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Chemiexcitation without the Peroxide Bond? Replacing
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Chemiexcitation is the population of electronic excited states
from the electronic ground state via radiationless non-adiabatic
transitions upon thermal activation. The subsequent emission of
the excess of energy in the form of light is called chemilumi-
nescence or bioluminescence when occurring in living organ-
isms. Key intermediates in these reactions have been shown to
contain a high-energy (often cyclic) peroxide which decom-
poses. The simplest molecules, 1,2-dioxetane and 1,2-dioxeta-
none, have thus been used extensively both theoretically and
experimentally as model systems to understand the underlying
mechanisms of chemiexcitation. An outstanding question
remains whether the peroxide bond is a necessity and whether

1. Introduction

Chemiluminescence is the emission of light as a result of a
chemical reaction.!" It is called bioluminescence when occurring
in living organisms and well-known examples are for instance
species of fireflies, bacteria, squids and fungi.” It also happens
in non-biological sources such as glow sticks. In recent years,
chemiluminescence from a variety of molecules has been
increasingly utilized in different medical and chemical analysis
methods.”

From a mechanistic point of view, the light emission in a
chemiluminescent reaction is understood to be the release of
excess energy from molecules in electronic excited states. The
reaction that brings a reactant molecule from the electronic
ground state into an electronic excited state of a product is
called chemiexcitation.® The light emission is then generated in
a process similar to fluorescence or phosphorescence, concom-
itant to an electronic de-excitation of the molecules to the
electronic ground state. However, there is no photon involved
in the excitation process; the energy supplied that excites the
molecule is solely thermal.

For chemiexcitation (and chemiluminescence) to be possi-
ble and to actually happen, a chemical reaction must exhibit
certain features.”) A schematic diagram of the energy profile of
a hypothetical chemiluminescent reaction is shown in Figure 1.
First of all, the rate of a chemical reaction is determined by the
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equivalent processes could happen in other simple molecules
not containing an O-O bond. In the present work, the
decomposition reactions of four analogs of 1,2-dioxetane not
containing a peroxide bond, the 1,2-oxazetidine anion, the 1,2-
diazetidine anion, (neutral) 1,2-oxazetidine and 1,2-dithietane,
have been studied theoretically using ab initio multiconfigura-
tional methods. In particular, the reaction energy barriers and
spin-orbit coupling strengths were calculated; the electronic
degeneracy was studied and compared to the case of 1,2-
dioxetane to assess the potentiality of chemiexcitation in the
analog molecules.

Energy

Excited State

Ground State

Reaction Coordinate

Figure 1. Schematic energy diagram of a hypothetical chemiluminescent
reaction, showing the electronic ground state and an electronic excited
state. The chemiluminescent pathway is outlined by the blue arrows. R:
reactant, TS: transition state, P: product in electronic ground state, P*:
product in electronic excited state, and AE* reaction barrier. For simplicity,
the equilibrium geometries of P and P* are shown here to be the same, but
they could be different.

Arrhenius law. As a consequence, the reaction barrier AEF shall
not be too large, otherwise the rate of the reaction would be
too slow to be of any practical significance; other reaction
pathways might also be more favourable kinetically and thus
competing.

Then, a radiationless nonadiabatic transition must occur
from the electronic ground state to an electronic excited state.
The transition probability is determined by the strength of the
coupling between the relevant electronic states;*” it is larger at
nuclear geometries where the electronic states are degenerate
or near-degenerate. Therefore, for chemiexcitation to be likely,
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the electronic states must at some point along the reaction
path become very close in energy. In Figure 1, the electronic
ground and excited states become degenerate in a region just
after the transition state (TS): it is there that the nonadiabatic
transition may take place. Other than the mere energy differ-
ence between the states, the extent of the region of electronic
degeneracy or near-degeneracy and the time the molecule
spends in such a region during the reaction are naturally also
important.

After the nonadiabatic transition has occurred, the excited
molecule should be able to proceed on the excited state
potential energy surface to form the electronically excited
product of the reaction. In other words, there must exist a path
on the excited state surface, mostly downward in energy, that
leads to the excited state product. This requires, purely
energetically, that the TS must be higher in energy than the
excited state product P*, E >Exx,® where E;; denotes the
energy of the TS and E,x the energy of the product in the
electronic excited state. This indicates that the non-luminescent
or “dark” pathway of a chemiluminescent reaction is inclined to
be highly exothermic.”

Because of all these requirements, a general feature of
chemiluminescent reactions are reactants being high-energy
intermediates, i.e. species that are a true energy minimum on
the potential energy surface but with a high energy and
therefore usually rather unstable.™”

In early studies of the luminescent system of the firefly, a
1,2-dioxetanone intermediate was hypothesized and later
confirmed to be involved in the bioluminescent reaction of
firefly luciferin.?® Today, many different compounds with
chemiluminescent properties are known. A common feature of
these compounds is the (often cyclic) peroxide structure.’” 1,2-
Dioxetane (Figure 2, compound 1) is believed to be the smallest

0O—O0 O—N O—NH HN—N S—S
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Figure 2. I: 1,2-dioxetane, lla: 1,2-oxazetidine anion, llb: (neutral) 1,2-
oxazetidine, lll: 1,2-diazetidine anion and IV: 1,2-dithietane.

molecule able to decompose and chemiluminesce as a result.
The parent compounds, 1,2-dioxetane and 1,2-dioxetanone, are
therefore important model systems in chemiexcitation and
chemiluminescence research® and have been and continue to
be the subject of both experimental and theoretical studies
during the recent decades.!"

The decomposition mechanism accepted today for |
consists of two steps: first the O—0 bond is broken, leading to a
biradical species, then the C—C bond breaks giving two
formaldehyde molecules (Figure 3). The first step is the rate
limiting step."®'? Its activation barrier was measured exper-
imentally to be ~23 kcal/mol. Computational studies with the
complete active space self-consistent field (CASSCF) method
give an activation barrier of only 9-10 kcal/mol and thus fail at

ChemPhotoChem 2019, 3, 1-12 www.chemphotochem.org

These are not the final page numbers! 77

CHEMPHOTOCHEM
Articles

0—0

/ CH, CH,

_’O\_/O W ¢ o

Figure 3. Two-step biradical mechanism of the thermal and chemilumines-
cent dissociations of 1,2-dioxetane.

reproducing the experimental value."™"¥ However, a multi-

reference method with second-order perturbation correction
(CASPT2), which includes dynamical correlation, gives 23.5 kcal/
mol,"? which is in quantitative agreement with the experimen-
tal value. The breaking of the O—O bond is characterised by a
torsional motion around the central C—C bond.™™

A ground-state minimum energy path calculation showed
that, after the O—O bond breaking TS, a change in the reaction
coordinate occurs: the C—C bond stretching comes into action,
leading to the dissociation products which also exhibit shorter
C—O bonds.™ It is thus possible to follow a barrier-less
decomposition path from the O—O TS on the ground state.'?
This path features the so-called “entropic trap” since vibrational
energy redistribution is required for the molecule to slide away
from the O—C—C-O dihedral angle and dissociate; it has been
studied theoretically using ground-state Born-Oppenheimer
and surface hopping ab initio molecular dynamics simula-
tions."1!

As the O—O bond breaks homolytically, the 0—O o and o*
orbitals become degenerate oxygen lone-pair orbitals and each
oxygen atom retains one electron of the original o bond. This
means that each oxygen has three electrons distributed in two
lone-pair orbitals. This gives rise to a manifold of four singlet
states and a corresponding manifold of four triplet states in the
biradical region. Potential energy surface cuts have shown that,
along the O—C—C—O torsional coordinate, the singlet ground
state S, is near degenerate with S; and T,. The entropic
trapping region is thus also a crossing seam. There, non-
adiabatic transitions to excited singlet and triplet states can, in
principle, occur.

Experimentally, the triplet excitation yield was observed to
be much higher than the singlet excitation yield in such small
molecules." To demonstrate the possibility to populate triplet
excited states via intersystem crossings, spin-orbit coupling
strengths have been calculated: values as large as 50-70 cm™'
were obtained.!*"”

While the chemiexcitation mechanism of I and the effects of
organic substitutions like methylation"'® have been studied
extensively, there exist many similar systems, in particular
heteroatomic analogs, not yet explored in the context of
chemiexcitation. Four-membered heterocycles have been
studied recently, but mainly in the fields of organic synthesis,
spectroscopy, and ring strain."®'® Such systems, being structur-
ally and electronically similar to I, could potentially also act as
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high-energy intermediates and undergo decomposition result-
ing in chemiexcitation.

In the present work, we assess the potential chemilumines-
cent properties of four heteroatomic analogs of 1,2-dioxetane —
1,2-oxazetidine anion (Figure 2, compound lla), (neutral) 1,2-
oxazetidine (compound llb), 1,2-diazetidine anion (compound
lll) and 1,2-dithietane (compound IV) — using accurate ab initio
electronic structure methods. This includes investigating the
existence of these molecules as stable species, and the
possibility of a decomposition reaction on electronic excited
states. In particular, it involves assessing the probability of such
a reaction by calculating the relevant energy barriers and the
probability of non-adiabatic transitions by studying the shape
of the potential energy surfaces of the electronic ground and
excited states along the reaction path and calculating spin-orbit
coupling strengths. The present work contributes to a greater
understanding of the phenomenon, in particular it gives insight
into the effects of chemical substitution on the chemilumines-
cent properties.

2. Theoretical Methods and Computational
Details

All calculations were performed using the OpenMolcas pack-
age.”®?" In general, the CASSCF electronic structure method®*!
was used for the geometry optimisation of the stationary points
(minima and TS structures), as well as for the intrinsic reaction
coordinate (IRC) and minimum energy path (MEP) searches. The
nature of the optimised stationary points was validated by
computing the energy second derivatives.

The active space chosen is equivalent to the one used in
previous theoretical studies of L' For all molecules, it
contains 12 electrons and 10 orbitals: the four o and
corresponding four o* orbitals of the four-membered ring, and
the two lone pairs on the heteroatoms (2p for oxygen and
nitrogen, 3p for sulfur) which are perpendicular to the ring
plane. The orbitals selected as active for the case of lla are
presented in Figure 4, as an illustration. It is noted that, at near-
planar geometries i.e. small X—C—C—Y dihedral angles (X and Y
denoting heteroatoms), this large active space was sometimes
unstable for Ila and Ill. This may be due to the negative charge,
the large electron-electron repulsion between the heteroatoms
and to the large stability of the C—C bond at these geometries.
Temporary calculations with 10 electrons in 8 orbitals (excluding
the C—C o and o* orbitals) were then performed. The final
results reported here, however, were performed successfully
with the larger active space.

A state average over the four lowest-energy states was
performed, for both singlet and triplet multiplicity calculations.
This allows the description of all possible states in which the
lone pair and radical electrons are distributed in the corre-
sponding orbitals of the heteroatoms.

The relativistic basis set of the atomic natural orbital type,
ANO-RCC,*™ was used with a double-zeta contraction and
polarized functions, denoted ANO-RCC-VDZP hereafter. It is
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Figure 4. Orbitals selected for the active space in 1,2-oxazetidine anion (lla).
(a-d) four ¢ and (e-h) four corresponding o* orbitals of the four-membered
ring, and (i-j) the two 2p lone pairs on the heteroatoms. Isovalue of surfaces:
0.07.

noted that with this basis set, we do not aim at quantitative
accuracy; however, qualitative comparisons are expected to be
reliable.

The energies of the so-obtained nuclear structures were
then calculated using a multistate multiconfigurational refer-
ence perturbation theory correction (MS-CASPT2),**?% using the
average four singlet/triplet CASSCF states as reference. An
imaginary shift of 0.1 hartree was used. The default IPEA shift of
0.25 hartree was applied. (When specified, dynamic correlation
was included in geometry optimisations using the MS-CASPT2
method.)

In general, all calculations were done for isolated (gas
phase) molecules. When specified, solvent effects were included
by using the polarisable continuum model (PCM),**" with
acetonitrile as a solvent.

3. Results and Discussion

In this section, the results of the simulations are presented and
discussed. First, the existence of the reactant species as
minimum energy structures is verified. Then, the existence and
the probability of a decomposition pathway are investigated by
optimising TS structures and calculating energy barriers. Finally,
the likelihood of non-adiabatic transitions and decompositions
on excited states is studied.

3.1 Reactant Species

All considered analog molecules were successfully optimised to a
reactant minimum energy structure on the electronic ground
state. It is already an important finding that the molecules
theoretically exist as stable minimum energy structures, since the
actual stability of these molecules (other than I) is not known
from experiments. Derivatives of I, lll and IV exist,"®'" so these
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structures were at least known to be possible as substructures of
larger molecules. Relatively many derivatives of Ill are known
and have been shown to be thermally stable while reported
syntheses of derivatives of Il are fewer.?>? Derivatives of IV are
even rarer, and only two stable variants had been isolated in
2000; the reason for this is believed to be that these compounds
are in general thermally unstable, and thereby difficult to
synthesise.®® However, since then, other derivatives have been
isolated.®” While, to the best of our knowledge, no experimental
observations of the neutral parent (unsubstituted) molecules 1,2-
oxazetidine, 1,2-diazetidine and 1,2-dithietane have been re-
ported, all of them were found as local minimum energy
structures in other theoretical studies.”*>” The anionic species
lla and Il are likely to be less stable because of the increased
electron-electron repulsion from the negative charge, but they
could be stabilised by interactions with solvents or polar groups.

It is reminded that the high-energy intermediate required
for the chemiluminescent reaction does not need to be very
stable, nor to have a long lifetime. In particular, 1,2-dioxetane
itself is quite unstable and often synthesised on-the-fly.”*®
Bulky substituents have been shown to stabilise the intermedi-
ate."**¥ Thus, finding local minimum energy structures for the
bare analogs suffices and our calculations show that all
considered analogs could, in principle, be useful intermediates.

The main geometrical parameters for the different opti-
mised reactant molecules are gathered in Table 1. The bond

Table 1. Main geometrical parameters of the optimised ground-state
reactant minima for the different molecules studied. X and Y denote the
heteroatoms. Level of theory used for geometry optimisations: CASSCF(12-
in-10)/ANO-RCC-VDZP. Bond lengths are given in angstroms and dihedral
angles in degrees.

Molecule X Y cC X=Y CX/Y X—C-C-Y
1 (6} (6} 1.530 1.591 1.471 14.9
lla N~ (0] 1.528 1.763 1.497/1432 275
Ilb N(H) (6} 1.538 1.573 1.510/1.514 17.6
1] N~ N(H) 1.521 1.900 1.502/1.500  28.9
v S S 1.557  2.209 1.884 254

lengths of |, obtained in the present work with ANO-RCC-VDZP
basis set, are close to the values reported previously with the
larger ANO-RCC-VTZP basis set,">' differing by only 0.01 A. The
O—C—C—O0 dihedral angle is also just a few degrees lower than
reported there, validating the level of theory used in the
present work. To test the importance of dynamic correlation for
the molecular geometry, we have also optimised the minimum
energy structure of compound lla at MS-CASPT2 level of theory
with numerical gradient (see supplementary information). We
observe that the CASSCF and MS-CASPT2 results show only
small differences for all internal coordinates, with average
deviations of 0.02 A for the bond lengths in the four-membered
ring and a deviation of only 28 for the N-C—C—O dihedral angle.
Our results are consistent with the findings of a previous
theoretical study on I and validate the suitability of CASSCF for
geometry optimisations."

Let us now compare the different analogs considered. In all
of them, the C—C bond length is very similar to the one in I. A
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significant difference appears in the X—C—C—Y dihedral angle:
all analogs except llb have a dihedral angle at the equilibrium
geometry of at least 258, i.e. 108 larger than in I. In addition, the
heteroatomic bonds are distinctively longer in those analogs.
The minimum energy structures optimised for Ilb and Ill are
presented in figures 5a and b, respectively, to show the position
of the (N-)H atom at the reactant conformation.

Figure 5. Minimum energy structures of the reactant (R) of (a) llb and (b) IlI,
optimised at CASSCF(12-in-10)/ANO-RCC-VDZP level of theory.

In IV, the S-S bond length is comparable to previous
theoretical calculations, and is slightly longer than in ordinary
disulfide bonds."®**' The longer heteroatomic bond in IV
compared to | is natural because of the larger size of the sulfur
atoms compared to the oxygen atoms, and the prominent lone
pair repulsions typical for S-S bonds which are enhanced in
small cyclic structures.

In lla and lll, the heteroatomic bond lengths obtained in
the present work are considerably longer than typical N-N and
N-O bonds found in neutral species.”” The N-O bond length
was measured by X-ray crystallography to be 1.495A in a
derivative of 1,2-oxazetidine,®? while the ring was found to be
close to planar. In a theoretical study of the neutral 1,2-
diazetidine (protonated derivative of Ill), the N-N bond length
was calculated to be 1.49 A and the dihedral angle approx-
imately 208-238.%" Slightly shorter N-N bond lengths (1.43-
145 A) have been measured for substituted 1,2-diazetidines
through X-ray crystallography."®*" The reason for the rather
large difference in heteroatomic bond length between the
parent neutral and anionic molecules is most probably the
increased electron-electron repulsion due to the negative
charge. The shorter heteroatomic bond length obtained in llb
compared to lla supports this explanation. To further validate
this hypothesis, we have optimised equilibrium geometries for
neutral radicals of lla and Ill and we obtained indeed shorter
heteroatomic bond lengths of 1.452 A and 1.415 A, respectively.
(In the calculations of the radical species, there is one less active
electron than in the anionic species; however, the chosen active
orbitals are the same.) Besides, optimisations of the anions lla
and Il in a polar solvent (acetonitrile) yielded geometries
virtually identical to the ones in the gas phase.

Finally, it is noted that lower energy minimum structures
may exist for the anionic species, with smaller dihedral angles,
i.e. more planar ring. However, the active space was not stable
at those geometries and the potential energy surface in that
region could not be explored.
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