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The thermal decomposition of 1,2-dioxetane and the associated production of chemiluminescent products,
model for a wide range of chemiluminescent reactions, has been studied at the multistate multiconfigurational
second-order perturbation level of theory. This study is in qualitative and quantitative agreement with
experimental observations with respect to the activation energy and the observed increase of triplet and singlet
excited products as substituents are added to the parent molecule. The, previously incomplete, reaction
mechanism of the chemiluminescence of 1,2-dioxetane is now rationalized and described as mainly due to a
particular form of entropic trapping.

1. Introduction

The most spectacular types of chemical reactions are those
that produce cold light (chemiluminescence),1 especially if the
process takes place in a living organism (bioluminescence).2

Do not we all remember the first experience as two fluids after
mixture started to emit a mesmerizing greenish light in the
darkness of the laboratory, or the first time during a summer
night when we as small kids saw our first firefly or glow worm?
The mechanism behind these types of chemical reactions have
for a long time been of interest to chemists, and a basic
understanding of the process exists todaysa chemical compound
undergoes a thermal decomposition, of which the resulting
products are in an excited state, followed by an emission of the
excess energy in the form of light. For this to take place with
a significant yield in a living organism, we would expect the
parent molecule to have bonds which are thermally sensitive,
and the produced fragment, which is in the excited state, to be
small or rigid to minimize radiationless relaxation. To under-
stand the very details of this process and to possibly explore it
to our advantage, the thermal decomposition of 1,2-dioxetane
has been the focus of many experimental and theoretical
investigations.3

The reason for this interest is simples1,2-dioxetane is,
probably, the smallest chemical system capable of chemilumi-
nescence (see Scheme 1). When lightly heated, 1,2-dioxetane
decomposes into two formaldehyde fragments. A small fraction
of the generated formaldehyde molecules will be in an excited

state, from which they will return to the ground state by emitting
a photon of light. Furthermore, in the luciferin/luciferase light
production system of the firefly the bioluminescent process is
initiated by an oxidation by molecular oxygen, followed then
by the decomposition process. In this respect, 1,2-dioxetane
represents the simplest model of the luciferin moleculesthe key
chemical compound which facilitates the whole process.

Both singlet and triplet pathways can be responsible for the
production of the photon of light. In a cornerstone paper, Adam
and Baader4 experimentally measured the activation energies
and the yields of singlet and triplet chemiluminescence of 1,2-
dioxetane and a series of methyl-substituted compounds. The
measured reaction activation energy of the 1,2-dioxetane parent
compound was 22.7( 0.8 kcal/mol. In addition, the idea that
the activation energy for the fundamental-state decomposition
represents the rate-determining step for the production of excited
singlet or triplet products was supported by experimental
evidence from various dioxetane compounds.5 Furthermore, for
the nonsubstituted compound, they found the triplet excitation
yield to be small but measurable. However, the triplet excitation
yield was found to be definitely larger than the singlet yield (φt

) 0.0024( 0.006 einstein/mol,φs ) (0.0031( 0.0006)×
10-3 einstein/mol). Even within the, eventual, errors of the
experimental method, the presence of a preference for the triplet
pathway is undeniable. In fact, along the series of studied
compounds, while the excited species yields become larger
following the number of methyl substituents, the triplet/singlet
yield ratio always exceeds 140.
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The generally accepted mechanism for the reaction is the so-
called asynchronous concerted (or merged) mechanism.4,6 It
states that the first part of the chemiluminescent reaction should
be concerted: the O-O′ bond will extend, while the C-C′ bond
also undergoes some stretching. This is followed by a biradical
phase (where the O-O′ bond is broken) prior to the decomposi-
tion (C-C′ bond breaking) into the excited-states products.

To understand the dissociation process of 1,2-dioxetane, it
is useful to consider the well-described ring-opening reaction
of the isoelectronic cyclobutane. The ring opening of cyclobu-
tane goes through an intermediate, the 1,4-tetramethylene
biradical. The existence of such an intermediate has been proven
by femtosecond spectroscopy.7 First theoretically8 and then
experimentally9 it has been demonstrated that the tetramethylene
biradical lifetime is controlled by an entropic trapping process
(vide infra). Considering such a mechanism will be, then,
necessary in order to define the reaction mechanism of also 1,2-
dioxetane. In the tetramethylene case, only two potential states
are involved, one singlet and one triplet. The situation for 1,2-
dioxetane is more complicated. In addition to the spin coupling
of the two radical electrons, for each C-O moiety one has to
consider also the internal excitation between the oxygen doubly
occupied and the singly occupied p orbitals. We will show how
such an increased number of possible states affects the entropic
trapping process.

The theoretical work on the 1,4-tetramethylene biradical
showed, also, how a multiconfigurational reference perturbation
theory (CASPT2) treatment is indispensable in order to fully
describe the reaction route. Previous theoretical studies of the
1,2-dioxetane dissociation employing both a complete active
space CASSCF method, coupled with a multireference MP2
correction of the energetic,10 and a density functional approach
(DFT)11 failed to correctly access the activation barrier and/or
identify the entropic trap that facilitates the chemiluminescence.
Also more recent work,12 mostly about variously substituted
dioxetanes, does not possess the accuracy needed by the
peculiarities of the system. Namely, a multiconfigurational
approach that takes into account the four singlets and four triplet
states is essential, as will be clear in the following paragraphs.
Hence, we decided to examine the thermal decomposition of
1,2-dioxetane with state-of-the-art and novel computational
methods. The main goals of this study were to have an accurate
reproduction of the activation energy barrier and a complete
description of the routes leading to the formation of fundamental,
excited singlet, and excited triplet products.

2. Computational Methods

Geometry optimization and minimum energy path searches
were carried out using MS-CASPT2//CASSCF and MS-CASPT2//
MS-CASPT2 PES evaluation techniques.

For the MS-CASPT2//CASSCF part, geometry optimizations
and minimum energy path (MEP) searches were performed by
evaluating energies and gradients (analytically) of the multi-
reference CASSCF13 PES, calculated using a four roots equal
weights state average wave function for states of singlet and
triplet multiplicity. This will allow for a complete description
of all possible states in which the lone-pair and radical electrons
are distributed in the appropriate orbitals on the oxygen atoms.
The ANO-RCC14 basis set with a contraction [4s3p2d1f] for
carbon and oxygen atoms, and [3s2p1d] for the hydrogens, was
used in all calculations. An active space of 12 electrons in 10
orbitals was chosen. The active orbitals comprise the C-C′,
C-O, C′-O′, and O-O′ σ bonding and antibonding orbitals,
plus the two oxygen lone-pair orbitals. Along the reaction path,

O-O′ and C-C′ bond breaking causes someσ/σ* orbitals to
change nature and become first lone pairs and thenπ/π*. MEP
searches were conducted as constrained optimizations on
hyperspheres.15 MEP searches were done in two possible
ways: (i) “downward” and (ii) “upward”. In i the center of the
hypersphere was set as the structure optimized at a previous
step (or a starting geometry for the first step), and the radius
length was fixed. In ii the center of the hypersphere was fixed
to be the starting geometry, and the first radius was set to reach
a previously optimized target structure. Subsequent optimiza-
tions employed shorter radii. The energies of the so-obtained
geometries were reevaluated, applying a multistate multicon-
figurational reference perturbation theory correction (MS-
CASPT2),16 using the average four singlet and triplet CASSCF
wave functions as a reference. For some structures, the use of
an imaginary shift of 0.1 was necessary, in order to remove
some intruder-state problems.17

For the MS-CASPT2//MS-CASPT2 part, the structures were
directly optimized on the MS-CASPT2 PES (singlet or triplet
depending on the state of interest) using the same average
CASSCF reference functions as before. Energy gradients were
evaluated by using a numerical method. MEP searches were
performed in a downward manner. To speed up the process,
structures previously optimized at the CASSCF level of theory
were used, when possible, as starting geometries.

In all MS-CASPT2 calculations, core orbitals of non-
hydrogen atoms were frozen and a standard IPEA modification
of the zeroth-order Hamiltonian with value 0.25 was employed.18

All calculations were performed using the MOLCAS 6.3 suite
of programs.19

3. Results and Discussion

First we will present the MS-CASPT2//MS-CASPT2 MEP
over S0 PES, giving account of the activation energy barrier.
The analysis will show that the entire four singlet and four triplet
states manifold becomes degenerate when the molecule is in
the vicinity of the transition state corresponding to the O-O′
bond rupture. The following section will then present the MS-
CASPT2//CASSCF T1 and S1 MEPs. These are the possible
paths for the production of two formaldehydes, one of which
in an excited state. The last section will then offer an analysis
of the molecular modes involved in the reaction coordinate,
along with an alternative MS-CASPT2//CASSCF S0 MEP.

As mentioned in the Introduction, it will be indispensable to
interpret the data in view of an entropic trapping mechanism.
Both the theoretical8 and experimental9 works demonstrated
how, although any classical barrier toward dissociation of the
1,4-tetramethylene biradical was absent, the species was en-
tropically trapped, corresponding to a dissociation barrier of 5
kcal/mol. Such trapping is “tuned” by the number of degrees
of freedom available for the molecular fragments interested by
the reaction. Such a relationship is direct: the greater the number
of degrees of freedom, the longer is the trapping. Clearly,
increasing the number of substituents on the 1,2-dioxetane
molecule increases the number of degrees of freedom. We will
see how such an event is connected to the increased production
of excited-state species. A plausible explanation of the preferred
production of triplet instead of singlet excited formaldehyde will
be offered.

3.1. MS-CASPT2//MS-CASPT2 S0 MEP. The reactant
minimum and the transition state (TS S0) for the thermal
dissociation of 1,2-dioxetane were found by geometry optimiza-
tion at the CASSCF level of theory. After MS-CASPT2
energetic correction, the computed energy difference was 23.5
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kcal/mol. With or without thermal correction, this value agrees
with the experimental value of the activation energy barrier (22.7
( 0.8 kcal/mol). A downward MEP at the average CASSCF
level of theory connecting these two structures and toward
dissociation products was computed with some technical dif-
ficulties, but it is not reported here because it showed some
un-physical behavior. See Figure 7S in the Supporting Informa-
tion. We decided, then, to increase the level of theory, and we
recalculated the S0 MEP by exploring directly the MS-CASPT2
PES. It is known that sometimes a MS-CASPT2//CASSCF
treatment alone could not be sufficient20 in order to describe a
difficult situation, even when the quality of the CASSCF
reference wave function is good. This profile is presented in
Figure 1. The downward MEP search toward the products
species was interrupted as soon as the two molecules were
clearly separated.

The calculated energy difference between the reactant mini-
mum and TS′ S0 is 24.1 kcal/mol, in agreement with the
experimental activation barrier. A full description of the reaction
coordinate and its analysis is given in section 3.3. Just to notice
here that twisting around the C-C′ bond and, consequently,
stretching the O-O′ bond leads the molecule from the reactant
minimum to a transition state (TS′ S0). After that the C-C′
bond stretching comes into action and leads the molecule toward
the dissociation products.

At TS′ S0 all considered states, both singlet and triplet, are
comprised within 13 kcal/mol. At the next MEP point (at 1.00
au), the energetic gap between the lowest and the highest
considered state is further reduced to less than 6 kcal/mol. See
Table 4S in the Supporting Information. It is clear that in this
part of the reaction path there is a strong interaction between
all the considered states.

The MS-CASPT2//MS-CASPT2 S0 MEP agrees with the MS-
CASPT2//CASSCF results (Figure 7S of the Supporting Infor-

mation) in terms of PES shape, energetic, and molecular
structures. For this reason, since no other unphysical behaviors
were found, the next presented MEPs were performed at the
MS-CASPT2//CASSCF level of theory.

3.2. MS-CASPT2//CASSCF T1 MEP and S1. Given the
small gap between S0 and T1 found at the CASSCF optimized
TS S0, we decided to take that structure as a starting geometry
for a MEP search along the T1 PES. A real interstate crossing
(ISC) between S0 and T1 was, anyway, located close to this
structure (within 0.1 au), and the first points along the T1 MEP
show that these two states are still nearly degenerate (see Figure
9Sa in the Supporting Information). This means that there should
be a large and spread area of degeneracy or near-degeneracy
between S0 and T1 in the proximity of the transition state. More
details on this aspect will also be given in the next section. The
T1 MEP is mainly characterized by the continuation of the
torsional rotation around the C-C bond and ends in a minimum
of the PES. The T1 PES is constituted by a valley spanning the
torsion around the C-C′ bond: it is characterized by the total
presence of three transition states and three minima. We
explored the torsion from 0 to 180°, since obviously the rest is
simply mirrored. Figure 2 reports the MS-CASPT2//CASSCF
T1 PES and the T1 MEP from TS S0.

Almost the entire T1 valley is energetically accessible since
TS T1 120 is lower in energy with respect to TS S0; however,
TS T1 0 is slightly higher in energy. For any structure along
the T1 PES valley, carbon-oxygen bonds are of the same length,
as well as the pyramidalization at the carbon atoms is conserved.
By breaking this symmetry, it is possible to reach a ridge leading
to the dissociation into two formaldehyde molecules, one of
which is an excited state. By these means, TS T1 A and TS T1

B (see Figure 2) were found. Table 1 reports their main
geometrical parameters. Since the two carbon atoms are now
clearly different one from another, one has to remember that
there exist two mirror structures of each TS T1, one for each
side of the valley. Furthermore, since the valley extends itself

Figure 1. Computed MS-CASPT2//MS-CASPT2 S0 MEP. Only S0

(black full line and diamonds), S1 (red line and squares), and T1 (blue
line and triangles) are reported. Figure 8S in the Supporting Information
reports the MEP comprehensive of all computed states. The dashed
lines and the double arrow highlight the energy difference between
the reactants and the transition state (TS′ S0) that gives rise to the
activation energy barrier. For the reactant and TS′ S0 structures the
O-C-C′-O′ dihedral angle value is given in degrees; the C-C′
distance in angstroms of the last MEP point is also reported.

TABLE 1: Main Structural Properties of TS T 1 A and TS T1 B

TS T1 A TS T1 B TS T1 A TS T1 B

O-C-C′-O′ dihedral angle (deg) 79.3 179.9 C-C′ distance (Å) 2.017 2.017
C-O distance (Å) 1.267 1.267 C pyramidalizationa (deg) 6.1 5.8
C′-O′ distance (Å) 1.369 1.372 C′ pyramidalizationa (deg) 22.4 21.9

a Computed as difference between 360° and the sum of the bond angles O-C-Ha, O-C-Hb, and Ha-C-Hb.

Figure 2. MS-CASPT2//CASSCF T1 potential energy surface. Two
transition states (TS T1 0 and TS T1 120) and two minima (Min T1 70
and Min T1 180) are shown, along with the MEP connecting them. In
addition, the MEP on the T1 PES from TS S0 is presented. The two
transition-states structures (TS T1 A and TS T1 B) shares nearly the
same torsional angle around the C-C’ bond as the two minima, and
for this reason are reported above them (at their proper relative energy),
even if they are not related to the reaction coordinate used along the
abscissa. The energy difference is calculated with respect to the MS-
CASPT2 S0 energy of the CASSCF optimized reactant minimum, in
order to maintain consistency. The complete set of computed states is
reported in Figure 9S in the Supporting Information.
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on the full 360° of torsion around the C-C′ bond, there will be
a mirror structure of Min T1 70 and the corresponding transition-
state mirror of TS T1 A. This will sum up to six transition states
leading out of the T1 valley.

The exploration of the S1 PES turned out to be more difficult,
since it has a strong degeneracy with S0. The same stationary
points as on the T1 PES were located (Min S1 70, Min S1 180,
TS S1 0, TS S1 120, TS S1 A, and TS S1 B). To connect these
points through a trivial MEP search, however, was found to be
impossible, since the optimizer flipped randomly from the S1

to the S0 state, and then followed this surface down to the
fundamental reaction path. Actually, Min S1 70 and Min S1 180
were optimized as S0 minima, since S0 and S1 are completely
degenerate at these structures. Anyway, the same features of
the T1 PES are expected.

3.3. Reaction Coordinate Analysis and Discussion.Reac-
tion Coordinate Modes.As seen in the previous sections, the
reaction coordinate of the described MEPs is mainly constituted
by these modes: O-O′ and C-C′ bonds stretching, O-C-
C′-O′ dihedron torsion, asymmetric [O-C/O′-C′] bonds
stretching, and asymmetric [C/C′] pyramidalization. Figure 3
presents a more detailed analysis of the first four modes along
the MS-CASPT2//MS-CASPT2 S0 MEP of Figure 1.

As can be seen in Figure 3, after TS′ S0 the MEP takes a
turn on the PES: the O-O′ distance increasing and the torsion
around the O-C-C′-O′ dihedron nearly stopping, while the
increase of the C-C′ distance comes into action. This ultimately
leads to the production of two formaldehyde molecules, signaled
by the shortening of the carbon oxygen bonds. At this point we
have to remember that the computed MEP path represents the
reaction in the absence of any kinetic energy, while in reality
the true reaction path, to some degree, will be ballistic. Hence,
the possibility of an entropic trapping similar to that for the
tetramethylene biradical has to be carefully considered. What
would be the consequences if the reaction continued along the
torsional mode? Section 3.2 already suggested that this is of
intereststhe torsional mode is the principal internal coordinate
of the T1 MEP. We decided to investigate this possibility further.

Entropic Trapping.We computed an alternative MS-CASPT2//
CASSCF “upward” MEP starting from TS S0, as reported in
Figure 4. The aim of this path was made to point toward a
twisted structure (Min S1 70, where one has to remember that
S0 and S1 are degenerate). Figure 4 shows that, after the
transition-state structure, it is also possible to follow a barrier-
less route along a reaction coordinate mainly constituted by only
the torsional mode and that, along this path, S0, S1, and T1

potential energy surfaces are degenerate or close to degeneracy,
giving way to infinite possibilities for the molecule to change
state.

The path reported in Figure 4 represents the entropic trapping
for the 1,2-dioxetane molecule, a barrier-less almost flat region
of the PES. This path is accessed because after the transition
state the molecule is “ballistic”, and thus remains along the
torsional mode. Vibrational mode redistribution is needed in
order for the molecule to slide onto the path reported in Figure
1. As stated in the Introduction, due to the abundance of possible
combinations for the electrons in the p orbitals of the oxygen
atoms, a very peculiar entropic trapping is encountered. In fact,
as a result of the degeneracy of the states, the entropic trapping
is also a crossing seam21 region.

Dissociation Products Control.This situation strongly affects
the fate of the dissociating molecule, since the entropic trapping
significantly increases the molecule lifetime in a region where
state crossing is possible. As stated at the beginning of section
3, the entropic trapping is governed by the number of degrees
of freedom available to the molecule or the molecular moiety.
Clearly, the addition of substituents on the carbon atoms
increases the number of degrees of freedom of the molecule.

Figure 3. Structural changes along the MS-CASPT2//MS-CASPT2
S0 MEP reported in Figure 1. The dashed line highlights the position
of the transition-state structure TS′ S0 along the reaction coordinate.

Figure 4. MS-CASPT2//CASSCF S0 alternative path from TS S0. Only
S0 (black line and diamonds), S1 (red line and squares), and T1 (blue
line and triangles) are reported. Figure 10S in the Supporting Informa-
tion reports the MEP comprehensive of all computed states. The energy
difference is calculated as in Figure 2. The path before TS S0 is the
same as in Figure 7S. For TS S0 and selected points along the MEP,
the value of the dihedral angle O-C-C′-O′ in degrees is reported.
For these structures, the values of the C-O (C′-O′) bond are 1.438,
1.416, 1.413, and 1.413 Å; the C-C′ bond are 1.536, 1.545, 1.546,
and 1.546 Å; and the O-O′ bond are 2.262, 2.664, 2.958, and 3.016
Å, respectively.

Figure 5. Relative energies of the stationary points on the PES, relative
to the production of T1 or S1 excited formaldehyde molecules.
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This, in turn, will increase the time spent in the entropic trapping,
and therefore the possibility for the molecule to cross onto the
S1 or T1 PES. This mechanism represents the explanation for
the increased production of excited-state (both singlet and triplet)
products upon addition of methyl substituents. The passage on
T1 is assured by the high spin-orbit coupling between the first
singlet and triplet states. In the Supporting Information, Table
3S reports such coefficients for a randomly selected point along
the path of Figure 4. The situation is similar along the entire
path. We remember, though, that since an entire section of the
path is degenerate, it is not possible to clearly define which
point has the maximum probability of crossing. The only

unambiguous element is the existence of the large area of
degeneracy on the PES.

The entropic trapping does not only regulate the branching
between fundamental and excited-state products, it is also
essential to the formation of the excited-state products. A further
analysis of the PES is needed in order to appreciate this
statement. To reach the entropic trapping region, the molecule
has to overcome the energy barrier represented by the O-O′
bond breaking transition state, calculated as 23.5 kcal/mol at
the MS-CASPT2//CASSCF level. While in the entropic trap,
the molecule can cross to S1 or T1, shifting to the surface
depicted in Figure 2. From the T1 (S1) PES valley, passing

Figure 6. (a) Schematization of the possible routes for 1,2-dioxetane to produce fundamental- or excited-state formaldehyde molecules. The main
reaction coordinate is represented by the torsion around the O-C-C′-O′ dihedron. The perpendicular routes to reach the final products are also
reported: C-C′ bond stretching to reach fundamental-state formaldehyde and asymmetric [C-O/C′-O′] bond stretching and [C/C′] pyramidalization
to produce excited-state formaldehyde. The dotted lines stand for the re-distribution of vibrational energy following the first transition-statestructure.
The dashed arrow represents the phenomenon of production of fundamental-state formaldehyde from the S1 PES through an intersection with S0.
Since the tentative 3D representation, energies are not in scale. (b) Pictorial representation of the dissociation process on S0 and (c) also on the
excited states S1 and T1, along with the, relative, dissociation products.

Chemiluminescence of 1,2-Dioxetane J. Phys. Chem. A, Vol. 111, No. 32, 20078017



through TS T1 A or TS T1 B (TS S1 A or TS S1 B), the molecule
will dissociate into two formaldehyde molecules, one of which
in an excited state. Each of these transition states is higher in
energy than TS S0. See Figure 5. Even after an extensive search,
it has not been possible to locate any other transition state lower
in energy. In any case, any transition state could not be lower
in energy than the final product minima. The minima for the
dissociated excited-state products were, indeed, located at higher
energy than TS S0, as depicted in Figure 5.

Together with the minimum for the fundamental-state dis-
sociated products, the computed vertical excitation and adiabatic
emission energies are in agreement with theoretical22 and
experimental23 data for the monomer. See Table 2S in the
Supporting Information.

This finding forces one to reconsider the experimental
evidence that production of fundamental and excited-state
dissociation products is due to a shared rate-determining step.4,5

For substituted species it is possible that the relative energies
of the first transition state and the excited-state products are
different. On the other hand, for all compounds accounted by
Adam and Badeer,4 so including 1,2-dioxetane, the energy
barrier associated with the first transition state is reported to
regulate the entire process. Then, again, in the same article it is
stressed that the production of excited-state formaldehyde is an
endothermic process and already available thermochemical
estimates24 put the excited formaldehyde molecules at higher
energy than the experimental barrier. To explain the inconsis-
tency between the experimental findings and the transition-states
relative energies, then something more must be taken into
consideration. The uncommon feature of the thermochemical
dissociation of 1,2-dioxetane is, obviously, the entropic trap. It
is natural to look to it in order to explain the rate-determining
step experimental finding against the relative energy levels of
the transition states. The action of the entropic trap resides more
on entropic effects rather then potential energy only, as the rest
of the path. There is, then, a discontinuity between a potential
energy driven path and an entropy driven path. In our opinion,
this discontinuity should be accounted as the cause for the
blurring of the kinetic data. The mechanism at the base of such
discrepancy and its consequences on the excited products yields
will be a matter of further investigations.

The analysis of the transition states relative to the production
of excited-state products reveals also that those relative to the
triplet PES are around 5 kcal/mol lower in energy than those
of the singlet PES. See Figure 5 and Table 4S in the Supporting
Information. Since along the PES of Figure 2 there are regions
of (near) degeneracy between T1 (S1) and S0, it is possible for
the molecule to cross back onto the fundamental state and recoil
to the fundamental-state products. Since the barrier to the
dissociation on the singlet surface is higher than that on the
triplet surface, molecules will have more possibilities to cross
back to S0. This explains why, experimentally, the formation
of triplet excited formaldehyde has a higher yield than for the
singlet species.

Another consequence of the transition-states’ relative energies
is that they suggest the possibility for a biradical species to exist
on S1 or T1. The presence of such compounds has been quite
debated.3,4,10,12The main experimental evidence is against such
existence, since they have not been really detected. We can think
of a possible explanation. The path presented in Figure 2 reports
only the T1 energies. The whole of the computed states is
presented in Figure 9Sa in the Supporting Information. There
it can be seen that, again, the situation is quite degenerate. Such
concomitance of different (nearly) overlapping states could

generate a transient species with an average diffuse electron
distribution, which could foul traditional methods for radical
detection. Also in this case, further investigations will be done.

4. Conclusions

We have explored various reaction paths of thermal decom-
position of 1,2-dioxetane by means of MS-CASPT2//CASSCF
and MS-CASPT2//MS-CASPT2, both on the fundamental S0

state as well as on the S1 and T1 excited-states PES. Through
these means we were able to reproduce the activation energy
barrier of the reaction in agreement with the experimental data.
In addition, we gave reasons for the rate-determining step of
the reaction, the increased production of excited-state species
following substituents methylation, and the larger production
of triplet over singlet excited species. The main results of the
analysis of the computed paths are schematized in Figure 6.

After the O-O′ bond breaking transition state, the nature of
the vibrational mode most involved in the reaction coordinate
guides the molecule toward the production of fundamental-state
formaldehyde or toward the T1 or S1 potential energy surfaces.
The molecules should be able to slide between the two paths,
in an entropically trapped region, depending on the redistribution
of the vibrational modes (dotted lines in Figure 6a). We argued
that, likely, this choice could be tuned by the presence of
substituents, which will increase the time spent in the entropic
trap.

If the molecule remains along the torsional coordinate, it will
then find itself on the S1 or T1 surface (Figure 6c), since both
are energetically accessible. We argued that, given the difference
in energy between TS T1 A/B and TS S1 A/B, it is easier for a
molecule on the S1 PES to drop back onto the S0 surface (S1
“leaking”, dotted red line in Figure 6a) than for a molecule on
the T1 PES. In our view, these differences should account for
the different production of excited species, in favor of the triplet
one.

The entropic trap constitutes the novelty and the most
interesting aspect of the computed paths. It regulates the
outcome of the dissociation reaction in three ways. First of all,
it prevents the molecule from fast decaying toward the, quite
exothermic, fundamental-state dissociation channel. Instead,
some molecules are given enough time to span other routes.
Second, it constitutes the way to access the S1 and T1 potential
energy surfaces, given its dual nature of the crossing seam.
Finally, somehow it prompts the molecule toward the excited-
state dissociation channel, which, otherwise, would be inacces-
sible, as the rate-determining step seems to suggest. The origin
of this last effect, likely, resides onto the discontinuity between
potential energy driven and entropy driven paths, whose
consequences are, likely, to confuse kinetic data. Anyway, this
last aspect remains a matter of open discussion.
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