the S0 PES comes from the ISC and lies about 0.14

eV lower than the triplet counterpart. It can undergo a 1,2-H shift and isomerize to the

singlet CH3CHO or form the oxirane CH2OCH2 by oxygen migration and ring-closure. The

oxirane will eventually isomerize to CH3CHO and further dissociate into various products

of pathways (3), (4), and (5) on the singlet PES S0, such as CH3 + HCO, H+CH3CO, or

CH2CO+H2.

Both theory and experiments agree with this mechanistic picture, even though some dif-

ferences between the quantum-classical simulations and crossed molecular beams experiments

still exist. For instance, cross section and branching ratio values differ for some particular

reactive pathways, such as the CH2CHO + H or the CH2 + H2CO.16 As a matter of fact, it

should be noted that previous quantum-classical dynamics calculations have been system-

atically performed on S0 and T1 fitted PESs with a constant value of SOC, and the PESs

have been rescaled according to CASSCF, CCSD(T) and MRCI single point energies. As

will be discussed in the course of the paper, and as shown in Figure 1, a conical intersection

between the two lowest singlet states appears at a geometry where SOC is important, and

is energetically accessible. Therefore, the role of the excited states might play a role in the

reaction dynamics, allowing the system to undergo internal conversion (IC), i.e. population

transfer between states of the same spin multiplicity, along with ISC. Nonetheless, effects

due to excited states have usually been neglected,3,15 which allowed, together with the use

of fitted PESs,15 to propagate a large number of trajectories, and to achieve, consequently,

good statistics for the prediction of cross sections and branching ratios. Significant contri-

butions to the characterization of the electronic structure of this system have been made
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based on density functional theory (DFT) methods.3,12,18,20–22 However, DFT is unable to

describe systems that show a significant multiconfigurational character, especially when the

system undergoes bond breaking or bond formation, which is exactly the situation studied

here. DFT simply has problems in handling fragmentation which, instead, multiconfigura-

tional methods can properly account for. Therefore, the CASSCF and the complete active

space second-order perturbation theory (CASPT2) are suitable methods of choice to study

the electronic structure of this scattering reaction. It is important to add that the pres-

ence of the conical intersection between S0 and S1 prevents one to use the linear-response

time-dependent DFT (LR-TDDFT) approach as well, which is not able to capture such a

degeneracy.18,20

The purpose of the present work is to accurately investigate the electronic structure

properties along the reactive pathways listed above, employing a consistent and reliable

CASSCF/CASPT2 computational procedure. The study has been carried out assuming

a static perspective, provided by the computation of the potential energy landscapes of

relevant electronic states along the reaction paths, including the description of the relevant

singlet and triplet excited states and the related SOC. The first two singlet and triplet states

(S0, S1, T1, T2) have been taken into account, since those states are very close in energy

near the biradical region. We successfully identified an active space that changes smoothly

along several reaction paths. This active space shows neither discontinuities in the PESs nor

sudden changes of the electronic properties.

The work reported in this paper is significant for various reasons. First, it provides solid

and suitable basis for potential ab-initio on-the-fly dynamics calculations (not restricted to

surface-hopping approach) especially regarding the choice of the active space, whose orbitals

could also serve as starting point for studies on similar systems.23–26 In addition, such a small

molecular system, O + C2H4, seems to manifest interplay between ISC and IC, mediated by

SOC and by the S0-S1 conical intersection, respectively. This feature makes it an excellent

candidate to be a test-case for new excited-state molecular dynamics methods, very much in
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the spirit of the recently proposed molecular Tully models.27 Therefore, we make available

to the community, in the most transparent way, in the paper and in the Supporting Infor-

mation: active-space orbitals, geometries and electronic characters of the identified critical

configurations, geometries and energies along the internal reaction coordinates (IRCs) and

linear interpolated transit paths (LITP) in internal coordinates used to study the potential

energy profiles. Finally, our work illustrates the limitation of the CASSCF approach – so

far, the only accessible approach to on-the-fly simulations for this system – for instance

in terms of the energetics. In particular, we will point out a systematic overestimation of

CASSCF energies with respect to the CASPT2 results, which will need to be taken care of

for on-the-fly dynamics.

The paper is organized as follows. In Section 2 we provide details about the computa-

tional methods used to carry out this study. In Section 3.1 we discuss the electronic and the

nondynamical correlation properties of the most important geometries involved in the path-

ways (1) to (5). In particular, referring to Figure 1, we analyze the singlet minima CH2OCH2

(oxirane) and CH3CHO (acetaldehyde), which are transient configurations ultimately leading

to the products of pathways (3), (4) and (5), along with the singlet transition state TS0 and

the S0-S1 conical intersection. On the lowest triplet PES, as shown in Figure 1, we identify

and analyze the triplet transition state TS1 leading to the formation of the triplet biradical

3CH2CH2O, as well as the triplet transition states TS3 and TS4, yielding the products (1)

and (2), respectively. In Section 3.2 we discuss the various scattering pathways by means

of IRC and LITP calculations. The singlet pathways (3) to (5) become accessible via the

1,2-H shift isomerization mentioned above, which involves the transition state TS0; starting

with oxirane and acetaldehyde the final products are formed without involving additional

transition states. The O(3P)+C2H4 entrance pathway along the triplet PES involves passing

via the transition state TS1. The triplet pathways towards the formation of the products

of (1) and (2) involve the transition states TS3 and TS4. Our conclusions are reported in

Section 4.
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2 Methods

Multiconfigurational ab-initio calculations were performed using the CASSCF and CASPT2

methods.28 These calculations have two main objectives: (i) to determine the electronic

structure and multiconfigurational properties of the system, (ii) to characterize singlet and

triplet potential energy surfaces, related to the reactive pathways (1) to (5). All reference

CASSCF single-point and geometry optimization calculations have been performed distribut-

ing 12 electrons in 12 orbitals. This active space (denoted CAS(12,12)) is shown in Figure 2

for oxirane, and was chosen in view of the reactive scattering process, which mainly involves

the O and C atoms, with C-C and C-O bond breaking and bond formation. The active

space orbitals include thus the pairs of σ/σ∗, and π/π∗ for C-C, the 2s and the three 2p

oxygen orbitals, and the π orbital for the C-H. The pair of virtual orbitals 3px and 3s were

also included to stabilize the active space and to recover some dynamic correlation. This

active space is thus suited to describe all the relevant excited states involved in the scattering

reaction, which involve π → π∗ or n→ π∗ transitions (vide infra).

The active space has been carefully checked after every single point calculation, to ensure

the stability and reliability of the CASSCF wavefunction. Our analysis points out that the

active space shown in Figure 2 is sufficient to describe the reaction channels (1) to (4) along

with their energetics. In particular, as illustrated in Figure S1 of the Supporting Information,

inclusion of the orbital 3px is essential to capture the C-H bond breaking underlying pathways

(1), (3) and (4) above. The same active space, however, rotates along pathway (5) and,

while the energy profiles look smooth, we cannot conclude on the reliability of this active

space to describe correctly pathway (5). Therefore, we will not describe in detail this low-

probability reaction pathway. This is because the results presented in this work shall be

intended as a preliminary study for dynamics on-the-fly simulations. With this idea in

mind, we opt towards identifying a stable and smoothly-varying active space that is able to

capture the majority of the reaction channels of the title reaction (about 70% according to

the probabilities (1) to (4)), rather than adapting the active space to the various reaction
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channels, which would prevent from a straightforward application in on-the-fly dynamics.

Figure 2: Active space represented in terms of natural orbitals and obtained from the SA2-
CASSCF(12,12)/ANO-L-VTZP calculation at the CH2OCH2 geometry (isovalue: 0.08). Or-
bitals in round bracket mean a marginal contribution to the active orbital. The names are
assigned by identifying the ethylene contribution and by adding the oxygen orbitals; the
name of orbital 12 is taken from Ref. [12].

State-averaged calculations over two states were performed separately for singlet and

triplet states (denoted SA2-CASSCF(12,12)). This number of states stabilizes the active

space, providing at the same time the description of all the relevant states, as only the lowest

two singlet and triplet states are energetically accessible for this scattering process. Multi-

state CASPT2 (MS-CASPT2) calculations were then performed using a standard IPEA

shift1 of 0.25 au29,30 and a level shift of 0.3 au was carefully chosen in order to avoid intruder

states. Separate MS-CASPT2 calculations have been performed for each singlet and triplet

multiplicity, on the lowest two states (denoted MS2-CASPT2) for both multiplicities. In
1IPEA stands for: IP=ionization potential, EA=electron affinity.
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all calculations, the Douglas-Kroll-Hell Hamiltonian and the Cholesky decomposition with

a threshold of 10−6 au were used along with the ANO-L-VTZ all-electron basis for O31 and

C and ANO-L-VDZ for the H atoms.32 Some tests with a larger basis set did not show any

notable change in the energies. For this reason we decided to proceed with the ANO-L-VTZ

and ANO-L-VDZ basis sets as they are a good compromise between accuracy and compu-

tational cost. All the CASSCF and CASPT2 calculations were performed with OpenMolcas

package.33 The biradical index y of the molecules was investigated according to the natural

orbital occupation number (NOON) analysis, i.e. on the basis of the occupation number (n)

of the LUMO-like orbital resulting from the CASSCF calculation. The LUMO-like orbital

has been identified by looking at the CASSCF wavefunction configurations, detecting for

each state the unoccupied natural orbital towards which the excitation has been carried out.

The biradical index ranges from 0% to 100% (for a pure biradical state).34,35 All geometry

optimizations have been performed at the CASSCF level, as CASPT2 optimizations using

a CAS(12,12) active space was not possible with our computational resources. Indeed, al-

though CASPT2 singlet point energy calculations are relatively fast and similar to a CASSCF

single point calculation in terms of computational cost, calculations of energy gradients and

derivative couplings, which are necessary for non-adiabatic dynamics, are prohibitive with

CASPT2. To the best of our knowledge, as of today, there are no quantum chemistry codes

able to compute singlet and triplet gradients and derivative couplings efficiently through

resolution of analytical equations, which would be the only efficient strategy to follow for the

dynamics. SOC calculations were performed at selected critical configurations within the

spin-orbit state interaction frame36 using the singlet and triplet spin-free CASSCF wave-

functions as basis for the spin-orbit Hamiltonian. Dynamic electron correlation effects were

included by using the MS-CASPT2 as the diagonal elements of the spin-orbit Hamiltonian.

Additional single point calculations on the optimized CASSCF geometries using the

coupled-cluster with single, double and perturbative triple excitation CCSD(T)37,38 method

were performed with the ORCA 4.1.239,40 computational package, to give further support to
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the MS-CASPT2 results. For such calculations, the aug-cc-pVTZ basis set41 has been used

for all atoms.

3 Results and discussion

In Section 3.1, we determine stationary points and transition states on the lowest singlet and

triplet PESs, and we discuss in detail their electronic properties, devoting some attention

to the multiconfigurational character of the electronic wavefunctions. In Section 3.2, we

analyze the relevant reaction paths either using an IRC analysis when transition states can

be identified along the lowest singlet and triplet PESs or using a LITP analysis on the lowest

singlet PES in the absence of transition states.

Since this system has been studied in previous work,14–16 we present our findings in

comparison with those studies. In particular, unless explicitly indicated, the reference results

are those of Ref. [15].

3.1 Electronic structure and multiconfigurational properties

The first two singlet and triplet states (S0, S1, T1, T2) were computed for all the minima and

transition states involved in pathways (1) to (5) at the SA2-CASSCF and MS2-CASPT2 lev-

els of theory. Cartesian coordinates for each optimized geometry can be found as Supporting

Information. Table 1 and Table 2 show the vertical transition energies calculated considering

S0 as reference, and details about the character of the main electronic configuration for the

singlet and triplet optimized geometries, respectively. The tables also show the weight of the

leading configuration (C2) as a square of the CI coefficients C, retrieved from the analysis

of the CASSCF wavefunction.

In all cases, the CASPT2 excitation energies are in very good agreement with previous

theoretical calculations12,15 and experiments,42,43 with the maximum error usually below 0.2

eV. The CASSCF values are, however, systematically overestimated by maximum 0.4 eV.
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We attribute this inconsistency to the lack of dynamic electron correlation in the CASSCF

wavefunction. The energy difference between CASSCF and CASPT2 tends to be more

significant in some particular cases, such as for the singlet minima CH2OCH2 and CH3CHO,

where the dynamic correlation effects are stronger as both molecules are the only species for

which all electrons form Lewis pairs. Nevertheless, the accuracy of the CASPT2 energies for

all the optimized species guarantees that the CASSCF/CASPT2 computational procedure

and the chosen active space are accurate enough to describe the electronic structure of the

system in the relevant regions visited along the reaction.

The geometries discussed below are identified either on S0 or on T1. For each geometry

we will analyze the electronic properties of all states S0, S1, T1, T2.

3.1.1 Singlet minima, transition state and conical intersection

The analysis of the electronic properties has been performed for the critical configurations

optimized on the S0 PES, identified along the reaction path via TS0, namely CH2OCH2 →

TS0→ CH3CHO. A summary of the observations reported below can be found in Table 1.

The four geometries identified in the table can be found in Figure 1.

(a) For the CH2OCH2 (oxirane) molecule, whereof we show the CAS(12,12) active space in

Figure 2, the MS-CASPT2 first singlet excited state S1 is predicted at 7.18 eV, in good

agreement with previous TD-DFT results12 and close to the experimental value of 7.24

eV.42 This state is obtained by a transition from the oxygen lone pair orbital 2px to the

virtual orbital 3pz (1B1 transition): this result is in disagreement with the earlier TD-

DFT calculations (using different functionals) at the same geometry12 which predict

a contribution from a s-like virtual orbital; however, this same result is in agreement

with more recent cDFT calculations.44 The triplet states T1 and T2 are placed by the

MS-CASPT2 at 6.65 eV and 7.76 eV respectively, namely 0.53 eV below and 0.58 eV

above the singlet S1, respectively. The T1 state is described by transitions involving

the same orbitals of the S1 state (3B1 transition), whereas the T2 state is described

12



Table 1: Summary table of the singlet optimized species discussed in the text. The elec-
tronic states considered in our calculations are listed in the first column, along with the
corresponding SA2-CASSCF (second column) and MS2-CASPT2 (third column) transition
energies (eV) taking the energy of S0 as reference. When available, experimental values are
provided as well (forth column). The character of the main configuration and its weight are
shown in the fifth and sixth columns, respectively. Note that the generic names π and π∗

refer to the CC bond and are not defined via Figure 2 since they do not belong to the oxirane
configuration.

state CASSCF ∆E CASPT2 ∆E expt. character C2

CH2OCH2

S0 0.000 0.000 closed-shell 0.93
S1 7.440 7.176 7.23942 2px → 3pz 0.93
T1 6.949 6.649 2px → 3pz 0.94
T2 7.942 7.758 πCC + 2pz → 3pz 0.94

CH3CHO
S0 0.000 0.000 closed-shell 0.91
S1 4.499 4.202 4.28043 2px → π∗ 0.92
T1 4.168 3.887 3.97043 2px → π∗ 0.95
T2 6.189 6.094 5.99043 π → π∗ 0.96

TS0

S0 0.000 0.000 closed-shell 0.33
2px → π∗ 0.33

S1 0.316 0.351 - 2py → π∗ 0.69
T1 0.093 0.144 - 2px → π∗ 0.93
T2 0.265 0.312 - 2py → π∗ 0.94

CI (S0-S1)
S0 0.000 0.000 closed-shell 0.39
S1 0.000 0.003 - 2py → π∗ 0.79
T1 -0.102 -0.090 - 2px → π∗ 0.93
T2 0.092 0.108 - 2py → π∗ 0.94

by a transition from the πCC + 2pz orbital to the virtual orbital 3px (3A1 transition).

According to CASPT2, at this geometry the three excited states S1, T1, T2 result to

be too high in energy to be involved in the O(3P) + C2H4 reaction mechanism. For

instance, in an astrochemistry context, the energy scales at play are much lower than 6-

7 eV, thus preventing the system to reach S1, T1 or T2 at this geometry. The analysis of

the CASSCF wavefunction shows that the weight of the most important configuration

(C2) for all four states is larger than 0.90, indicating a single-reference character of
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the electronic structure at this geometry. The biradical index y is 0% according to

the NOON analysis, in agreement with the closed-shell nature of the main electronic

configuration.

(b) For the CH3CHO (acetaldehyde) molecule, the S1 state is generated by a 2px → π∗

transition (1A′′) and is placed by the MS-CASPT2 at 4.20 eV, very close to the exper-

imental value of 4.28 eV.43 The triplet states T1 and T2 are placed respectively at 3.89

eV and 6.10 eV, again in good agreement with the experimental values of 3.97 eV and

6.00 eV.43 As in the oxirane molecule, the T1 state shares the same kind of excitation

as the S1 state (3A′′), whereas T2 shows a π → π∗ excitation (3A′). The character and

energetic order of the three states is in agreement with what was previously reported

in the literature for this molecule.43 The analysis of the CASSCF wavefunction shows

similar results to the oxirane, with the C2 values larger than 0.90, meaning a single-

reference character for all the electronic states at this geometry. The biradical index

is 0% in this case as well.

(c) Regarding the singlet transition state, denoted TS0, CASPT2 predicts the first singlet

excited state S1 0.35 eV higher than S0, whereas the triplet states T1 and T2 are

predicted at 0.14 eV and at 0.31 eV, respectively. Hence, in this region the electronic

states are much closer in energy if compared to the other two species, in agreement with

previous electronic structure calculations at the same geometry.15 It is worth noting

that in this case the S1 and T2 states are obtained by a different excitation. Indeed,

the active orbital πz smoothly rotates towards the second oxygen lone pair orbital 2py

during the oxirane C-O bond breaking, (see Figure S2 of the Supporting Information)

resulting in two 2py → π∗ states. The weights of the leading configuration of the

CASSCF wavefunction C2 are less than 0.90 for the two singlet states, indicating a

strong static electron correlation. In particular, for the S0 state, there are two leading

configurations (closed-shell and 2px → π∗) contributing with an equal weight of 0.33.
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Another, less important, configuration 2px → π∗ with a weight of 0.18 derives from the

coupling with the nearby S1 state. A closer look at the electron density and CASSCF

configurations revealed the coexistence of two resonance structures, that have been

already described in some early work about the excited state oxirane ring-opening

reaction,45,46 i.e. a biradical and a zwitterion configuration, both contributing to the

final CASSCF wavefunction for the S0 state. The biradical form corresponds to the

2px → π∗ and the 2py → π∗ configurations, whereas the zwitterion corresponds to

the closed-shell configuration. This bifunctional character, related to spin localization

and pairing, is consistent with the value of the biradical index y = 62%. The S1

state displays also a strong multiconfigurational character with a value of C2 of 0.69

for the leading configuration, due to the coupling with the lower state S0. This last

observation suggests the presence of a nearby conical intersection between the two

states. Regarding the triplet states, in this case the value of the weight C2 is higher

than 0.90, revealing a single-reference character for both states. The biradical character

is confirmed by the value y = 100% of the biradical index for both, and the spin

density analysis, which shows one electron localized on the π∗ carbon atom and the

other localized on the 2px orbital for the T1 state, and on 2py for the T2 state (see

Figure S3 of the Supporting Information). According to previous surface-hopping

calculations,15 after the scattering event, the reaction proceeds towards this biradical

transition zone, where ISC from the triplet to the singlet PES is expected to occur. The

close proximity of those states, together with a non-negligible SOC, creates appropriate

conditions for singlet to triplet ISC. Further CASPT2 calculation estimates a SOC

value between 20 and 40 cm−1, in agreement with the mean value of 35 cm−1 used in

Ref. [ 15]. In particular, the two pair of states S0-T1 and S1-T2 show the same value

of 20 cm−1, whereas the pair of states S0-T2 and S1-T1 show a value of 40 cm−1. This

difference is compatible with the El-Sayed47 rule, in the sense that S0 and T1 share the

same electronic character in their electronic transitions, and the same for S1 and T2.
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The particular electronic properties of this transition-state region have been reported

in several theoretical studies on the same system reaction.12,15,21,44 According to the

basic quantum multielectron theory, a singlet biradicaloid needs two determinants to

be correctly represented whereas a triplet biradicaloid needs only one determinant.48

Thus, in every structure where the biradicaloid character becomes important the singlet

states systematically show a strong multireference character whereas the triplets retain

a singlet reference character.

(d) The last singlet configuration that has been optimized is the S0-S1 conical intersection.

The optimized geometry is qualitatively very similar to the one found by Tapavicza et

al. [ 12] with a Cs symmetry, and differs from the TS0 geometry by a CH2 rotation.

It is worth noting that the S0-S1 degeneracy is maintained at CASPT2 level, with an

energy gap between S0 and S1 of only 0.003 eV. Interestingly, the electronic properties

are very similar to TS0, with a superposition of biradical and zwitterion character for

the S0 state, and a pure biradical character for the S1 and the two triplet states. At

this geometry, the triplet states are very close to the two degenerate singlet states,

with T1 lying only 0.09 eV below S0-S1, and T2 lying 0.11 eV above. SOC calculations

show very similar results to TS0, with values ranging between 20 and 40 cm−1, making

this geometry a good candidate for the occurrence of ISC, due to the close proximity

of the singlet and triplet states and the non-negligible SOC. Note that, this geome-

try is energetically accessible during the scattering reaction, since the electronic-state

manifold is placed by both CASSCF and CASPT2 at almost the same energy as TS0,

as shown in Figure 1 and Figure S18 of the Supporting Information. Accordingly, in

the region near the conical intersection, IC and ISC might occur as competing effects,

and the slightly different geometries of the S0-S1 conical intersection and of TS0 might

affect the reactivity in different ways.
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Table 2: Summary table of the triplet optimized species discussed in the text. The elec-
tronic states considered in our calculations are listed in the first column, along with the
corresponding SA2-CASSCF (second column) and MS2-CASPT2 (third column) transition
energies (eV) taking the energy of S0 as reference. The character of the main configuration
and its weight are shown in the fourth and fifth columns, respectively. Note that the generic
names π and π∗ refer to the CC bond and are not defined via Figure 2 since they do not
belong to the oxirane configuration. In TS3 and TS4 the orbitals acquire an “atom-like”
character, thus we refer here to 2pC and 1sH.

state CASSCF ∆E CASPT2 ∆E character C2

3CH2CH2O
S0 0.000 0.000 2px → π∗ 0.55
S1 0.123 0.144 2px → π∗ 0.33
T1 -0.091 -0.051 2px → π∗ 0.92
T2 0.169 0.202 2py → π∗ 0.93

TS1
S0 0.000 0.000 closed-shell 0.72
S1 0.465 0.309 2px → π∗ 0.82
T1 -0.648 -0.849 2px → π∗ 0.90
T2 -0.611 -0.788 2py → π∗ 0.90

TS3
S0 0.000 0.000 closed-shell 0.59
S1 1.048 0.927 2px + 2pC − 1sH → 2px − 2pC − 1sH 0.81
T1 -0.292 -0.203 2py → πCC 0.90
T2 0.895 0.828 πCO → π∗CC 0.90

TS4
S0 0.000 0.000 closed-shell 0.49
S1 0.843 0.709 2px + σCC → 2pC 0.63
T1 -0.778 -0.638 2px + σCC → 2pC 0.88
T2 0.888 0.803 2px → 2pC 0.88

3.1.2 Triplet minima and transition states

The analysis of the electronic properties has been performed for the minima and transi-

tion states configurations optimized on the T1 PES. Those configurations have been iden-

tified along the reaction paths via TS1, namely O + C2H2 → TS1 → 3CH2CH2O, via TS3,

namely 3CH2CH2O → TS3 → H + CH2CHO, and via TS4, namely 3CH2CH2O → TS4 →

CH2 + CHO. In general, the two triplet states T1 and T2 listed in Table 2 show a single-

reference character with a C2 value larger than 0.90, whereas the singlet states have a strong

multiconfigurational character, due to the biradicaloid nature of the system in certain regions
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of the PES. As for the singlet, the triplet critical configurations can be identified in Figure 1.

(e) The triplet minimum 3CH2CH2O displays a molecular geometry very similar to the

singlet transition state TS0. The two geometries are located very close on the PES,

sharing therefore very similar electronic properties. CASPT2 calculations show the

four electronic states energetically very close to each other. In particular, the energy

gap between T1 and S0 is only 0.05 eV, whereas S1 and T2 are placed 0.15 eV and

0.20 eV higher than S0, respectively. All the states are described by transitions in-

volving the same orbitals found in TS0. Furthermore, the energy difference between

the TS0 S0 and the 3CH2CH2O T1 is just 0.05 eV, meaning that the states are almost

degenerate according to MS-CASPT2 calculations. This gap is lower than the value

of 0.14 eV previously reported by Fu et al. [15] but still in fair good agreement. The

multiconfigurational character results to be stronger than TS0 for the singlet states. A

detailed examination of the CASSCF wavefunction reveals that S0 and S1 are strongly

coupled to each other, sharing the same kind of excitations. Both states are formed by

three leading determinants. For S0 the most important among those determinants is

the single excitation from the lone pair oxygen orbital 2px to the opposite carbon atom

π∗ orbital, which is surprising because such a transition couples two states that are

localized on different moieties. Such configuration serves also as leading configuration

for the S1 state, although with a smaller weight of 0.33. The other two configurations

of S0 are the closed-shell and the transition from the second lone pair oxygen orbital

2py to the opposite carbon atom π∗ orbital. Note that the closed-shell configuration

contributes to the S0 state with a weight of only 0.15, whereas for S1 it shows a larger

contribution of 0.25. SOC calculations at this geometry show the same values as for the

TS0 transition state, i.e. 20 cm−1 for the pairs S0-T1 and S1-T2, whereas 40 cm−1 for

the pairs S0-T2 and S1-T1. The analysis of the biradical index reveals a larger biradical

character for the singlet states (y = 76% for S0 and y = 68% for S1) if compared to

the TS0 state, whereas the triplet states are again pure biradicals with y = 100%.
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(f) The next geometry that has been studied is the transition state TS1, of utmost impor-

tance since it is the first transition state encountered by the system upon the scatter-

ing event.15 This configuration represents also a cut-off between the asymptotic region

where the two reactants are well far apart from each other, and the region where the

C-O σ bond is established. The multireference character of the singlet states is less

important if compared to the previous geometry. The electronic states result to be

energetically further away from each other. In particular, according to CASPT2, the

S1 state is 0.31 eV higher than S0, whereas T1 and T2 are placed 0.85 eV and 0.79 eV

lower than S0. The analysis of the CASSCF wavefunction shows the closed-shell con-

figuration contributing to the S0 state with a weight coefficient C2 of 0.72 and no other

leading configuration contributing to the state. Similarly, the S1 state shows only one

important configuration represented by the excitation from the oxygen lone pair orbital

2px to the C-C π∗ orbital. The triplet states are also formed by one leading determinant

which contributes in both cases with a coefficient C2 = 0.90. Both states are formed

by the same kind of excitations already encountered in the triplet minimum studied

above. Note that for each of the three states S1, T1, T2 the leading determinants have

the same character as the triplet minimum 3CH2OCH2 and TS0, meaning that no state

changes occur from one geometry to another. For S0 the biradical index is 30%, much

smaller than the previous geometry whereas for the other states the biradical character

is always close to y = 100%. The small biradical index of S0 is in agreement with the

less significant multiconfigurational character of this state and with the fact that the

system is in a configuration close to two separate reactants C2H4 and O(3P). SOC

calculations show values in the range of 20 to 40 cm−1, however, the larger energy gap

between the singlet and triplet states makes this geometry a less favorable candidate

for ISC, in agreement with the previous mechanistic picture,15 which predicts ISC near

the singlet TS0 or the triplet 3CH2OCH2.

(g) The transition state TS3 is related to pathway (1) which involves the H-C bond disso-
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ciation on the T1 PES to form the products H + CH2CHO. According to MS-CASPT2,

at this transition state, the singlet states are close in energy to the triplet states. S0

and T1 are separated by 0.20 eV whereas S1 and T2 by 0.10 eV. Note, however, that

the pair states S0-T1 and S1-T2 are quite far from each other by about 0.8 eV (see

Table 2 and Figure 1 for reference). The analysis of the CASSCF wavefunction re-

veals that, similarly to the other studied species, the singlet states have a very strong

multiconfigurational character: for S0 the leading configuration has weight 0.59 and is

closed-shell whereas for S1 the weight of the leading configuration is 0.81. The triplet

states reveal a single-references character, as both show 0.90 for the weight of the lead-

ing configuration. The biradical index is 57% for the S0 state, meaning that for such

state the multiconfigurational character is due to the combination of both bond disso-

ciation and biradical character. For S1 the biradical index is 95%, whereas the triplet

states T1 and T2 are pure biradical states as the value of the biradical index is equal

to 100%. The analysis of the Mulliken spin density for the triplet states reveals that

part of the spin density is localized on the leaving hydrogen atom, suggesting a C-H

homolitic bond breaking for such states. The character of the excited states result to

be different with respect to the other transition states seen above, meaning that we are

sampling a different portion of the PES. Indeed, the active molecular orbitals shown in

Figure 2 smoothly rotate towards more “atomic-like”, localized orbitals, reflecting the

partial dissociation of the molecule into two separated chemical systems. Nevertheless,

the oxygen lone pair (either 2px or 2py) continues to appear in the transitions for the

three states S1, T1, and T2. For this last triplet state, the lone pair undergoes an

in-phase mix with a carbon p orbital, forming a πO-C bonding orbital. Although at

this configuration the singlet and the triplet states are close in energy, SOC analysis

reveals that the values are not large enough to promote ISC. Indeed, SOC values are

not negligible for the pair of states S0-T2 and S1-T1 (around 35 cm−1), however, they

are too far apart for ISC.
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(h) The transition state TS4 is related to the C-C dissociation channel (2) on the triplet

T1. According to the MS-CASPT2, the singlet states S0 and S1 are well separated

from each other (see Table 2), with S1 0.71 eV higher than S0. The same happens for

the triplet states, with the T1 and T2 states placed 0.64 eV lower and 0.80 eV higher

than S0. As for the other transition states, the analysis of the CASSCF wavefunction

reveals that the singlet states have a stronger multiconfigurational character than the

triplet states. Notably, the S0 state is the sum of three important determinants, with

the closed-shell leading configuration contributing with a weight of 0.49. The other two

configurations contribute to the state with a weight of 0.15, and one is also the leading

configuration of the S1 state, i.e. the excitation from the molecular 2px + σCC (oxygen

lone pair combined with a bonding σ between the two carbon atoms) towards a carbon

p atomic orbital, as indicated in Table 2. Such configuration contributes to S1 with a

weight of 0.63. The two triplet states show a much weaker multireference character,

as the weight of the leading configuration is equal to 0.88, with no other important

contributions from other configurations. The T1 state has the same character as the

S1 state, whereas T2 is the excitation from the oxygen lone pair 2py to the opposite

carbon p orbital, suggesting a strong biradical character. Indeed, for S1, T1, T2, the

orbitals involved in the electron configurations are the same orbitals shown in the spin

density calculation (see Figure S3 of the Supporting Information). The analysis of the

biradical index is consistent with these observations, as for S0 the biradical character

is y = 50%, in agreement with the mixed character of the state formed by three

important determinants. For S1 the biradical index is 74% again in agreement with

the configuration of the state, whereas for the triplet states y = 100%. Regarding SOC,

for this configuration the situation is similar to the TS3 transition state: the couplings

are not negligible only between pair of states that are far away in energy, suggesting

that ISC is not promoted in this case.
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3.2 Potential energy profiles

Previous multiconfigurational studies reported in Refs. [14–16] focused on the lowest singlet

and triplet PES for the entire scattering process. Participation of higher singlet and triplet

states was mentioned then but not throughly investigated. The aim of the present MS-

CASPT2 calculations is to shed light on the behavior of the excited states, using a multi-

reference ab-initio method capable of describing both static and dynamic electron correlation

in a balanced way for all the electronic states involved. We are going to analyze the CASPT2

energy profiles obtained from IRC calculations for the transition states TS0, TS1, TS3,

TS4 shown in Figures 3, 4, 5, 6. The summary Figure 1 includes all pathways together

(the corresponding figure based on CASSCF calculations is shown in Figure S18 of the

Supporting Information). Along the last parts of pathways (3) and (4) transition states

are not encountered, thus the analysis of the potential energy profiles is based on LITP,

to reach the dissociation limit starting from the minimum of the lowest singlet PES. These

results are reported in Figures 7 and 8. We will compare and assess such profiles against the

corresponding CASSCF and CCSD(T) potential energy profiles, available in the Supporting

Information in Figures S4 to S17. Energies in Hartree and eV are also available for the

CASSCF and CASPT2 calculations in Tables S1 to S24 of the Supporting Information.

In general, the ground state CASPT2 profiles (either S0 or T1) are in very good agreement

with the ones obtained by previous calculations15 as seen by the small differences in Figure 1.

Energy gaps at the configurations identified in Sections 3.1.1 and 3.1.2 and in the asymptotic

regions are well reproduced, with a maximum deviation always below 0.2 eV, except for the

asymptotic region related to TS3 where the error is 0.38 eV. It is remarkable that, despite

IRC optimizations were performed at CASSCF level, all the minima and transition states

are reproduced by the MS2-CASPT2 single point calculations (see Figures S4, S5, S6 and

S7 of the Supporting Information for the corresponding CASSCF energy profiles). This

fact ensures that the CASSCF optimized structures are accurate enough, confirming the

robustness of the active space shown in Figure 2, able to deliver accurate geometries in
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several parts of the PES, despite the fact that CASSCF misses some dynamic correlation.

In the figures below, as well as in the corresponding figures in the Supporting Information,

we report the potential energy profiles along IRCs and LITPs. Each IRC has been identified

from the transition-state analysis, and the energy profiles have been organized considering

negative values of the IRCs on the left and and positive value on the right. For consistency

among the figures, we impose the negative regions to be asymptotic configurations. LITPs

are employed for the analysis of the last parts of reaction pathways (3) and (4) presented in

the Introduction, since the lowest PESs do not present transition states. As mentioned in

Section 2, pathway (5) is not analyzed in detail since the instability of the active space of

Figure 2 prevents us from reporting a conclusive analysis.

• 1,2-H shift singlet isomerization channel. Figure 3 presents the MS2-CASPT2 energy

profiles for the lowest singlet and triplet states, related to the 1,2-H shift isomerization

IRC between the oxirane CH2OCH2 and the acetaldehyde CH3CHO. Acetaldehyde is a

transient configuration which yields pathways (3) to (5) presented in the Introduction.

The ground state PES S0 is very well reproduced by the MS2-CASPT2 (as can be seen

in Figure 3 showing the energy differences in brackets with Ref. [15]). The three excited

states S1, T1, T2 show a similar behavior in terms of potential energy profiles, different

from S0. Starting from the oxirane geometry, when S0 increases in energy, S1, T1 and

T2 decrease in energy. As a result, the energy gap between S0 and the excited-state

manifold is considerably reduced near the transition state region TS0, where the four

states become almost degenerate. In this region, SOC reaches its maximum value of

40 cm−1, making ISC very likely to occur. The analysis of the CASSCF wavefunction

reveals that in this region the system becomes highly multiconfigurational, acquiring

a strong biradical character, as discussed in Section 3.1. Going from TS0 towards the

acetaldehyde CH3CHO minimum, the singlet ground state S0 decreases in energy, and

the excited states increase in energy, showing a maximum half-way between TS0 and

CH3CHO. The CASSCF potential energy profiles in Figure S4 of the Supporting In-
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formation qualitatively agree with the topology of the corresponding CASPT2 curves,

although relative energies are more accurate in the latter. The most noticeable dif-

ference between the CASSCF and CASPT2 energy profiles is the separation between

the two minima: according to CASSCF the acetaldehyde is placed 1.76 eV lower than

oxirane, whereas this value is reduced to 1.33 eV according to CASPT2. Nevertheless,

both theories concur that the excited states play a role only near the transition state

TS0, where ISC from the triplet to the singlet may occur, in line with the previous

theoretical calculations.15
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Figure 3: MS2-CASPT2 singlet and triplet potential energy profiles along the IRC pathway
related to TS0, between the oxirane CH2OCH2 and the acetaldehyde CH3CHO. Relative
energies are in eV, and values in parentheses are the differences with respect to the values
obtained in Ref. [15].

CCSD(T) calculations on the ground state S0 and the triplet excited state T1 in Fig-

ure S11 of the Supporting Information confirms the substantial multiconfigurational

character at TS0. Compared to the MS2-CASPT2 results, relative energy deviations

of less than 0.1 are obtained with CCSD(T) near the two minima. Larger errors are

obtained in the region near TS0 for the singlet ground state S0 only, in agreement

with the strong nondynamical electron correlation gained by such state in this region.

Figure S11 of the Supporting Information clearly shows that the proton transfer under-

lying this pathway develops via qualitatively different mechanisms along S0 if the PES
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is computed based either on CASSCF/CASPT2 or on CCSD(T): What is a transition

state in CASSCF/CASPT2, i.e. TS0, becomes a minimum in CCSD(T). An incorrect

interpretation of this isomerization pathway might be expected if the reaction were

to develop via two transition states and an intermediate specie, i.e. CCSD(T), rather

than via a single transition state, i.e. MS2-CASPT2. The T1 diagnostic vector for the

S0 state, which provides a useful indicator of the importance of nondynamical electron

correlation effects,49,50 shows the lowest values right at the two minima CH2OCH2 and

CH3CHO, whereas much lager values > 0.02 are obtained at TS0. The evolution of the

multiconfigurational character along the IRC can be appreciated in Figure S10 and in

Figure S11 of the Supporting Information by looking at the T1 diagnostic curve, which

acquires a gaussian-like shape peacked near TS0. Thus, according to this diagnostic

criterion, significant nondynamical correlation effects are expected in the region near

this geometry and single-references methods like CCSD(T) and DFT are potentially

unreliable in describing electronic states of singlet spin multiplicity. Note also how the

overall CCSD(T) T1 topology is in good agreement with the CASPT2 profile, since

such electronic state shows a single-references character (see Table 1).

• O(3P)+C2H4 triplet entrance channel. Figure 4 presents the MS2-CASPT2 potential

energy profiles for the two lowest triplet and singlet states along the IRC between

the reactants O(3P)+C2H4 and 3CH2CH2O, i.e. the minimum on the triplet PES, via

the transition state TS1. The overall topology of the T1 potential energy profile is

again in good agreement with previous theoretical observations.15 Two minima and

one transition state are located right at the reactants, 3CH2CH2O, and TS1, with the

same energetic order: the triplet minimum 3CH2CH2O is placed 0.90 eV lower than the

asymptotic limit. The associated T1 adiabatic energy barrier of 0.08 eV measured at

TS1 is also in excellent agreement with the previous theoretical results which reported

a value of 0.12 eV.
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Figure 4: MS2-CASPT2 singlet and triplet potential energy profiles along the IRC related to
TS1, between the reactants O(3P)+ C2H4 and the minimum on the T1

3CH2CH2O. Relative
energies are in eV, and values in parentheses are the differences with the values obtained in
Ref. [15].

The states T1 and T2 show a similar profile, correctly dissociating to the same asymp-

tote, as the system must “evolve” towards the two uncharged fragments O(3P)+C2H4:

the two unpaired electrons can be distributed into two of the three degenerate oxygen

p orbitals, forming the two degenerate states T1 and T2. This observation is con-

firmed by the spin density analysis, which shows two unpaired electrons localized on

the oxygen atom. The pair of states S0 and S1 follow approximately the same profile

remaining parallel to each other along the IRC coordinate, except between IRC -0.8

and -0.4, where a state crossing takes place. The analysis of the CASSCF configura-

tion reveals that for such singlet states the system heads again towards two neutral

fragments: state S0 is related to O(1D), while in S1 is related to O(1S). The CASSCF

energy profiles shown in Figure S5 of the Supporting Information qualitatively agree

with the corresponding CASPT2 curves. Overall, it is encouraging that, while the

energetics are slightly different, in particular near the transition state TS1 where the

energy barrier is overestimated by 0.27 eV with respect to the Ref. [ 15], the qualita-

tive behavior between CASSCF and CASPT2 is similar. The CCSD(T) calculations

shown in Figure S12 and in Figure S13 of the Supporting Information confirm again
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the accuracy of the overall CASPT2 calculations, as the CCSD(T) profiles perfectly

match the CASPT2 ones for the triplet state T1. For singlet states there is a substan-

tial deviation around the minimum 3CH2CH2O, as in this region the system becomes

multiconfigurational, as can be seen by the increase of the T1 diagnostic around the

biradical region.

• CH2CHO + H triplet dissociation pathway. Pathway (1) of the Introduction.s The

energy curves related to the CH2CHO + H dissociation pathway are shown in Figure 5.

This pathway is generated starting from the triplet minimum 3CH2CH2O, leading

eventually to the two dissociated fragments through the transition state TS3. The

two minima and the transition state optimized in CASSCF are well reproduced by

the MS-CASPT2 singlet point calculations, confirming again that CASSCF provides

reasonable geometries. The energy barrier of 0.44 eV at TS3 is in very good agreement

with the previous theoretical results, however, the energy gap between the two minima

results to be 0.18 eV. This value is smaller than the value reported by Fu et al. [ 15]

(0.56 eV).
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Figure 5: MS2-CASPT2 singlet and triplet potential energy profiles along the IRC related
to TS3, between the minimum on the 3CH2CH2O and the dissociated fragments CH2CHO +
H. Relative energies are in eV, and values in parentheses are the differences with the values
obtained in Ref. [15].
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The analysis of the CASSCF wavefunction on all four states reveals a substantial

multiconfigurational character along the entire IRC, as the weights coefficients C2 are

always smaller than 0.90. The spin population analysis for state T1 and T2 shows

that the system correctly dissociates to two radical fragments17 CH2CHO• and H•.

The molecular fragment carries its electron in both oxygen and carbon p orbitals for

the T1 state, and in the oxygen p orbital for the T2 state, while the H atom has

its unpaired electron in the s orbital for both states. The two doublet states of the

dissociated fragments can be spin-coupled in a singlet or in a triplet state without

changing the asymptotic limit, justifying the similar energy profile and the degeneracy

at the asymptotic limit of the pairs S0/T1 and S1/T2. Accordingly, singlets and triplets

stay very close to each other along the entire IRC, hinting for possible ISCs especially

between the states T1 and S0. However, SOC calculations reveal that coupling is

noticeable only between the pair of states T1/S1 and T2/S0 (ranging between 28 and

40 cm−1) which are energetically close only in the triplet minimum region. For the

pair S0/T1 and S1/T2 SOC always remains smaller than 5 cm−1. This observation is

particularly relevant because it clearly shows the importance of the molecular geometry

in determining the strength of SOC, and even though two electronic states of different

spin multiplicity are close in energy, like T1 and S0, a small SOC is likely to prevent ISC.

The CASSCF energy profiles are shown in Figure S6 of the Supporting Information

and are in good agreement with the CASPT2 results. In this case, the energy gaps

between the critical points are consistent in both level of theories. The energy barrier at

TS3 is very well reproduced by the CASSCF, as well as the energy difference between

the two minima is in agreement with the corresponding CASPT2 value, albeit this

energy gap is further reduced to 0.10 eV in CASSCF. Nevertheless, both theories

agree on the same mechanistic picture, confirming that the states S0, S1, and T2

are likely to be populated near the triplet minimum, where ISC is likely to occur.

We performed CCSD(T) calculations on the lowest singlet and triplet states, shown
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in Figure S14 and Figure S15 of the Supporting Information. As expected, for this

pathway the coupled-cluster energies do not match the corresponding CASSCF and

CASPT2 profiles, because of the considerable static electron correlation retained by

the system along this IRC coordinate.

• CH2 + H2CO triplet dissociation pathway. Pathway (2) of the Introduction. This

pathway begins at the triplet minimum, and via the transition state TS4 leads to a

C-C bond breaking and to the formation of two dissociated fragments CH2 + H2CO.

The corresponding MS-CASPT2 energy profiles are shown in Figure 6. Similarly to the

results shown above, the lowest triplet state T1 is in very good agreement with earlier

studies at the same geometries, as the maximum energy deviation at the critical points

is smaller than 0.1 eV. Note also that the CASSCF optimized critical points are once

more very well reproduced by the CASPT2 as shown in Figure S7 of the Supporting

Information. It is worth noting that for this IRC pathway, the electronic states are

well separated in energy at the asymptotic limit, meaning that each state converges to

a completely different electronic configuration. Indeed, the analysis of both CASSCF

wavefunction and spin population shows that on the T1 state the system undergoes

an etherolictic C-C bond breaking, with the two unpaired electrons localized on the

CH2 fragment, whereas for the T2 state there is a homolitic C-C bond breaking, with

both fragments carrying an unpaired electron. The multiconfigurational character is

also very different for both states: T1 shows a single-references character with only one

leading determinant with a weight > 0.90, while T2 shows a strong multiconfigurational

character, as three important doubly-excited determinants contribute to the electronic

state, with weights 0.47, 0.31, 0.16.
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Figure 6: MS2-CASPT2 singlet and triplet potential energy profiles along the IRC related
to TS4, between the minimum on the T1 energy 3CH2CH2O and the dissociated fragments.
Relative energies are in eV, and values in parentheses are the differences with the values
obtained in Ref. [15].

For the singlet S0, the closed-shell configuration is the only important configuration

at the asymptotic limit with a weight of 0.86, meaning that this state has a multi-

configurational character, although much smaller than T2. For S1 there is only one

important configuration that contributes with a weight larger than 0.90. The study

of the CASSCF wavefunction reveals that on S0 the C-C bond breaking is etherolitic,

whereas for the state S1 it is homolitic, similar to the triplet states. The correspond-

ing CASSCF energy profiles shown in Figure S7 of the Supporting Information are in

fairly good agreement with CASPT2, although with less accurate relative energies. In

both cases, it is clear that the states S0, S1, T2 become important only in the region

between TS4 and the triplet minimum where all four states are energetically close. The

CCSD(T) energy profiles in Figure S16 and in Figure S17 of the Supporting Informa-

tion show a very good agreement for the triplet T1, where CCSD(T) profile perfectly

matches the corresponding CASPT2. For the singlet state S0 the agreement between

the coupled-cluster and the CASPT2 is considerably worse than for the triplet state,

in agreement with the important nondynamic correlation at the asymptotic limit as

well as near the triplet minimum. For such state, single-references methods are not
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reliable.

• CH3 + CHO singlet dissociation pathway. Last part of pathway (3) of the Introduction.

This dissociation pathway begins at the singlet minimum CH3CHO, which leads to the

two fragments CH3+CHO via a to C-C bond breaking. The MS-CASPT2 energy pro-

files related to this pathway are shown in Figure 7. In this case, the asymptotic limit

is reached via a LITP, i.e. interpolating between the CH3CHO singlet minimum and

the two fragments CH3 + CHO obtained via a C-C bond stretching up to 5.0 Å. The

S0 profile shows no sign of a transition state, as the energy increases monotonically to-

wards the asymptotic region, in agreement with previous calculations by Fu et al. [15].

The dissociation energy of 4.23 eV results to be overestimated by 0.3 eV with respect to

previous calculations.15 However, this overestimation is expected to some extent, as the

two separated fragments CH3 and CHO have not been optimized. The singlet excited

state S1 shows a behaviour similar to the S0, with the energy increasing monotonically

towards the asymptotic region. The corresponding SA-CASSCF singlet energy profiles

shown in Figure S8 of the Supporting Information show a smooth behavior, similar to

the MS-CASPT2 profiles, proving once again that the chosen computational protocol

and related active space are reliable for the study reported in this work. The analysis

of the CASSCF wavefunction reveals non-negligible multiconfigurational character for

both singlet states (C2 ∼ 0.88) in the region close to the minimum CH3CHO, upon

the C-C bond stretching/breaking, whereas near the two fragments CH3 and CHO

the system acquires a single reference character. In fact, in the asymptotic region, no

other chemical rearrangements are obtained. The MS-CASPT2 triplet states T1 and

T2 in Figure 7 show a peak near the minimum CH3CHO. The shape of the potential

energy curves suggests the appearance of an avoided crossings near CH3CHO. Indeed,

a detailed analysis of the triplet CASSCF configurations along the LITP revealed that

a higher state (T3, not shown in Figure 7) rapidly decreases in energy along the LITP,

following the character of T2 and then of T1 after the avoided crossings; the lowest
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triplet state, T1, in turn, increases in energy towards CH3CHO, following the T2 char-

acter, and eventually then following the T3 character. In this region both states show

a strong multiconfigurational character, whereas in the asymptotic region the system

becomes single reference. Towards the asymptotic region T1 becomes degenerate with

S0, and T2 becomes degenerate with S1, for the same reasons already discussed for

pathway (1). The triplet state crossing discussed above affects the stability of the ac-

tive space solution, which undergoes a large orbital rotation for one doubly occupied

orbital towards an orbital outside the active space. Nevertheless, such instability does

not concern the singlet states, for which this pathway has been investigated, mean-

ing the computational procedure is still reliable. Furthermore, note that, according

to previous calculations, the triplet states should not be populated when the system

undertakes this dissociation channel.
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Figure 7: MS2-CASPT2 singlet and triplet potential energy profiles along the LITP between
the minimum on the S0 energy CH3CHO and the dissociated fragments CH3+CHO. Relative
energies are in eV, and values in parentheses are the differences with the values obtained in
Ref. [15].

• CH3CO + H singlet dissociation pathway. Last part of pathway (4) of the Introduction.

This pathway begins at the singlet minimum CH3CHO as for pathway (3), but in this

case the two fragments CH3CO + H are produced by a C-H bond breaking. Therefore,
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the procedure employed to analyzed this pathway is similar to the previous point,

where LITP is used to generate the intermediate geometries between CH3CHO and the

two fragments by a simple C-H rigid bond elongation up to 5.0 Å. The MS-CASPT2

energy profiles related to this pathway are shown in Figure 8. The overall evolution

of the four states is very similar to pathway (3) presented above. The singlet states

show a smooth monotonic profile with no sign of transition states, in agreement with

previous calculations.15 The S0 dissociation energy barrier of 3.75 eV is in this case

underestimated by CASPT2 of about 0.39 eV. The corresponding CASSCF singlet

energy profiles shown in Figure S9 of the Supporting Information appear very smooth

as well, and qualitatively similar to the CASPT2 profiles. It is worth pointing out the

smooth changes of the active space starting with the set of orbitals shown in Figure 2.

In particular, Figure S1 of the Supporting Information shows the transformation of the

3px orbital, which smoothly rotates towards a σ∗CH, an orbital of utmost importance for

an accurate description of the electronic structure of the system during the C-H bond

breaking. The analysis of the multiconfigurational character of the electronic states

reveals strong similarities with pathway (3).
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Figure 8: MS2-CASPT2 singlet and triplet potential energy profiles along the LITP between
the minimum on the S0 energy CH3CHO and the dissociated fragments CH3CO+H. Relative
energies are in eV, and values in parentheses are the differences with the values obtained in
Ref. [15].
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• CH2CO + H2 singlet dissociation pathway. Last part of pathway (5) of the Introduction.

This pathway involves two C-H bond breaking and one H-H bond formation, leading

to the products CH2CO + H2. In this case, the active space results to be unstable

for both multiplicities, as one active orbital undergoes a large rotation during the first

C-H bond stretching of the CH3 group. According to previous work,15 this pathway

involves a transition state called TS6. We determined such intermediate configuration

using DFT (results not shown), since CASSCF optimization results to be inaccurate

due to the active space instability. Generating an IRC path based on DFT geometries,

and performing single point energy calculations at the CASSCF level with the active

space of Figure 2, we find for both multiplicities participation of a higher energy state

which eventually becomes the lowest state, S0 and T1. The large orbital rotation is

most likely caused by this rapid state crossing which introduces important rearrange-

ments of the electronic structure. In order to overcome this limitation, a larger active

space should be used, together with a SA-CASSCF calculation including higher energy

states. However, we believe that due to the low probability of this reaction channel

(< 4% according to previous surface-hopping calculations19) and to the increase of

the computational cost, which would prevent us from extending this procedure to the

pathways previously analyzed, further investigation of pathway (5) is beyond the scope

of our study.

4 Conclusions

We reported accurate multiconfigurational calculations for the lowest two singlet and two

triplet states S0,S1,T1,T2, along the most probable reaction pathways in the O(3P)+C2H4

reaction. These calculations confirmed previous interpretations based on surface hopping,15

providing at the same time further insights into the multiconfigurational character of the

system, pointing out the regions where and the reasons why the nondynamical correlation
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becomes important. By choosing an adequate CASSCF active space, we were able to perform

CASSCF/CASPT2 calculations, providing a detailed analysis of the electronic structure of

the system and the topology of the states involved in the scattering reaction. Furthermore,

we enriched information form the previous studies on this system by assessing the perfor-

mance of various ab-initio methods such as CASSCF, CASPT2 and CCSD(T) along the

most important reactive pathways. Such assessment makes this work very useful in the per-

spective of on-the-fly dynamics simulations, and at the same time disentangles the complex

electronic structure information form the results of the dynamics simulations.

Our new calculations uncover that the system becomes highly multiconfigurational near

the triplet minimum 3CH2CH2O and the singlet transition state TS0, especially for the

singlet states S0 and S1, whereas for the triplet states the system shows most of the time

a single-reference character. Such multiconfigurational character is found also in certain

dissociation channels at the asymptotic limit. In these particular regions where nondynamic

correlation becomes important, single-reference methods such as DFT or CCSD(T) fail to

describe the properties of the singlet states, although they would be able to recover most

of the electronic properties of the triplet states. Such theoretical methods are thus not

suitable for on-the-fly calculations. The CASPT2 method describes very well the electronic

properties and the topology of both multiplicities, which would make it suitable for on-

the-fly calculations. However, its computational cost is high, that is why we oriented the

analysis towards the assessment of the CASSCF results. CASSCF recovers most of the

electronic properties of the four states, as the potential energy profiles are qualitatively in

agreement with the corresponding CASPT2 ones, although the energies are not as accurate

as in CASPT2. In order to employ CASSCF in future dynamical on-the-fly studies of the

reaction O(3P)+C2H4, the energy differences with respect to CASPT2 needs to be taken

care of. Developments in this direction are currently ongoing.

An additional feature of the O(3P)+C2H4 collision reaction that our work highlights is

the presence of a degeneracy region between the analyzed singlet states, namely the conical
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intersection between S0 and S1. The conical intersection appears at a molecular geometry

that is very close to the TS0 geometry, and is energetically accessible. Therefore, in this

region, both IC and ISC might occur, being mediated by the conical intersection and by SOC,

respectively. This observation calls for an assessment of the reaction dynamics including all

four states analyzed in this work. In fact, while it is not straightforward to precisely assess

the competing effects on the dynamics of IC and ISC near the TS0 geometry, one could

expect that a transition from T1 to S0 is accompanied by a transition towards S1 at (or

in the vicinity) of the degeneracy point. If this happens, the molecule might re-enter the

lowest singlet state with some delay or in a slightly different configuration, if compared to

the case where only S0 and T1 are considered. In order to shed some light on these effects,

comparative dynamical studies including two electronic state and four electronic state might

reveal highly informative.
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