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Abstract Chemiluminescence is a fundamental process of
chemistry consisting in the conversion of chemical energy
stored in chemical bonds into light. It is used by nature
and by man-made technology, being especially relevant
in chemical analysis. The understanding of the phenom-
enon strongly relies in the study of peroxide models such
as 1,2-dioxetanones. In the present contribution, the sin-
glet S, and the triplet 7, potential energy surfaces of the
unimolecular decomposition of 1,2-dioxetanone have been
mapped along the O—O and C-C bond coordinates on the
grounds of the multiconfigurational CASPT2//CASSCF
approach. Results confirm the energy degeneracy between
T,, T}, S,, and S, at the TS region, whereas S, is unambigu-
ously predicted at higher energies. Triplet-state population
is also supported by the spin—orbit couplings between the
singlet and triplet states partaking in the process. In par-
ticular, the first-principle calculations show that decompo-
sition along the T, state is a competitive process, having a
small (~3 kcal/mol) energy barrier from the ground-state
TS structure. The present findings can explain the higher
quantum yield of triplet-state population with respect to the
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excited singlet states recorded experimentally for the uni-
molecular decomposition of 1,2-dioxetanone models.
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1 Introduction

Chemiluminescence is defined as the emission of light
induced by a chemical reaction. When occurring in living
beings, the phenomenon is called bioluminescence, and it
is used for several purposes such as a communication sys-
tem between different members of a species, for hunting,
or also to avoid predators, among many others [1]. On the
other hand, bio- and chemiluminescence constitute a pow-
erful tool broadly used in different fields, such as gene
expression [2], biosensors for environmental pollutants
[3], cancer monitoring [4], food industry [5, 6], and foren-
sic science [7, 8]. The most used chemiluminescent sys-
tems are usually based on a high-energy O-O bond, whose
thermal rupture promotes the population of excited states.
1,2-dioxetanone is in this scenario the model used to study
the chemiluminescence phenomena of larger biolumines-
cent systems such as the firefly luciferin and coelenterazine
(see Fig. 1) [9].

Experiments have been carried out on 1,2-dioxetanones
and also on 1,2-dioxetanes, pointing to an inefficient che-
miexcitation process and a higher yield of production of
triplet excited states [10-17]. For instance, the thermal
decomposition of dimethyldioxetanone gives rise to sin-
glet and triplet excited states with yields of 0.05-0.10 and
1.5%, respectively [11, 12]. Since methylation increases
the efficiency of the excited-state production, the yields in
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Fig. 1 1,2-Dioxetanone as the
molecular unit to study chemi-
luminescent and bioluminescent
processes. Atom labeling of the
peroxide is also shown

Firefly

1,2-dioxetanone are expected to be lower [18]. To increase
the chemiluminescence efficiency, the decomposition
reaction has to be catalyzed via an intra- or inter-molecu-
lar mechanism in which a fluorophore with a low ioniza-
tion potential and high fluorescence quantum yield firstly
facilitates the dioxetanone decomposition via an electron-
density transfer process and secondly becomes excited and
emits light [9, 19]. Several chemical aspects of the bio-/
chemiluminescence require still further research, such as
what is the chemical structure of the light-emitting species
[20-24], the role of biradicals or the triplet states [25-30],
or the differences and similarities between the intra- and
inter-molecular mechanisms for the catalyzed peroxide
decomposition [31]. This urges the revision of past studies
with more sophisticated experimental techniques and more
accurate theoretical methodologies and the design of new
analyses not carried out so far [19, 31, 32]. In the present
study, we revisit the decomposition reaction of 1,2-diox-
etanone by multiconfigurational quantum chemistry focus-
ing on the differences between the population mechanisms
for the excited singlet and triplet states.

In 2009, Liu et al. [33] documented the thermal
decomposition process of 1,2-dioxetanone on the grounds
of multistate complete-active-space second-order pertur-
bation theory (MS-CASPT2) calculations. The authors
reported the presence of several transition state (7S)
structures along the molecular rupture. It was found
that the !(o,0*)-TS structure governs the O3-0O5 bond
breaking, placed at ~30 kcal/mol above the reactant. The
authors also reported that the mentioned 7S represents a
non-adiabatic crossing area between the ground and the
first singlet (S;) and triplet (7,) excited states, which are
of 13(n,0*) nature. From this point, and as the system
evolves toward decomposition by enlarging the C1-C2
bond, a second 1(n, o*)-TS is reached. The latter structure
represents in turn another non-adiabatic crossing between
the 13 (n,0*) and the '(o,0%) electronic states, driv-
ing thus the branching toward the ground-state decom-
position (no light emission), or the chemiluminescent
pathway. A detailed analysis of the conical intersection
(CI) branching spaces revealed that the former channel
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Luciferin 1,2-dioxetanone

involves a torsion of the O—C—C-O mode, whereas the
latter path takes place within motion in the molecular
plane. Liu et al. [33] therefore demonstrated that both
the lowest-lying singlet (S,) and triplet (7) excited states
were accessible from the ground state (S,). Further stud-
ies carried out by Greenman and Mazziotti [34, 35] and
using two-electron reduced-density matrix (2RDM)
methods supported the description provided by the CAS-
SCF/CASPT?2 approach [33].

In contrast to the aforementioned theoretical study,
a more recent work using the density functional theory
(DFT) method showed the S, state to be very high in
energy with respect to S, along the decomposition reac-
tion coordinate [30], which was used to explain the dif-
ferent chemiexcitation yields for the singlet and triplet
excited states. However, the latter theoretical approach
was shown to have instabilities of the wave function,
which produced an incorrect description of the chemilu-
minescent mechanism [28, 29]. The proposed concerted
dissociation of the O-O and C-C bonds was proved to
be invalid by using both accurate multiconfigurational
quantum chemistry methods and DFT approaches based
on a stable wave function [28, 29]. The mechanism was
proved to take place through a biradical region in which
only the O-O bond is broken and the C—C bond is still
formed. Although the general aspects of the 1,2-diox-
etanone chemiluminescence were reported in the work
by Liu et al. [33], the higher ratio of triplet versus sin-
glet excited-state production determined experimen-
tally remains unexplained [10—17]. In the present work,
we have carried out further accurate theoretical studies,
which provide a rationale of such experimental evidence.
For such purposes, we have focused here on the role of
higher excited states of the molecule (S, and T,), which
were not considered in previous studies [33]. As shall be
seen below, whereas the S, state appears at much higher
energies along the dissociation reaction coordinate, T,
becomes accessible in the biradical region. This implies
the presence of two chemiexcitation paths on the triplet
manifold versus only one on the singlet excited manifold,
which agrees with the experimental observations [10-17].



Theor Chem Acc (2017) 136:70

Page30of8 70

2 Methods and computational details

The CASSCF method has been extensively demonstrated
in the literature to provide a balanced description of the
ground and excited states of molecules and correct dimen-
sionalities of the crossing points between several poten-
tial energy hypersurfaces (PEHs) [36—42]. In addition, the
wave functions constructed with this method are appropri-
ate for the calculation of several molecular properties such
as dipolar moments or spin—orbit couplings (SOCs) [43—
46]. In the present work, the CASSCF wave functions have
been built by distributing 16 electrons into the 13 molecu-
lar orbitals included in the active space, as described else-
where [33]. The triple-¢ atomic natural orbital basis set
including relativistic core correlation (hereafter, ANO-
RCC-VTZP basis set) has been used throughout as a rea-
sonable compromise between accuracy and computational
cost [47, 48], and four roots have been demanded in the
state average (SA)-CASSCF procedure in the compu-
tations of both singlet and triplet states. No symmetry
restrictions (C,) have been imposed in the calculations.
Two types of CASSCF optimizations have been per-
formed in the present study. On the one hand, a minimi-
zation of the second triplet state 7, has been conducted
relaxing all degrees of freedom of the molecule in order
to locate a well-defined minimum. On the other hand,
constrained optimizations fixing both C1-C2 and O3-05
bonds and relaxing the other internal coordinates have been
undertaken in order to map the T, potential energy surface
(PES) along the mentioned coordinates. Thereby, the C1-
C2 bond distance has been increased from 1.5 to 2.4 A in
steps of 0.1 A, whereas the peroxide 03-05 bond has been
changed from 2.5 to 3.0 A in steps of 0.1 A. In addition, the
topology of the converged geometries has been carefully
analyzed in order to detect possible hysteresis between the
structures. Thus, all the reported geometries in the present
work are connected through vicinal regions of the PES.
The MS-CASPT2 method [49, 50] has been used on
top of the CASSCF converged geometries to compute the
dynamic electron correlation and provide accurate ener-
gies. This protocol, known as MS-CASPT2//CASSCEF,
was also used in the previous work by Liu et al. [33] on
1,2-dioxetanone. Both MS- and single-state approaches
provide similar results, which point to an accurate com-
putation of the dynamical electron correlation. The (MS)-
CASPT2//CASSCF protocol has been widely demon-
strated in the last decades to provide accurate energies
within an average error of ~0.2 eV from the experimental
recordings [27, 51-55]. The zeroth-order Hamiltonian as
originally implemented has been used in all the computa-
tions by setting the ionization-potential electron-affinity
parameter to 0.00 au [56], whereas an imaginary level
shift of 0.20 au has been used to minimize the effect of

weakly intruder states [57]. Unless otherwise specified,
all energies reported in the present work are relative to
the S, energy at the ring-closed minimum [33].

SOCs have been computed with the restricted active
space state interaction method [43, 58] using the atomic
mean field approximation [59, 60], according to:

. 2
SOCy = \/Z ’<Tl,u|HSO|Sk>’ U=X,Y,2
u

where I:Igo is the spin—orbit Hamiltonian, and 7" and §
refer to the triplet- and singlet-state CASSCF wave func-
tions, respectively.

All the electronic structure calculations have been per-
formed with the MOLCAS-7 program [61, 62].

3 Results and discussion

This section is organized as follows: Firstly, the S, and T,
accessibility during the thermal decomposition process
of 1,2-dioxetanone is appraised. Secondly, the region of
near degeneracy between the lowest-lying singlet and tri-
plet states is analyzed focusing on the T, state. This com-
pletes the previous analyses carried out for the S, and T}
states [33]. In the third place, the SOC values between
the different electronic states at the relevant geometries
are discussed. Finally, the dissociation mechanism of
1,2-dioxetanone on the 7), state is presented.

3.1 S, and T, accessibilities

The energetics of the S, and T, states have been studied
along the ground-state reaction coordinate computed by Liu

AE (kcal/mol)

-10
-20

. "* S, (0,0%)
1.85 1.95 2.05 2.15 2.25 2.35 245 255 2.65
03-05 distance (A)

Fig. 2 MS-CASPT2//CASSCEF potential energy surfaces of the low-
est-lying three singlet (S, S, and S,) and two triplet (7| and T,) elec-
tronic states along the ground-state O3—-0O5 bond breaking coordinate
[33]. Energies are relative to the ! (o, o*)-min structure reported in
Ref. [33] (see text). Dashed lines connect the electronic state energies
at! (o, 0*)-TS with those at more distorted geometries
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et al. [33]. Results are displayed in Fig. 2. It can be readily
seen that the two low-lying triplet states 7, and T, and the
lowest-lying singlet excited state S; become degenerated
with S, as the O—O bond of 1,2-dioxetanone stretches and
the corresponding TS for the bond breaking, ' (o, 0*)-T is
reached. This region allows the population of the excited
states through internal conversion (IC) and intersystem
crossing (ISC) processes. On the other hand, the S, state is
about 13 kcal/mol (~0.56 eV) above the degeneracy area,
and therefore, its population during the decomposition pro-
cess can be safely ruled out.

3.2 T, minimum

The optimization of the second lowest-lying triplet state
(T,), starting from the structure ' (o, o*)-TS reported by Liu
et al. [33], has been carried out with the CASSCF method.
The computed geometry, labeled as (7)),,;,, is predicted in
the close vicinity of the 1(0,0* )-TS region, as concluded
from the bond length similarities displayed in Fig. 3. The
relative energies of the most relevant electronic states are
also shown. Results indicate that (7)., is expected to
extend the non-adiabatic crossing area computed at the
Y(o,0%)-TS zone, increasing the multidimensionality of
the near-degeneracy region. Whereas the minima of the
S, and T states in this region, (S;)pi, and (7)) respec-
tively, are characterized by a biradical nature in which the
in-plane p orbital of O3 and the perpendicular one of O5
are singly occupied [!(n,0*) states], in the (T,),;, both
unpaired electrons are in the in-plane p orbitals of O3 and
05 P (o0,0%) state]. Regarding the geometrical parameters,
the O-O bond length of the 3(o,0*) minimum, 2.63 A, is
found between that of the '(o,0%) equilibrium structure
and the distance for the minima of the 3(n,o*) and ! (n, 0*)
states, 2.68 and 2.69 A, respectively.

3.3 Population of the triplet states

Population transfer between states of different multiplic-
ity is mediated by ISC processes. In general, the following
features between the two states of interest are expected to
increase the ISC efficiency: (1) energy degeneracy or near
degeneracy, (2) well-defined minimum of PEH in order to

Fig. 3 CASSCEF structures and
main bond distances (A) of
Lo, 0%)-TS, retrieved from Ref.
[33], and (T5) - MS-CASPT2
energies of the lowest-lying
three singlet (S, S}, and S,) and
two triplet (7 and T,) states at
the (7)., and relative to the
(o, 0*)-min energy [33] are
also shown

1(0,6%)-TS
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“trap” the system long enough to produce the ISC process,
and (3) large SOCs [63]. In the case of 1,2-dioxetanone,
requirement (1) is fulfilled in the biradical region which is
characterized by a flat PEH. From there on, the most ener-
getically favorable decomposition channel is the ground-
state dissociation, which is in agreement with the low
chemiluminescence yields measured in the experiments
[10-17]. Nevertheless, decomposition in the excited sin-
glet and triplet states is still feasible.

Table 1 compiles the SOC values computed between the
lowest-lying singlet and triplet states of 1,2-dioxetanone.
In particular, SOCs have been computed at the l(o,a*)—
TS structure to appraise the triplet-state population across
the thermal decomposition of 1,2-dioxetanone. SOCs were
not computed in the previous study by Liu et al. [33], and
they can provide qualitative information on the population
distribution among singlet and triplet states at the degen-
eracy region. By inspection of the results summarized in
Table 1, it becomes apparent that the four possible ISC
processes at the ! (o, 0*)-TS structure have significant SOC
values, thus indicating allowed triplet-state population dur-
ing the thermal decomposition. The largest values are com-
puted for the So <> 71 and S; <> T crossings, which are
expected to contribute the most to the population transfer
at the TS zone. The differences in the SOC values can be
interpreted according to the nature of the singly occupied
orbitals in each state. Thus, singlet and triplet states with
different character, (o,0™) and (n,0*), have much higher
SOC:s than those between states of the same nature. In gen-
eral, even though the analysis performed here only refers
to one representative structure, it can be extrapolated to

Table 1 SOCs (cm™!) computed between the degenerated electronic
states at the ! (o, 0*)-TS geometry

SOC term Lo, 0%)-TS
< SolHsolT; > 59.4
< Si|HsolTy > 252
< SolHsolT2 > 25.0
< 81|Hso| T2 > 66.9
So=Yo,0%), 81 ="' (n,0%),T1 =3(n,0%) and T» = 3(c,0*)

(T2)min Rel. Energies at (T,)in
AE(S,) = 27.9 kcal/mol
AE(S,) = 29.6 kcal/mol
AE(S,) = 42.3 kcal/mol
AE(T,) = 27.6 kcal/mol
AE(T,) = 30.2 kcal/mol
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other geometries in the region of near degeneracy between
states (biradical region). Crossings and re-crossings are
expected here between singlet and triplet states until the
system leaves the region toward the complete dissociation
into CO, and formaldehyde. The relevant aspect is that in
the excited-state manifold, only one singlet (S;) is involved
in the population distribution while there are two triplets
(T, and T)) participating in such process. This increases the
probability for producing triplet excited formaldehyde.

3.4 Decomposition of 1,2-dioxetanone in the T, state

In previous sections, it has been demonstrated that the 7,
state of 1,2-dioxetanone is accessible from the 1(0, o*)-TS
structure together with the S| and T states, having large
SOCs between the singlet and triplet states (see Table 1).
Moreover, the 7, minimum is highly similar to the 1(0, o*)
-TS geometry (cf. Fig. 3) visited in the thermal decomposi-
tion of the system. Thus, the possible dioxetanone scission
on the T, surface, leading to excited formaldehyde and car-
bon dioxide, has been explored by means of relaxed opti-
mizations with O3-05 and C1-C2 fixed bond distances. As
a result, the 2D PEH displayed in Fig. 4 has been obtained.
The most favorable channel involves a relatively small bar-
rier of ~3 kcal/mol, demonstrating therefore that the route
can be competitive with the S;, S, and 7 dissociations.
The structural parameter that drives the molecular rupture
is the elongation of the C1-C2 bond, whereas the O3-05
distance remains fixed at 2.5 A. The PEH topology clearly

Fig. 4 Potential energy
hypersurface along the 7), state
relaxed scan of the O3-05
and C1-C2 coordinates using
the MS-CASPT2//CASSCF
approach. Energies are relative
to the (S) i, structure

AE (kcal/mol)

shows that larger O3—0O5 elongations significantly increase
the molecular energy, leading to a maximum of almost
~45 kcal/mol at O3-O5 and C1-C2 distances of 3.1 and
1.9 A, respectively. The mechanism shown in Fig. 4 cor-
responds thus to a stepwise breaking of the O3-O5 bond
followed by C1-C2 scission, which takes place in the plane
of the molecule. This is similar to the process previously
determined for the rupture along the S, and T electronic
states and differs from the excited-state decomposition
predicted for 1,2-dioxetane in which the torsional mode
related to the O—C—C’—Q’ dihedral angle plays an important
role in the production of the excited-state species [26, 64,
65]. As described by Liu et al. [33], the difference might be
due to a conjugation effect between the CO, and formalde-
hyde moieties, which restricts the torsion around the C-C
bond. This might have important consequences in the life-
time of the biradicals since the rotation is expected to trap
the molecule in this area and therefore increase the proba-
bility of population transfer to the singlet and triplet excited
states. This reasoning seems to be in agreement with the
experimental observations of lower triplet quantum yields
for 1,2-dioxetanones than those for 1,2-dioxetanes [19].
The nature of the 7, state evolves according to the
chemical changes that lead to the molecular rupture.
Thus, in the '(o,0*)-TS vicinity it mainly has 3(o,0*)
character localized over the peroxide bond, whereas
after decomposition (0O3-05 and C1-C2 distances of 2.5
and 2.4 A, respectively) the state has marked 3w, %)
character and the excitation is mainly centered on the

2515
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formaldehyde moiety. Therefore, this channel becomes
competitive with the decomposition on the 7, and S,
excited states, which have '3 (n, 7*) character. The pres-
ence of two triplet channels versus one singlet channel
provides a satisfactory explanation for the larger quantum
yield of triplet-state population with respect to the singlet
state registered experimentally [10-17]. It is important
to remark that in spite of the accessibility of the excited
states along the thermal decomposition of 1,2-decom-
position, low quantum yields of fluorescence and triplet
emission are observed in the experiments, which can be
attributed to the fact that the ground-state decomposition
is much more energetically favorable. Future dynamics
simulations shall be helpful to further decipher how the
singlet and triplet states interact in the biradical region
and how the population is distributed among the S, S,
T,, and T, states.

4 Conclusions

The present contribution tackles the study of the differ-
ence between the triplet- and singlet-state population of
1,2-dioxetanone along its thermal decomposition by using
multiconfigurational quantum chemistry (MS-CASPT2//
CASSCF). The findings obtained and the corresponding
analyses complete a previous study performed by Liu et al.
[33] with the same methodological approach. Whereas that
study focused on the S, S|, and 7|, decomposition channels,
the role of higher excited states is studied here. In light of
the obtained results, the participation of the S, state in the
chemiluminescent light emission can be discarded. Mean-
while, the T, state is clearly accessible along the decompo-
sition reaction according to the computed energies and the
corresponding SOCs between the singlet and triplet states
at the transition state of the reaction. The present results
support the plausibility of an 1,2-dioxetanone dissociation
on the T, state yielding H,CO* 4 CO, on the triplet man-
ifold. Thus, the present findings point to the existence of
two accessible triplet excited pathways versus only one sin-
glet channel along the decomposition reaction of 1,2-diox-
etanone, which can explain the higher triplet versus sin-
glet chemiexcitation ratio recorded in early experiments
[10-17].
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