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ABSTRACT: The electronic structure of four prototypical Cvetanović
diradicals, species derived by addition of O(3P) to unsaturated compounds,
is investigated by high-level electronic structure calculations and kinetics
modeling. The main focus of this study is on the electronic factors controlling
the rate of intersystem crossing (ISC): minimal energy crossing points
(MECPs) and spin−orbit couplings (SOCs). The calculations illuminate
signiﬁcant diﬀerences in the electronic structure of ethene- and ethyne-derived
compounds and explain the eﬀect of methylation. The computed MECP
heights and SOCs reveal diﬀerent mechanisms of ISC in ethene- and ethynederived species, thus explaining variations in the observed branching ratios
between singlet and triplet products and a puzzling eﬀect of methyl
substitution. In the ethene- and propene-derived species, the MECP is very
low and the rate is controlled by variations of SOC, whereas in the ethyneand propyne-derived species the MECP is high and the changes in the ISC rate due to methyl substitutions are driven by the
variations of MECP heights.

1. INTRODUCTION
Among various reaction products, triplet oxygen atoms
reacting with unsaturated hydrocarbons (RH) can produce
Cvetanović diradicals,1,2 species in which O(3P) is added to a
double or triple bond. Because oxygen is a triplet, the diradical
is formed in the triplet state. It can then undergo a series of
reactions on the triplet potential energy surface (PES) as well
as intersystem crossing (ISC) to the singlet manifold. The
reactions of Cvetanović diradicals are important in hydrocarbon combustion and, to an extent, in atmospheric and
interstellar chemistry.1−5 For example, the reaction of ethene
with O(3P) can lead to eﬀective secondary chain-branching
and thus an enhanced fuel oxidation rate. Although numerous
studies have investigated the role of Cvetanović diradicals and
ISC in the reactions of O(3P) with unsaturated hydrocarbons,3,4,6−15 the key details of ISC are still unresolved. One
particularly interesting question is what aspects of the
electronic structure of the Cvetanović diradicals derived from
diﬀerent unsaturated hydrocarbons control the rate of ISC.
Figure 1 shows the yields of singlet reaction products in the
reaction of O(3P) with ethene,16 ethyne,17 propene,18 and
propyne.19 In these four unsaturated hydrocarbon species, the
branching ratios between the singlet and triplet pathways vary
from 10% to 84%. The eﬃciency of ISC in alkenes and alkynes
is quite diﬀerent: while in ethene the branching ratio for the
singlet products is above 50%, in ethyne it is less than 10%.
© 2018 American Chemical Society

Most intriguing are the variations due to substituting one of
the hydrogens by the methyl group: in alkenes, this
substitution results in a moderate drop in the yield of singlet
products, whereas in alkynes, the branching ratio increases 8fold. The goal of the present study is to characterize the
electronic structure of the prototypical Cvetanović diradicals
derived by O(3P) addition to ethene, propene, ethyne, and
propyne, with an emphasis on factors relevant to ISC. While
the quantitative determination of the yield of the reaction
products formed via ISC to the singlet state requires full
multiwell modeling of the reaction20,21 at the conditions that
match the available experiments, the rate of the actual ISC step
is determined by two quantities15,22−25the spin−orbit
coupling constant (SOCC) and the location of minimalenergy crossing point (MECP). Generally, larger SOCs and
lower MECPs lead to faster ISC rates; however, the interplay
between these two parameters in speciﬁc molecules can lead to
distinctly diﬀerent mechanisms. Consequently, the origin of
the variations in the observed branching ratios in homologically similar compounds could be attributed to diﬀerent
factors. For example, in species with very low MECPs, the
variations in ISC rates are due to SOCCs, whereas in systems
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Figure 1. Total yields of the reaction products via ISC in ethene,
propene, ethyne, and propyne.

with high MECPs, the variations in SOCC values become less
important.
The electronic structure of C2H4O has been extensively
studied.4,9,11,14,15,26 ISC has been studied by Bowman and coworkers, by surface-hopping,9,10 and by Klippenstein and coworkers, by nonadiabatic transition-state theory (NA-TST)
and dynamical simulations.4,15 While most of these ISC
calculations were carried out for only a single triplet surface, ref
15 considered the contribution to the rate from the two closely
lying triplet states. The simulations revealed that ISC in
Cvetanović diradicals can indeed be very eﬀective and showed
that diﬀerent treatments of ISC yield diﬀerent kinetic
predictions at high temperature. In this work we explore the
qualitative diﬀerences between the electronic structure of
several Cvetanović diradicals and evaluate important trends
and features relevant to ISC. For this purpose, we assume
ergodicity, i.e., treating vibrational energy redistribution to be
fast in our rate calculations. This treatment allows us to focus
on general trends rather than on quantitative rate modeling.
For O + C2H4 reaction, a more detailed treatment of the
branching ratio following ISC with a classical trajectory study
is given in ref 15. The paper’s outline is as follows. In the next
section, we describe the molecular orbital (MO) framework
and the nature of relevant electronic states. Section 3 outlines
theoretical methods employed and computational details.
Results of electronic structure calculations as well as their
implication for kinetics are presented in section 4.

Figure 2. Top: leading electronic conﬁgurations of the relevant
electronic states. Lone pairs on oxygen (p(O)) and carbon (p(O))
are singly occupied in the 3A″ and 1A″ states. Bonding (σ) and
antibonding (σ*) orbitals are singly occupied in 3A′, but in 1A′ their
occupations are 1.40 and 0.58, revealing a contribution of a closedshell conﬁguration. Bottom: singly occupied natural orbitals for the A′
(σ and σ*) and A″ (p(O,a″) and p(C)) states computed at the 3A″
constrained geometry.

occupations. At low-symmetry structures, all electronic
conﬁgurations of the same multiplicity can mix, giving rise to
heavily multiconﬁgurational wave functions. This multiconﬁgurational character and multiple closely lying electronic
states pose a challenge for theory.
It is easy to rationalize why there are two nearly degenerate
triplet states in C2H4O by considering the correlation between
the MOs of the adduct and the reactants. At the dissociation
limit, the O(3P) term comprises nine triplet states (three pstates for each Sz). From these, one p-orbital (call it pz(O)) can
form a bonding combination with the π-orbitals of ethene,
while others yield nonbonding combinations. In the triplet
state with a doubly occupied pz(O), an antibonding orbital is
occupied, leading to a repulsive state, while in two other
triplets, diﬀering in occupation of nonbonding lone pairs, there
is bonding interaction between O and C. The singlet A′ states
can also contain closed-shell conﬁgurations. The weight of the
closed-shell conﬁguration in the lowest singlet is comparable
with the weights of open-shell conﬁgurations. This closed-shell
conﬁguration imparts bonding character to the two interacting

2. MOLECULAR ORBITAL FRAMEWORK
The electronic structure of Cvetanović diradicals features a
manifold of closely lying electronic states derived by
distributing four electrons over three orbitals. To simplify
the description of the electronic states of the diradical, we
begin by considering a symmetric geometry (with the CCO
symmetry plane constraint) of the lowest triplet state of the
ethene adduct, as in previous studies.7,26 Although this
structure is not a true minimum, the analysis of the electronic
conﬁgurations at this geometry is a good starting point for
understanding the electronic structure of the diradical at lowsymmetry geometries. The structures and relevant energetics
are shown in Figure S1 in the Supporting Information. Figure 2
shows frontier MOs of C2H4O at the optimized geometry of
the 3A″ state and the leading electronic conﬁgurations of the
relevant states. Although the exact shape of orbitals depends on
a method, their characters can be reliably described as an outof-plane lone pair on oxygen, p(O), and a bonding−
antibonding pair formed by an in-plane p-orbital of oxygen
and a p-orbital of carbon. Diﬀerent electronic distributions of
four electrons on these three orbitals give rise to several closely
lying electronic states: four singlets and two triplets. The
leading electronic conﬁgurations of the relevant electronic
states are shown in the middle panel of Figure 2. At symmetric
(Cs) structures, one can generate two diﬀerent triplet states
(3A′ and 3A″) and two open-shell singlets with the same orbital

Figure 3. Natural frontier orbitals and their occupations of the lowest
singlet at triplet states of C2H4O at the optimized triplet geometry
(C1).
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radical centers. The weight of this conﬁguration and,
consequently, the bonding interactions increase at smaller
CCO angles, leading to important products of the reaction of
oxygen with unsaturated hydrocarbons: ethene and propene
oxides.
Figure 3 shows frontier MOs and their occupations at the
optimized geometry of the lowest triplet state. The displacement leading to this lower-symmetry structure, which can be
described as a torsional motion of CH2, upsets the bonding
and antibonding interactions, and the MOs can be described as
almost noninteracting lone pairs on carbon and oxygen.
Figure 4 shows relevant MOs in the ethyne-derived
diradical, C2H2O. The electronic structure of diradicals derived
from triple-bond compounds is diﬀerent from that of C2H4O.
In the lowest triplet state, there are two planar isomers, Z and
E. The symmetry plane separates the orbitals into π(a″) and
σ(a′) manifolds. The π-system and the orbital occupations are
remarkably similar to the π-system of the allyl radical (see
Figure S5 in the Supporting Information), giving rise to the
CC and CO bond orders of ∼1.5 and an increased barrier to
rotation. The σ-system comprises lone-pair type orbitals on
oxygen and carbon. While these nonbonding orbitals do not
contribute toward bonding in the triplet state, they are
important for the analysis of excited states and transition
properties because they are involved in the A″ transitions.

Figure 5. Top: electronic conﬁgurations resulting from four-electronsin-three-orbitals pattern (only Ms = 0 determinants are shown).
Determinants 1−3 are of a closed-shell (CS) type and determinants
4−9 are of open-shell (OS) type. In ethene + O, at Cs structures,
determinants 1−5 are of A′ symmetry, and determinants 6−9 are A″.
Bottom: electronic conﬁgurations of the reference determinants used
in DIP, EE, and SF calculations.

involved), and (iii) their ability to describe multiple interacting
states in the same calculation. The last feature simpliﬁes the
calculation of interstate properties, such as spin−orbit and
nonadiabatic couplings,31,32 and the analysis of transition
properties.33,34 However, despite its ﬂexibility, some electronic
degeneracy patterns are beyond the reach of currently available
EOM-CC variants.35
Here we employ the following variants of EOM-CC:
• EOM-CCSD for excitation energies (EOM-EE);36 in
this approach the target states are described as spinconserving 1h1p and 2h2p excitations from a closed-shell
reference;
• EOM-CCSD with spin-ﬂip (EOM-SF);37,38 in this
approach the excitation operators are particle-conserving
but ﬂip the spin of an electron, so that the low-spin
target states are generated from a high-spin (Ms = 1)
triplet reference;
• EOM-CCSD with double ionization (EOM-DIP);39−41
in this approach a closed-shell reference state with two
extra electrons is used, and the target states are
generated by 2h and 3h1p excitation operators.
Here h and p refer to the hole and particle operators deﬁned
with respect to the reference determinant. The bottom panel of
Figure 5 shows electronic conﬁgurations, which are used as
references in diﬀerent variants of EOM-CC. As one can see,
only the DIP conﬁgurational space includes all nine
determinants on an equal footing, thus providing the most
balanced description of the electronic states in these species. In
contrast, in EE calculations, determinant 1 represents the
reference, determinants 4−7 are single excitations, and the rest
are double excitations. The analysis of the singlet CCSD wave
function reveals that the closed-shell reference is ill-behaved
near the lowest triplet minimum; i.e., the norms of the cluster
amplitudes exceed unity. Consequently, EOM-EE-CCSD leads
to an unbalanced treatment of conﬁgurations and an incorrect
state ordering. Moreover, the results of (T) calculations are
quite wrong; however, (dT) and f(T) corrections do give
consistent and reasonable results (see Supporting Information,

3. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS
Electronic degeneracies and the multiconﬁgurational character
of the low-lying states of the Cvetanović diradicals make
electronic structure calculations rather involved. Figure 5
shows all Ms = 0 electronic conﬁgurations that can be
generated by distributing four electrons in three orbitals. There
are ﬁve A′ determinants that can give rise to closed- and openshell 1A′ conﬁgurations. Of these, determinants 4 and 5 give
rise to the 3A′ state. Determinants 6−9 give rise to open-shell
1
A″ and 3A″ states. In contrast to many previous studies, which
have employed multireference methods based on the
complete-active-space self-consistent ﬁeld (CASSCF) method
augmented by various treatments of dynamic correlation, here
we explore an alternative approach: equation-of-motion
coupled-cluster methods with single and double excitations
(EOM-CCSD).27−29 By combining deliberately chosen references with various types of EOM operators, EOM-CC can
describe a wide range of multiconﬁgurational wave functions
within a single-reference formalism.30 Particularly attractive
features of EOM-CC methods are: (i) simultaneous account of
dynamic and nondynamic correlation, (ii) their black-box
nature (no active space selection or state averaging is

Figure 4. Left: leading electronic conﬁgurations of the relevant
electronic states of the Z-isomer of the C2H2O diradical. Right:
natural frontier orbitals of the open- and closed-shell states.
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section 2). In EOM-SF, the set of target determinants depends
on which triplet reference is used.
We assess the validity of diﬀerent EOM models by
comparing them with each other. As expected, EOM-SF and
EOM-DIP yield similar results, while EOM-EE produces a
diﬀerent state ordering. EOM-SF treats the determinants of the
target 1A′ states in a balanced manner (in this case the
occupation of orbitals is approximately the same as in the
reference triplet). However, in the target 1A″ states the
treatment of leading determinants is unbalanced because from
the 3A″ reference determinant 4 is generated by a single
excitation whereas its spin-complete partner (5) cannot be
obtained by a single excitation; the same is true for the 1A′
reference and determinants 6 and 7. The wave functions of the
resulting A″ states are severely spin-contaminated, with ⟨S2⟩
close to 1. The computed PES (discussed in section 4.1 and in
the Supporting Information) of this state lies between singlet
and triplet states from the EOM-DIP calculation, giving an
averaged description.
To analyze the electronic wave functions, we employed the
libwfa library33 to compute natural orbitals (NOs) and natural
transition orbitals (NTOs). NOs, deﬁned as eigenvectors of a
state one-particle density matrix,
ρpq ≡ ⟨Ψ p† q Ψ⟩

Figure 6. Schematic representation of the MECP position relative to
the triplet-state minimum and crossing coordinates at the MECP. Left
panel: In the ethene and propene adducts, the MECP is structurally
and energetically close to the triplet minimum. Right panel: In the
ethyne- and propyne-derived diradicals, the structure of MECP is
similar to that of the singlet diradical and the crossing is energetically
far from the triplet minimum.

given in the Supporting Information). To validate the MECPs,
we analyzed the components of the gradients and the Hessians
along the seam and perpendicular to it.
The MECP calculations revealed important diﬀerences
between the double- and triple-bond adducts. First, nuclear
motions leading to MECP are diﬀerent in ethene- and ethynederived diradicals, as illustrated in Figure 6. In ethene-derived
adducts, the crossing coordinate at MECP is the bending of the
OCC angle (see also Figure S7), whereas in ethyne-derived
adducts, the participation of O is small and the distortion can
be described as HCCH deformation (as shown in Figures 6
and Figure S6). Second, as schematically illustrated in Figure 6,
in the ethene-derived diradicals, the MECP is structurally and
energetically close to the triplet diradical minimum, whereas in
the ethyne-derived ones it is close to the singlet state.
Consequently, the MECP height is larger in the ethyne and
propyne diradicals. The behavior of the MECP optimization
algorithm was also very diﬀerent in the two families.
In the ethyne- and propyne-derived diradicals, we were able
to locate MECP by simply optimizing the seam with and
without constraint of the symmetry plane of the triplet
geometries. To verify that the found stationary crossing points
are minima, we performed frequency analysis along the seam
(this procedure48 is analogous to the veriﬁcation of minima
versus saddle points in geometry optimization). We found that
the symmetric structures have an out-of-plane imaginary mode
of the eﬀective Hessian (see Figure S6 in the Supporting
Information). The gradients at the optimized MECP geometries are almost collinear, as they should be for a valid
MECP (see section 4 in the Supporting Information). All
angles are close to 180°, corresponding to the crossing of two
shifted parabolas with the crossing point between the
respective minima. The deviation of the angles between the
gradients is larger for the propyne-derived diradical than for
the ethyne-derived diradical, likely because of a larger number
of degrees of freedom. For ethyne- and propyne-derived
species, the MECP geometries are close to the equilibrium
geometry of the singlet diradical. Consequently, the MECP
and the singlet minima are also close energetically (see Table
S2 in the Supporting Information and Figure 6). Another
observation is that the contribution of singlet Hessian
dominates the eﬀective Hessian and frequencies of MECP
are singlet-like (Table S3 in the Supporting Information).

(1)

provide a compact representation of the wave function, which
facilitates the analysis of electronic states.42 NTOs are a
generalization of this concept to electronic transitions; they are
deﬁned as singular vectors of a one-particle transition density
matrix γ:
FI
γpq
≡ ⟨ΨF p† q Ψ⟩
I

(2)

where ΨI and ΨF denote the initial and ﬁnal states.
Corresponding left and right singular vectors form hole and
particle pairs. The transition density matrix is diagonal in the
NTO basis; thus, one-particle transition properties can be
represented as matrix elements between the NTOs:
FI
⟨ΨF A Ψ⟩
I = Tr [Aγ ] =

∑ σK⟨ϕKp A ϕKh⟩
K

ϕhK

(3)

ϕpK

where
and
are a hole and a particle pair corresponding
to the singular value σK. Very often, only a few singular values
are nonvanishing and the sum can be approximated by a short
truncated expansion. The sum of the squares of singular values
gives the squared norm of the transition density matrix, ∥γ∥2.
We computed relevant stationary points on the lowest
triplet-state PES with CCSD/6-31G* and CCSD/cc-pVTZ.
For ethyne- and propyne-derived species, the MECPs were
computed43 with EOM-EE-CCSD/6-31G*. For ethene and
propene, the MECPs were computed by EOM-DIP-CCSD/631G*. We used such a small basis set to avoid problems due to
an unstable dianionic reference.30,44 The calculations of
MECPs are described in section 3.1 below. All electronic
structure calculations were carried out using the Q-Chem
package.45,46
3.1. Calculation and Characterization of MECPs. In
NA-TST, MECPs play a role similar to those of transition
states in adiabatic kinetics.23−25,47 We carried out MECP
optimizations using the Lagrangian formalism deﬁning the
generalized gradient as the gradient on one of the states
including the condition of the degeneracy (the description of
the algorithm can be found in ref 43; additional details are
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the rotated coordinate system. In the case of singlet−triplet
SOCC, D00,0 = 1.
One can compute matrix elements ⟨00|HSO|10⟩ by EOM-EE
(as the reference−EOM matrix elements) and EOM-SF (as the
EOM−EOM matrix elements) or ⟨00|HSO|11⟩ by EOM-SF
(reference−EOM) at three diﬀerent molecular orientations
and solve the system of linear equations. By randomizing the
signs of the SOC elements, we established that phase
inconsistency aﬀects the ﬁnal result of SOCC when the latter
strategy is used. The same test yields identical values of
SOCCs if ⟨00|HSO|10⟩ is computed.
We estimated the eﬀect of spin contamination on the EOMSF SOCCs for ethene and propene adducts by using a
procedure described in section 3 of the Supporting
Information. We found that the eﬀect is small and the
corrected SOCC values diﬀer from the raw SOCC values by
1 cm−1 or less (Table S1 in the Supporting Information).
3.3. Calculation of ISC Rates. In NA-TST, the probability
of the ISC step is evaluated by using the Landau−Zener
formula, which gives the probability of staying on the initial
diabatic state (i.e., triplet PES):

In contrast, in the ethene- and propene-derived diradicals,
the MECPs are very close to the triplet-state minima, both
structurally and energetically (see Figure 6). For these systems,
optimization of MECP was nontrivial because of a very shallow
PES and the lack of analytic gradients for EOM-DIP-CCSD
(which for this system is the only EOM model capable of
describing the relevant states around the MECP in a balanced
way). We used the conjugate gradient method and steepest
descent starting from the optimized triplet geometries. Often
the optimization procedure converged to a stationary point
with one or two imaginary frequency along the seam. In these
cases, we located the true MECPs by applying displacements
from these stationary points and rerunning the optimization.
3.2. Evaluation of Spin−Orbit Matrix Elements. The
quantity relevant for the ISC rates calculations is the SOC
constant (SOCC),49,50 which has the following form in
spherical coordinates:
s

s′

∑ ∑

|SOCC(s ,s′)|2 ≡

[|⟨Ψ(s ,ms)|H LSO
|Ψ′(s′,ms′)⟩|2
−

ms =−s ms′=−s′

ij −2π SOCC2 yz
z
P = expjjj
j v|s − s | zzz
1
2 {
k

+ |⟨Ψ(s ,ms)|H LSO
|Ψ′(s′,ms′)⟩|2
0
+

|⟨Ψ(s ,ms)|H LSO
|Ψ′(s′,ms′)⟩|2 ]
+
s

s′

∑ ∑

=

|⟨Ψ(s ,ms)|H SO|Ψ′(s′,ms′)⟩|2

where v is velocity and s1 and s2 are the slopes of the two
potential energy curves. Tunneling can be included through a
one-dimensional Wentzel−Kramers−Brillouin (WKB) model,
which gives an approximate local overlap of the nuclear wave
functions. Details can be found in ref 51.
We modeled the kinetics of ISC by applying NA-TST23,47
using the Landau−Zener formula, eq 6. We carried out these
calculations by using the open-source master equation code
MESMER, which has been described in detail previously.24 For
the sake of simplicity, here we focus on the canonical
formalism; the dependence of microcanonical rates on energy
is discussed in section 5 of the Supporting Information.
Rovibrational densities of states were computed using the
rigid-rotor harmonic-oscillator approximation. MESMER input
ﬁles with full details of the calculations are given in the
Supporting Information.

ms =−s ms′=−s′

(4)

where s, s′ are spins and ms, ms′ are spin projections for the two
states. We computed SOCCs using the EOM-CCSD wave
functions.31 Calculations of SOCCs are complicated by several
issues:
1. For non-spin-adapted wave functions (i.e., EOM-SF)
spin contamination may aﬀect the SOCC values.
2. Within the adiabatic approximation, the phases of
electronic wave functions are not deﬁned. Therefore,
the phase changes randomly at diﬀerent geometries or
molecular orientations. This should be correctly taken
care of when interstate matrix elements are computed.
3. The phase consistency between the states of diﬀerent
spin projections in the same multiplet is important,
because it deﬁnes the action of the ladder operators on
the states and the transformation properties of the states.
In the second quantization, the same applies to the
components of tensor operators, such as the transition
density matrix.
We tackled these issues as follows. The symmetry of oneand two-electron parts of the spin−orbit operator is the same
as the symmetry of L⃗ ̂ × S ⃗ ̂. Because the dot product is
rotationally invariant, we compute matrix elements in diﬀerent
molecular orientations and trace how the states change. Using
properties of Wigner’s D-matrices and the resolution-of-theidentity, one can establish the following relation:

4. RESULTS AND DISCUSSION
4.1. Relevant Structures, Potential Energy Scans, and
States Ordering. The ﬁrst question is the energy ordering of
the relevant states and their structures. The triplet states can be
well described by the CCSD method. Therefore, we used
CCSD/cc-pVTZ for geometry optimizations. Figure 7 shows
optimized structures of the lowest triplet state of C2H4O and
C3H6O. The equilibrium structures are C1. For C2H4O, the
structures optimized under Cs constraint are very close to the
C1 one, both geometrically and energetically (these structures
are shown in the Supporting Information). In the propenederived diradical, oxygen can attach to either the terminal
carbon or to the middle carbon, giving rise to nearly
isoenergetic TC1 and TC2 isomers. For each structure, there
are two conformers separated by relatively small barriers
(about 1 kcal/mol). Figure 8 shows two lowest-energy
structures of the C2H2O diradical (3A″). Both structures are
true minima. The barrier for rotation is about 7 kcal/mol.
It is unclear if there are stable minima on the singlet PES of
the diradicals derived from ethene and propene. Our attempts
to optimize the singlet structure by CCSD was unsuccessful.

⟨SM |H SO|S′M′⟩ = ⟨SM |R−1RH SOR−1R |S′M′⟩
= ⟨SM |R−1H SOR |S′M′⟩
=

∑ ⟨SSz|H SO|S′Sz′⟩(DS(S,)M )† DS(′S,′M)
z

S , Sz′

z

′

(6)

(5)

where R is the rotation operator, M denotes spin projections in
the original coordinate system, and Sz is a spin projection in
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Figure 7. Equilibrium structures of the lowest triplet states of C2H4O
(top) and C3H6O (bottom) computed with CCSD/cc-pVTZ. The
adduct formation energy (relative to RH + O(3P)) is shown under
each structure (plain text, CCSD/cc-pVTZ; bold, CCSD(dT)/ccpVTZ; ZPE not included). Bond lengths are in Å.

Figure 9. EOM-DIP-CCSD/6-31G* energies of low-lying states of
C2H4O (top) and C2H2O (bottom) along the torsional coordinate.
The coordinates for the scans were obtained by constrained
optimization of the lowest triplet state (CCSD/6-31G*). Symmetry
labels correspond to the states computed at the symmetric structures
(see Figures 2 and 4).

because there is no additional CC bonding (CC bond length is
close to the single bond in ethane). Due to the Pauli principle,
the two unpaired electrons in the triplet state cannot occupy
the same bonding MO, leading to nonbonding interactions
between the two radical centers. The rotation leads to the
crossing with the lowest singlet surface, giving an upper bound
of the MECP energy of 0.05 eV. The singlet PESs show much
larger variations along the torsional coordinate. Importantly, at
large dihedral angles the two singlets are scrambled and one
cannot correlate the individual states with the 1A′ or 1A″
states; that is, almost all conﬁgurations from Figure 5 are
present in the respective wave functions. At the symmetric
geometry, closed-shell conﬁguration 1 from Figure 5, which
contributes to bonding between the radical centers, has a
weight comparable to that of the open-shell determinants.
Along the displacement leading to a cyclic (epoxide) structure,
the energy drops and the weight of determinant 1 becomes
dominant. We also note that the gap between the two triplets
remains nearly constant (∼0.2 eV). The vertical state orderings
at the selected geometries is given in the Supporting
Information.
The triplet PES of the ethyne-derived diradical (Figure 9,
bottom) is very diﬀerent: the barrier is an order of magnitude
higher than in C2H4O. This diﬀerence can be explained by the
orbital pattern: the π-subsystem of the triplet state resembles
that of the allyl radical, giving rise to an increased CC bond

Figure 8. Z and E isomers of the 3A″ state of the C2H2O and C3H4O
diradicals. The adduct formation energy (relative to RH + O(3P)) is
shown under each structure (plain text, CCSD/cc-pVTZ; bold,
CCSD(dT)/cc-pVTZ; ZPE not included). Bond lengths are in Å.

EOM-SF-CCSD and EOM-DIP-CCSD optimizations yield
structures that might correspond to a very shallow minimum;
tiny displacements lead to hydrogen shifts toward aldehyde or
ketone products.
Figure 9 shows potential energy proﬁles of the lowest
electronic states of C2H4O and C2H2O along torsional motion
of the CH2 group. In C2H4O the triplet surface exhibits a
rather small barrier (about 1 kcal/mol) for internal rotation of
the CH2 group. The rotation in the triplet C2H4O is nearly free
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In the propene adduct, the arithmetic mean of SOCC is
12.03 and 15.00 cm−1 for the triplet geometries and the
MECP, respectively. These values are smaller than for the
ethene adduct, indicative of less eﬃcient ISC, which
qualitatively agrees with the experimentally observed smaller
yield of singlet products in propene.
For the adducts derived from ethyne and propyne, the
diﬀerence in isomer energetics is slightly larger, up to
3 kcal/mol. As discussed above, the electronic structure of
these adducts is very diﬀerent from ethene-derived species and
vertical singlet−triplet energy gaps are greater than
20 kcal/mol. There is a signiﬁcant diﬀerence between the
MECP heights in ethyne-derived and propyne-derived
intermediates, sometimes up to a factor of 2. This result is
also consistent with the experimental ﬁnding: the branching
ratio indicates much smaller yield of the singlet products in
C2H2O than in C2H4O. The diﬀerence between the branching
ratios in the propyne + O and ethyne + O reactions can be
explained by the MECP heights as well: smaller yields of
singlet products in the ethyne + O reaction can be attributed to
higher MECPs relative to propyne.
4.3. Analysis of SOCs and Extended El-Sayed’s Rules.
El-Sayed’s rules52 predict diﬀerent magnitude of SOCs for the
two triplet states in C2H4O: the coupling between 3A″ and 1A′
is expected to be much larger than that between 3A′ and 1A′ or
between 3A″ and 1A″ because a rotation of the p(O) orbital is
needed for signiﬁcant coupling. The calculations show a 2
orders of magnitude diﬀerence between SOCC(3A″,1A′) and
SOCC(3A″,1A″), whereas SOCC(3A′,1A′) has an intermediate
value. To rationalize these couplings in terms of El-Sayed’s
rules, we use NTOs. Figures 10 and 11 show the NTOs, norms
of one-particle transition density matrix, and SOCCs for
several states in ethene-derived diradical and for the lowest
triplet and singlet states in various isomers and conformers of
the propene-derived diradicals.
Figure 10 shows that for the 3A″, 1A″ transition; there is no
rotation of hole and particle orbitals, which gives rise to a weak
coupling. Note a similarity between the holes and particles:
there is no change in orbital shape, and these two states can be
represented well by spin-adapted conﬁgurations of two openshell determinants constructed from the respective NTOs.
There is always a sign change in these combinations, coming
from the Clebsch−Gordon coeﬃcients, which can be observed
in one of the NTO pairs for (3A″, 1A″), because singular value
decomposition preserves phases. The 1A′, 3A″ transition leads
to 90° rotation of p(O), giving rise to large coupling. The 3A′,
1
A′ transition leads to partial rotation of p(O) and p(C) in the
plane of symmetry. The angle of this rotation is about 30°. In
the Supporting Information, we extend this analysis and
illustrate that an intermediate value of SOCC corresponds to
partial rotation of NTOs.
4.4. Implications for ISC Rates. Although full rate and
branching ratios require complicated multiwell calculations,
some qualitative predictions can be made by simply
considering the Landau−Zener formula, eq 6. This expression
indicates that the nonadiabatic (here, triplet−singlet) transitions are suppressed when the crossing velocity is high. In
NA-TST treatment the probabilities of transition are
computed in an averaged way, and the velocity is computed
from an energy excess of a given microcanonical state. Taking
probabilities and statistical factors together, one can show that
asymptotically the microcanonical ISC rate behaves as
k(E) ∼ E−1/2 (this trend was derived for an N-dimensional

Table 1. Relevant Energy Diﬀerences (kcal/mol) for the
Lowest Triplet States of Prototypical Cvetanović Diradicals
molecule
ethene
T
propene
TC1a
TC1b
TC2a
TC2b
ethyne
TZ
TE
propyne
T1E
T1Z
T2E
T2Z

ΔEfa

ΔEb

ΔESTc

20.43

0.0

1.36

0.06

23.40
22.89
22.81
22.79

0.08
0.59
0.0
0.02

1.84
0.78
1.90
2.32

0.24
0.05
0.35
0.29

47.85
49.03

0
1.18

23.74 (A″); 23.82 (A′)
23.03 (A″); 32.01 (A′)

49.40
51.31
48.20
50.37

1.91
0
3.11
0.94

23.9 2(A″);
25.01 (A″);
28.20 (A″);
28.29 (A″);

MECPd

31.81
28.88
32.12
27.33

(A′)
(A′)
(A′)
(A′)

10.39
11.57
7.76
9.67
7.52
9.68

a

Energy relative to the RH + O(3P) asymptote, CCSD/cc-pVTZ.
Energy relative to the lowest isomer for each species. cVertical
singlet−triplet energy gap (ET−ES), EOM-DIP-CCSD/6-31G*.
d
MECP location relative to the equilibrium structure of each isomer.
b

order (which is also manifested by a shorter CC distance). The
gap between the triplet and the lowest singlet is also larger than
in C2H4O (see the Supporting Information for the state
orderings at selected geometries). The character of the singlet
state depends on geometry: near the triplet 3A″ minimum this
state has an open-shell 1A″-like character, but in the structures
with rotated CH, it acquires a closed-shell character. The scans
(Figure 9) suggest a higher-lying singlet−triplet MECP, which
is conﬁrmed by the calculations.
4.2. MECPs and SOCs: Cumulative Analysis and
Implications for ISC Rates. Tables 1 and 2 show relevant
energy gaps and SOCCs. As explained in section 3.1, the
calculations of MECPs in these species were far from trivial.
The triplet propene adducts are nearly isoenergetic, diﬀering
by less than 1 kcal/mol. At the optimized triplet geometries,
the singlet is 2.3 kcal/mol above the triplet state. The MECP
heights relative to the triplet minima are very small, i.e., less
than 1 kcal/mol.
Table 2. SOCCs (cm−1) at Equilibrium Triplet Geometries
and at MECPs
molecule
ethene
T
propene
TC1a
TC1b
TC2a
TC2b
ethyne
TZ
TE
propyne
T1E
T1Z
T2E
T2Z

SOCC at MECPa

SOCC at T
17.14

14.28

13.68
13.33
16.56
4.55

17.37
10.54
18.27
13.81

0.27 (A″); 10.52 (A′)
0.32 (A″); 7.13 (A′)

13.53
13.53

0.24
0.17
0.26
0.36

15.07
15.07
16.67
16.67

(A″);
(A″);
(A″);
(A″);

1.43
8.17
7.81
7.17

(A′)
(A′)
(A′)
(A′)

a

Coupling with the lowest singlet.
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Table 3. Canonical ISC Rates (s−1) at 300 K (High-Pressure
Limit) and Maximal Microcanonical ISC Rates within
Dissociation Energy Windowa

Figure 10. NTOs and SOCCs between the singlet and triplet states at
symmetric C2H4O geometry computed using EOM-SF-CCSD/631G* and EOM-EE-CCSD/6-31G* wave functions. Only α orbitals
are shown. NTO analysis was performed using the A → B transition
matrix.

harmonic oscillator in the original NA-TST treatment47).
However, this regime is observed only for energies comparable
to or higher than the dissociation limit, and for propene,
ethyne, and propyne derivatives it increases monotonically up
to a dissociation limit, as shown in Figure S8 in Supporting
Information.
As described in section 3.3, we modeled the kinetics of ISC
in these systems by applying NA-TST23,47 in its microcanonical form. By using MESMER, we calculated highpressure limiting ISC rates for each triplet species; these are
given in Table 3. These rates agree qualitatively with the
experimental branching ratios16−19 shown in Figure 1 and
illustrate the relative ISC rates between the diﬀerent systems.
For example, the computed rates are similar in the ethene- and
propene-derived species, whereas in the triple-bond adducts
the methyl group leads to a 5−10-fold rate increase, consistent
with a signiﬁcant increase in the yield of singlet products in
propyne relative to ethyne. These high-pressure conditions
correspond to ultrafast vibrational relaxation, often observed in
condensed phase. Interestingly, in the experiments studying
oxygen addition to double-bond species2 in liquid nitrogen and
in solid ﬁlms the fragmentation products have not been
observed. We note that under the combustion conditions this
thermal, high-pressure-limit picture can be misleading. In
ﬂames, the Cvetanović diradicals are formed with excess
internal energy and the ISC (and other reactive channels on
the triplet surface) competes with collisional energy transfer

molecule

canonical LZ
rate

canonical WKB
rate

max microcanonical LZ
rate

ethene (T)

1.2 × 1010

5.67 × 109

1.50 × 1010

propene
TC1a
TC1b
TC2a
TC2b

7.2
3.4
2.0
1.0
8.4

ethyne
TZ
TE

1.9 × 104
2.1 × 103
1.7 × 104

2.0 × 104
3.5 × 103
1.7 × 104

propyne
T1E
T1Z
T2E
T2Z

10.0 × 104
4.1 × 104
9.7 × 102
5.7 × 104
1.4 × 103

2.5
6.3
1.5
1.8
4.4

×
×
×
×
×

1010
1010
1010
1010
109

5.7
2.7
1.2
9.9
8.2

×
×
×
×
×

×
×
×
×
×

1010
1010
1010
109
109

105
104
103
105
103

1.79
1.02
4.08
1.99
1.62

×
×
×
×
×

1011
1011
1010
1010
1010

1.14 × 1010
5.44 × 109
5.99 × 109
1.44
2.28
5.17
2.62
4.36

×
×
×
×
×

1010
109
109
109
109

a

The rates were computed using harmonic approximation for all
modes. The total rate of ISC (shown in the same row as ethyne,
propyne, etc.) is a sum of the rates of from all intermediates.

with the bath. Since the diﬀerence between microcanonical and
canonical rates is not large for double-bond species, a weak
dependence of ISC on pressure is expected. In contrast, the
diﬀerence between microcanonical and canonical rates is 5−6
orders of magnitude in the triple-bond species, which we
attribute to the relatively high MECPs.

5. CONCLUSION
We characterized four prototypical Cvetanović diradicals,
C2H4O, C3H6O, C2H2O, and C3H4O, with an emphasis on
the electronic structure aspects relevant to the ISC rates. We
found that methylation has a relatively small eﬀect on the
electronic structure. In contrast, the diradicals derived from

Figure 11. NTOs and SOCCs between the lowest triplet and singlet states at the triplet-minimum geometries of ethene-derived intermediate and
TC1a, TC1b, TC2a, and TC2b propene-derived intermediates computed by EOM-SF-CCSD/6-31G*. Only α orbitals are shown. NTO analysis
was performed using the A → B transition matrix.
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double- and triple-bond unsaturated hydrocarbons are very
diﬀerent.
In ethene-derived diradicals, there are four closely lying
electronic states diﬀering by the occupation of oxygen’s porbitals. The lowest singlet state is multiconﬁgurational and the
weights of diﬀerent conﬁgurations depend on the geometry.
While its diradical structure was described a long time ago,2
the exact shape and orientation of the orbitals can be
established only by accurate correlated calculations. The
NTO analysis using SF wave functions conﬁrms the openshell nature of the singlet states and serves as a basis for the
extension of El-Sayed’s rules. The lowest triplet state features a
very shallow PES proﬁle along the torsional coordinate, with a
low-energy (∼1 kcal/mol) MECP located close to the
equilibrium triplet structure. There is no stable minimum
corresponding to the singlet diradical.
In contrast to ethene, in the ethyne-derived adducts the
barriers for the internal rotation and singlet−triplet MECPs are
much higher. Moreover, these species form a stable closedshell singlet diradical (its structure is close to the MECP).
Because the singlet geometry is MECP-like, the diﬀerence in
the MECP heights in the ethyne- and propyne-derived species
correlates with the adiabatic singlet−triplet gaps.
The magnitude of SOCCs depends strongly on the
molecular structure, which can be explained by El-Sayed’s
rules. In the ethyne/propyne adducts, the magnitude of
SOCCs at MECP is almost 10 times larger than at the
equilibrium structures.
The calculated MECPs heights and SOCCs reveal that the
diﬀerent eﬀect of the methyl group on the ISC rates in the
double- and triple-bond compounds can be attributed to
diﬀerent mechanisms. In the former, the MECP is very low and
the rate is controlled by the variations of SOCC, whereas in
the latter, the MECP is high and the main eﬀect of methyl
substitutions is explained by the variations in MECP heights.
Our study also highlights the great complexity of these small
species, drawing attention to the methodological challenges
and possible pitfalls in theoretical modeling of their reactivity.
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