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Abstract 

Chemiluminescence, emission of light from a thermal chemical reaction, has been studied increasingly 

the latest decades, both experimentally and theoretically. Simple cyclic peroxide structures – captured in 

its simplest form in the molecules 1,2-dioxetane and 1,2-dioxetanone – have been shown to be present 

and important in many instances of the phenomenon, such as bioluminescence in fireflies. Therefore these 

simple molecules have acted as model systems, and much research have been done about the details of 

their chemiluminescence, in order to understand the underlying mechanisms. While modern theoretical 

studies have managed to reveal significant aspects of this complex process in the decomposition of 1,2-

dioxetanes, other similar systems have yet not been investigated in this regard. In this project, the 

corresponding dissociation reactions of two analogs of 1,2-dioxetane, the 1,2-oxazetidine anion and the 

1,2-diazetidine anion, have been studied theoretically using ab-initio multiconfigurational methods. Their 

reactions were shown to be geometrically similar to that of 1,2-dioxetane, and the 1,2-oxazetidine anion 

exhibited comparable degeneracy between the S0 and T1 states as 1,2-dioxetane. Reaction energy barriers 

were found to be higher than for 1,2-dioxetane, and the extent of near-degeneracy between electronic 

states was in general lower. The T1 states of both analogs were shown to be energetically possible to 

allow chemiluminescence. Chemiluminescence through thermal decomposition of the analogs could 

essentially be possible, but probably significantly less favorable than in 1,2-dioxetane. 
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1. Introduction 

 

1.1 Background 

 

Chemiluminescence is the phenomenon when light is emitted as a direct result of a chemical reaction. 

Well-known examples of chemiluminescence are for instance the bioluminescence of certain light 

producing organism, such as species of fireflies, bacteria, squids and even fungi [1], but also 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 [2, 3].  

 The light emission of a chemiluminescent reaction is understood as the emission from excited 

state molecules, which are brought into an excited electronic state during the course of the reaction, 

starting with the reactants in the electronic ground state [3]. The light emission is generated in a much 

similar process as fluorescence or phosphorescence, concomitant to a deexcitation of the excited 

molecules to the electronic ground state. However, the excitation is an intrinsic part of a thermochemical 

reaction itself, a possible pathway of the chemical reaction, and is thus of a chemical nature as a possible 

consequence of it, rather than the result of a photophysical or -chemical process. There is in other words 

no involvement of any photon in the excitation; the energy supplied that excites the molecule is solely 

thermal.  

For such an excitation to be induced by a chemical reaction, and thus for the reaction to be able to 

generate chemiluminescence, the reaction must exhibit certain features with regards to the electronic 

states of the molecule [3]. During the course of the reaction, the relationships between the ground and 

excited electronic states of the molecule must at some point become such that a transition from the ground 

state to an excited state is possible. Ideally, for chemiluminescence, the conditions should not only be 

such that the transition is merely possible, but also probable enough to compete with other pathways, in 

order to generate excited state molecules in significant proportions which in turn may emit light in 

noticeable amounts. Thus, there is a chain of events that must occur for chemiluminescence to happen, 

and each adds to the list of requirements. A schematic diagram of the energy profile of a hypothetical 

chemiluminescent reaction is shown in Figure 1 below. 
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Figure 1: Schematic energy diagram of a hypothetical chemiluminescent reaction, showing the electronic ground 

state and one excited electronic state, represented by the two black curves. The reactant, product, and excited 

product are indicated in the diagram by R, P and P* respectively. The transition state is indicated with TS. The blue 

arrows outline the chemiluminescent pathway on the excited state surface from the excitation and forward, and the 

red curvy arrow specifies that the deexcitation of P* occurs through emission of light. Three energies are also 

shown, namely the activation energy Ea, the energy difference between the transition state and the product ETS-EP, 

and the excitation energy of the product EExcitation. 

First of all, for a radiationless transition to be able to occur between two electronic states they must be 

sufficiently close in energy. The energy difference between the states is one of the major factors that 

determine the transition probability in this case; generally the probability increases as the energy 

difference decreases. What occurs when two states become close in energy is that the nonadiabatic 

coupling between the states becomes large. This coupling essentially describes the extent of the 

correlation between nuclear and electronic motion, which is neglected in the Born-Oppenheimer 

approximation. As the energy difference between electronic states becomes lower, it increases the 

likelihood that an energy transfer from the motion of the nuclei to the electrons could occur – i.e. a 

conversion of thermal energy to electronic energy – and cause a transition between the electronic states 

[4]. In this sense, the electrons become much more sensitive to the motion of the nuclei in such situations. 

The probability of a transition is in this way dependent upon the coupling between the states, which for 

instance can be seen in the Landau-Zener model [3, 4]. Therefore, for chemiluminescence to be viable, 

the electronic states must at some point during the reaction become degenerate or near-degenerate in 

energy, as exemplified in Figure 1 above. In the diagram in Figure 1, the states become degenerate in a 

region after the transition state, and it is here the transition may take place. Other than the mere energy 

difference between the states, the extent of the region of degeneracy or near-degeneracy of the states and 
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the time the molecule spends in such regions during the reaction are naturally also important, since these 

determine how much time the molecule has to transfer between states. Secondly, once the transition has 

occurred, the excited molecule should be able to proceed on the excited state potential energy surface to 

form the species that may emit light, i.e. the electronically excited products of the reaction. In other 

words, there must exist a path on the excited state surface that leads to the excited state product, and this 

path should be as favorable as possible compared to other potential paths and processes [3]. For instance, 

the slope of the potential energy surface should be negative towards the product, as it is in Figure 1, so 

that the molecule proceeds downwards in energy along this path. In addition, the molecule should not be 

too prone to vibrational relaxation to the ground state when on the excited state surface [3, 5]. Similarly, 

in the last step, the excited state product should de-excite by emitting light with as high yield as possible 

compared to non-radiative decay [6]. Furthermore it requires, purely energetically, that the transition state 

must be high enough in energy; it must be greater than the energy of the excited state products [3, 6]. 

Otherwise, the molecule cannot proceed from the transition state to yield excited state products, simply 

because the energy supplied is not enough. Alternatively stated, the activation energy must be enough to 

bring the reactants to an energy above that of the electronically excited products, since this is the only 

energy that is supplied, and this in turn means that the energy difference of the transition state and the 

ground state product must be larger than the energy needed to excite the product. In terms of Figure 1, 

this can be stated as ETS - EP > EExcitation. This gives an indication of the thermal character and energy 

profile of the non-luminescent pathway of a chemiluminescent reaction; it is inclined to be highly 

exothermic [3, 6]. In order to have a decent yield of excited product, the activation energy cannot be too 

high however, as this would lower the reaction rate according to Arrhenius law. This would both lead to a 

low light production rate and that the chemiluminescent pathway would be less favorable kinetically if 

there are other competing reactions. Due to this, a general feature of chemiluminescent reactions are high-

energy intermediates, which comprise an energy minimum on the potential energy surface but have high 

energy and therefore usually are rather unstable [6, 7]. Since such molecules are high in energy, the 

activation energy needed to form the high energy transition state of the chemiluminescent reaction from 

them does not need to be as high, and thus the reaction rate can be reasonable, and enough to compete 

with ground state product formation.  

Besides the aspects discussed above, there are additional factors and details that could influence a 

reactions chemiluminescent properties, for instance regarding the theory of nonadiabatic transitions, but 

those mentioned here are sufficient, and the most relevant and important, for the purposes of this project. 

To summarize the discussion, these criteria are listed below. 

 

 Degeneracy or near-degeneracy of electronic states during the course of the reaction. The 

region of degeneracy, or in another sense the amount of time the molecule spends there, 

should preferably be large. 

 

 The energy of the transition state must exceed the energy of the excited state product. 

 

 Existence of a favorable pathway on the excited state potential energy surface leading to 

excited state product. The molecule should also be able to avoid vibrational relaxation 

with decent probability when on this pathway.  



8 

 

 
Figure 2: The structures of A) Firefly D-luceferin, B) 1,2-dioxetanone intermediate in the bioluminescent reaction 

of firefly luceferin, C) 1,2-dioxetanone and D) 1,2-dioxetane. A) and B) have ben adapted from [8] with permission 

from the European Society for Photobiology, the European Photochemistry Association and the Royal Society of 

Chemistry. 

Many different compounds with chemiluminescent properties are known today. A particular case of 

interest is the molecule 1,2-dioxetane, whose structure is seen above in Figure 2. The simple cyclic 

peroxide structure captured in its simplest form in this molecule has been discovered to be part of a wide 

range of chemiluminescent reactions [7]. In early studies of the luminescent system of the firefly, a 1,2-

dioxetanone intermediate, given in Figure 2, was hypothesized and later confirmed to be involved in the 

bioluminescent reaction of firefly luciferin [1]. Similar intermediates have also been confirmed in 

bioluminescence in other species [1]. The discovery of the chemiluminescent peroxyoxalate system 

further added a class of chemiluminescent reactions involving this type of peroxide intermediates [6]. Due 

to such widespread involvement, 1,2-dioxetanes and the related ketones, 1,2-dioxetanones, have been of 

high interest within chemiluminescence research, and have been subject to both experimental and 

theoretical studies during the recent decades. The parent compounds 1,2-dioxetane and 1,2-dioxetanone, 

are therefore important model systems, especially due to their small size; 1,2-dioxetane is readily believed 

to be the smallest molecule to be able to decompose with chemiluminescence as a result [5]. 1,2-

dioxetanes and 1,2-dioxetanones are in these reactions acting like high-energy intermediates [6, 7], as 

described before; they are high in energy and are thus not very stable, especially the unsubstituted 

molecules. The low stability of unsubstituted compounds has caused difficulties with experimental studies 

except of the more stable, substituted molecules. The small size of the 1,2-dioxetane molecule, however, 

have rendered it suitable for theoretical and computational studies since better, more accurate and 

expensive methods can be applied to small systems. Despite this, the complex nature of the 

chemiluminescent process means that also theoretical studies are and have been associated with 

difficulties. However, as new theoretical methods have been developed which are more applicable to the 

problem and computer capabilities have increased, theoretical studies have been able to reveal several 
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aspects about the chemiluminescent reaction, including subtle details of its mechanism, and have begun to 

reconcile experimental and theoretical results [2, 5]. In two recent studies, by De Vico et al [5] and 

Farahani et al [2], the multiconfigurational methods CASSCF and CASPT2 were used to study the 1,2-

dioxetane molecule and its chemiluminescent decomposition reaction theoretically. The results found was 

a reaction barrier in agreement with the experimental [2, 5], and supported the so-called biradical 

mechanism description of the reaction, outlined in Figure 3 below. In the biradical mechanism, the first 

step of the reaction is O-O bond breaking that constitutes the first transition state, and then a biradical 

with one unpaired electron on each of the oxygen atoms, is formed which is maintained in an extended 

geometrical region, referred to as the biradical region. Within the biradical region degeneracy occurs 

between the S0, S1 and T1 states and several energy minima on the S1 and T1 potential energy surfaces 

related to rotation around the C-C bond are located there [2, 5]. An entropic trapping process was also 

found and described as an important feature in explaining the chemiluminescent behavior [2, 5].  

 

 
Figure 3: Schematic outline of the biradical mechanism of the thermal dissociation of 1,2-dioxetane. Adapted with 

permission from P. Farahani, D. Roca-Sanjuan, F. Zapata and R. Lindh, "Revisiting the Nonadiabatic Process in 1,2-

Dioxetane," J. Chem. Theor. Comput., vol. 9, no. 12, pp. 5404-5411, 2013. Copyright © 2013 American Chemical 

Society. 

However, while the chemiluminescence of 1,2-dioxetanes has been studied extensively and the effects of 

organic substitutions like methylation have been investigated [9], there are many similar systems, in 

particular heteroatom analogs of 1,2-dioxetanes, that have not yet been explored in a significant extent in 

the context of chemiluminescence. Four-membered heterocycles of this kind have been studied since at 

least half a decade, but more extensively recently, and this research has primarily been within organic 

synthesis, spectroscopy, and ring strain [10, 11]. Such systems, being chemically and electronically 

similar to 1,2-dioxetane, could potentially also function as high-energy intermediates and decompose 

resulting with chemiluminescence. Studying such molecules could lead to findings of other 

chemiluminescent molecules, but in any case would likely contribute to a greater understanding and 

insight of the phenomenon as the effects of chemical differences on the chemiluminescent properties 

could be revealed. The study of the chemiluminescent properties of a few heteroatom analogs of 1,2-

dioxetane is the subject of this project, which explores this rather unknown area with the studies of 1,2-

dioxetane by Farahani et al [2] and De Vico et al [5] as a foundation. 
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1.2 Aim 

The purpose of this project is to assess the potential chemiluminescent properties of the three 

isoelectronic heteroatom analogs of 1,2-dioxetane: the 1,2-oxazetidine anion, the 1,2-diazetidine anion 

and 1,2-dithietane whose structures are seen in Figure 4 below, through theoretical studies employing 

CASSCF and CASPT2. This includes investigating the existence of these molecules as local energy 

minima and the existence of transition structures, along with reaction paths, corresponding to 

decomposition reactions analogous to the thermal decomposition of 1,2-dioxetane. Additionally it 

involves investigation of the appearance of the potential energy surfaces of the ground and excited 

electronic states along such reaction paths, and estimation of associated energy barriers. In the final 

assessment, exclusively the most important and fundamental criteria for chemiluminescence that are 

imposed on the electronic states will be taken into account, as well as a comparison with established 

results of 1,2-dioxetane. 

 

 
Figure 4: I) 1,2-dioxetane. II) The 1,2-oxazetidine anion. III) The 1,2-diazetidine anion. IV) 1,2-dithietane. 

       

 

 

2. Theoretical Methods 

In this section, important background in terms of theory and concepts, but mainly methodology, will be 

briefly explained. The theoretical methods applied in this project are outlined and motivated, on the 

foundation of the preceding theory, and some general characteristics are discussed shortly. The section is 

concluded with explanations of some common computational procedures and related terms. 

 

2.1 Basis Sets, Basis Functions 

 

The concepts of Basis Sets and Basis Functions are important in not only theoretical and computational 

chemistry, but also other areas where functions are sought after by means of numerical methods. Many 

quantum mechanical methods in theoretical chemistry are concerned with finding the wavefunction of the 

system of interest, by solving the time independent Schrödinger equation. The time independent 

Schrödinger equation, given in atomic units in Eq. 1 below, is a partial differential equation, and also an 

eigenvalue equation, and as such the problem of solving it is equivalent to finding the eigenfunctions 

(wave functions) Ψ and their eigenvalues (energies) E to the Hamiltonian operator (�̂�), i.e. that satisfies 

the equation. 
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(1) �̂�𝛹 =  𝐸𝛹      ∶  �̂�  =  − ∑
1

2
𝛻𝑖

2𝑁
𝑖 = 1  − ∑ ∑

1

𝑟𝑖𝑗

𝑀
𝑗 = 1

𝑁
𝑖 = 1 + ∑

1

𝑟𝑖𝑗

𝑁
𝑖 < 𝑗     

 𝑤ℎ𝑒𝑟𝑒: 𝑀 = #𝑛𝑢𝑐𝑙𝑒𝑖 ;  𝑁 = #𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 | 𝐴𝑡𝑜𝑚𝑖𝑐  𝑢𝑛𝑖𝑡𝑠:  4𝜋𝜀0 = 1 , ℏ = 1   

 

Thus, both Ψ and E are unknown. For all but the simplest systems, the Schrödinger equation becomes too 

difficult to solve analytically, for instance it becomes a many-body problem for practically all molecules. 

Therefore, numerical methods have to be used instead, to approximate the solutions to the equation. A 

very common approach to this is to express the function Ψ as an arbitrary linear combination of a 

collection other functions that are known, and then determine the coefficients in such a linear combination 

that gives the best solution, i.e. that best approximates the wave function. This is the concept of basis set 

and basis functions; the known functions that are used in the linear combination to approximate Ψ, are 

called basis functions, and the collection of all of those is the basis set. Thus, the idea is to determine the 

best linear combination of known functions, the basis functions in the basis set, in approximating the real 

solutions, the functions Ψ. Mathematically speaking, the set of solution functions are members, vectors, 

of a vector space of functions. The basis set approach is therefore, albeit much more difficult in the case 

with the Schrödinger equation, largely analogous to choosing a basis in ℝ3
 and trying to find the best 

linear combination of those basis vectors that satisfies some equation or requirement. In ℝ3
, any basis has 

three vectors, so all vectors in ℝ3 can be exactly represented as linear combinations of three basis vectors. 

Thus, any vector fulfilling the requirement can always be represented exactly by this approach, in this 

case. However, the vector space of functions is infinite dimensional, meaning that any basis of functions 

whose linear combinations can represent all members in this function space contains infinitely many 

functions. In practice, only a finite set of functions can be used as a basis set in a calculation. Thus, only 

the functions representable as linear combinations of the basis functions can be expressed exactly; in 

other words, only the functions within the finite dimensional subspace spanned by the basis functions, can 

be obtained as solutions. The best obtainable solution with a given basis set is therefore merely the 

function in this particular subspace, spanned by the basis functions, that best approximates the correct 

solution. How good the approximation is, is dependent on what functions compromise this subspace; 

loosely speaking, the more similar the functions in this subset may get to the correct solution, the better 

the approximation. This in turn is naturally determined by the basis functions as they span this set. 

Therefore, the amount and type of basis functions directly influence the accuracy and applicability 

associated with the basis set. Thus, a number of aspects must be carefully considered in the construction 

and choice of a basis set. The mathematical form of the basis functions, both individually and more 

importantly in relation to each other, is essential. More complex functions might be able to capture more 

specific details and traits of the solutions, but might be more computationally demanding, compared to in 

some sense simpler functions for which the opposite is true. However, with less computationally 

demanding functions, more functions can be included in the basis set at a similar computational cost, 

since the facilitated mathematical treatment of the functions may compensate for the additional 

coefficients that need to be determined in a larger linear combination. Given a basis set, adding more 

(linearly independent) functions would generally increase the accuracy but also the computational cost 

since the number of possible different linear combinations increases, but so does the number of 

mathematical operations needed since more coefficients must be determined. Having said that, the 

increase in accuracy may vary vastly and would almost always be close to non-existent if just any 

arbitrary function is added to the basis set. This can instead be done in systematic ways to maximize the 

improvement, which is and must be done in practice when constructing larger basis sets from smaller. 
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Therefore, when comparing basis sets with similar types of functions, especially two in the same series of 

basis sets, the larger basis set is generally more accurate and computationally expensive. This is however 

a complex matter, which also depends on the method used and possibly also the system that is 

investigated. Furthermore, the basis functions in a basis set will also decide how well the calculation will 

be able to approximate the solutions in different cases. The vast variety and complexity of chemical 

systems, makes it practically very difficult to construct a basis set which is optimal for all systems, that 

simultaneously is not unreasonably large. Due to this, many basis sets have been developed and optimized 

for different purposes, which means their applicability to different systems may vary greatly. It is 

therefore the selection of the basis set is crucial to the quality of a quantum chemical calculation.  

 

Within chemistry, the basis functions used is most often spatial functions of one electron, i.e. they are 

one-electron functions, orbitals. However, even if they can and sometimes are called orbitals, they do not 

have to be similar to real atomic or molecular orbitals. Orbital-like functions can indeed be used as basis 

functions such as in the Linear Combination of Atomic Orbitals approach (LCAO) where molecular 

orbitals are expressed as linear combinations of atomic orbitals and this is often used in varying extent, 

since in many cases the orbitals have similar traits as atomic orbitals, but in principle any functions can be 

used even if they do not resemble ordinary orbitals by themselves. In the end, it is the linear combinations 

that can be formed by the basis functions that determine the ability of the basis set to approximate the 

solutions. Certain functions with specific traits are often included in basis sets to make them better at 

describing and incorporating certain specific features of the system, such as the polarization of orbitals 

over a polar bond, Van der Waals interactions or very spatially extended orbitals of for instance anions. 

Two very common classes of such functions are polarization functions and diffuse functions, and they 

give the basis set more flexibility to describe finer details of the electronic structure, as those mentioned. 

These are examples of basis functions that may not resemble ordinary orbitals. Today, very commonly, 

Gaussian type functions in combinations are used as basis functions, i.e. functions with the same 

mathematical form as the probability density function of the standard distribution. This is due to two 

reasons, primarily computational; these are easily integrated and manipulated mathematically, but 

secondarily they can also be made or combined to resemble orbitals quite easily since they are not very 

far from the mathematical form of some common orbital functions, such as Slater type orbitals.  

 In a quantum chemical calculation employing a basis set, the number of orbitals that results from 

the calculation is always the same as the number of basis functions in the basis set used. A minimal basis 

set contains, for each atom, one basis function for every spatially different orbital in all occupied 

subshells combined. For example, for a neon atom with the electronic configuration 1s
2
2s

2
2p

6
, a total of 5 

basis functions are needed; the different spatial parts are: 1s, 2s, 2px, 2py and 2pz, as they constitute all 

occupied subshells, the highest being the 2p subshell. Larger basis sets use more functions for each 

orbital. So-called split valence basis sets contains additional functions to describe the valence orbitals, but 

typically only one for each core orbital. Among these are double-zeta basis sets which contains two basis 

functions per valence orbital in the calculation, and there are analogously triple-zeta, quadruple-zeta and 

so on, containing three, four etc. basis functions per valence orbital respectively. In this project, the two 

basis sets used are ANO-RCC-MB and ANO-RCC-VDZP. These belong to a family of ANO-type basis 

sets in the basis set library of MOLCAS [12], the quantum chemistry computational software used in this 

project, and have specifically been constructed for implementation in MOLCAS. Atomic Natural Orbital 

(ANO) refers to a certain way of constructing and optimizing the basis sets. The ANO-type basis sets in 

MOLCAS have been developed with consideration also to some electronically excited states and ionic 
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states of the atoms, with a purpose of achieving a consistent description of both the ground state and other 

common configurations [13]. The ANO-RCC family of basis sets have additionally been constructed to 

include relativistic effects and to be compatible with correlated methods. Furthermore the CASSCF and 

CASPT2 methods were used in the construction of the ANO-RCC-family of basis sets. The labels MB 

and VDZ denote Minimal Basis and Valence Double-Zeta respectively. The P in VDZP also indicates that 

polarization functions are included. The ANO-RCC basis sets are not augmented, because they do not 

contain additional diffuse functions. However, there are low exponent Gaussian functions incorporated, 

which enhances the ability of the basis set to describe more diffuse orbitals, but they are instead involved 

in all basis functions. This can be seen as a compromise, as this is less expensive computationally, but 

still partially gives the benefits from diffuse functions. This makes addition of diffuse functions to the 

ANO-RCC basis sets unnecessary for all but the most extreme cases. For more information about these 

basis sets, consider the MOLCAS manual [13], as well as the articles about the ANO-L and ANO-RCC 

basis sets [14, 15, 16, 17, 18, 19, 20, 21]. 

 

 

2.2 Hartree-Fock Theory and Perturbation Theory  
 

The Hartree-Fock method or model (henceforward HF) can be considered one of the earliest, most 

groundbreaking and influential models and methods within theoretical and computational chemistry. It 

has had a very large impact on the field ever since it was developed, and has paved the way and 

influenced many more advanced methods and theories succeeding it. Seemingly contrary to this, it is 

nowadays very seldomly used on its’ own, since more modern methods are usually considerably more 

accurate and efficient in terms of computational time, but its relatively simple theoretical formalism, 

physical interpretability and conceptual simplicity along with its susceptibility of rationalization, are some 

of the important factors that makes it foundational to many later methods, often but not always referred to 

as post-Hartree-Fock methods, not to forget molecular orbital theory. A short description of the essentials 

of the method will be given here; for a more complete and full discussion and derivation of the method, 

consider a textbook on theoretical or computational chemistry such as [22] or [23] and sources therein.  

 Hartree-Fock is a so-called ab initio method, which means that it relies on first principles. In other 

words it relies directly on deeper established theoretical results. This is due to the fact that it is a direct, 

via a series of approximations, numerical approach for solving the Schrödinger equation. These 

approximations are central for the theory and much of it can be explained from these. An important 

approximation, not specifically for HF theory but for theoretical chemistry as a whole, is the Born-

Oppenheimer approximation. It relies on the very large mass difference between a nucleus (or even just a 

proton) and an electron, and it consists of neglecting the correlation of the motions of the electrons and 

nuclei. This enables the Schrödinger Equation to be separated into separate equations for the electrons and 

the nuclei. The HF method begins at the electronic Schrödinger Equation. The first, and essential, 

approximation introduced in HF theory is expressing the total electronic wavefunction of the system as a 

product of one-electron wavefunctions, orbitals, called a Hartree product, see Equation 2 below.  

 

(2)  𝛹 =  𝛷1(𝑒1)𝛷2(𝑒2). . . 𝛷𝑛(𝑒𝑛)         𝑤ℎ𝑒𝑟𝑒 𝑒𝑖  𝑑𝑒𝑛𝑜𝑡𝑒𝑠 𝑡ℎ𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑖. 

 

This makes the theory an independent particle model, as it assumes that every particle – electron in this 

case – can be described by its own wave function, orbital. In combination with the antisymmetry 
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criterium on the wave function, following the Pauli principle, the total wave function must be extended 

from the Hartree product, which does not meet this criterium, to a Slater Determinant which can be 

thought of as an alternating sum of the initial Hartree product over all permutations of the electrons in the 

orbitals, see Equation 3 for an example with three electrons and three orbitals. 

  

   

(3)  𝛹 =  |

𝜓1(𝑒1) 𝜓2(𝑒1) 𝜓3(𝑒1)

𝜓1(𝑒2) 𝜓2(𝑒2) 𝜓3(𝑒2)
𝜓1(𝑒3) 𝜓2(𝑒3) 𝜓3(𝑒3)

| 

 

A function in the form of a Slater determinant is often considered the simplest formulation of an 

electronic wave function consisting of one electron orbitals [24]. Then, using the Slater Determinant wave 

function, the expectation value of the energy of the system is expressed and attempted to be minimized, 

relying on the Variational Theorem, which states that any approximate wave function will have an energy 

which is equal or above the energy of the true wave function. After a series of steps, the Hartree-Fock 

equations are obtained. These are a system of partial differential equations, each one resembling the 

original Schrödinger equation, one for each one electron wave function. It involves the Fock operator 

instead of the Hamiltonian, which when is operated on a one electron wave function in the system, 

roughly speaking, returns the energy of the electron in that orbital, including the kinetic energy and the 

interaction with the nuclei, but also the interaction between that electron and the average field from the 

other electrons in their respective orbitals. For the correct orbitals, it returns the orbital unchanged 

multiplied by a scalar, the eigenvalue, which is interpreted as the orbital energy. The short form of one 

equation, for an electron 1 with spatial coordinates e1 in orbital 𝛷i, in the Hartree-Fock equations for a 

closed shell system is stated below in Eq. 4. 

 

(4)  �̂�(𝑒1)𝛷𝑖(𝑒1)  =  𝜀𝑖𝛷𝑖(𝑒1)       𝑤ℎ𝑒𝑟𝑒 �̂� = ℎ̂ + ∑  (2𝐽
𝑁/2
𝑖 𝑖

− 𝐾𝑖)  

 

Here F̂  is the Fock operator, and the core Hamiltonian, Coulomb and exchange operators ĥ, Ĵ and K̂  

respectively are defined as in Eq. 5-7 below. 

 

(5)  ℎ̂(𝑒𝑖) =  −
1

2
𝛻𝑖

2 + ∑
1

𝑟𝑖𝑗

𝑁
𝑗   

 

(6)   𝐽𝑗(𝑒1)𝛷𝑖(𝑒1) =  ∫ 𝛷𝑗
∗(𝑒2)

1

𝑟12
𝛷𝑗(𝑒2)𝛷𝑖(𝑒1) 𝒅𝑒2 

 

(7)  𝐾𝑗(𝑒1)𝛷𝑖(𝑒1) =  ∫ 𝛷𝑗
∗(𝑒2)

1

𝑟12
𝛷𝑗(𝑒1)𝛷𝑖(𝑒2)  𝒅𝑒2 

 

Here, e1 and e2 denotes the spatial coordinates of two different electrons 1 and 2, and the orbitals 𝛷i and 

𝛷j are spatial orbitals. An important fact that is seen in the equations above is that the Fock operator 

depends on all of the orbitals, due to the coulomb and exchange integrals, so the equation for any orbital 

𝛷i also contains all other orbitals 𝛷j. The Hartree-Fock equations are thus a set of coupled eigenvalue 

equations just as the Schrödinger equation but with the Fock operator and the one electron orbitals. From 

this point, the numerical Hartree-Fock self-consistent field method (HF-SCF) follows; to solve these 
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equations, which cannot in general be done analytically, the orbitals are in the first step guessed in some 

way. This is due to the way the equations are coupled as mentioned above, since this means that a 

complete set of known orbitals must be used to evaluate the Fock operator numerically. These initial 

functions are used in the Hartree-Fock equations, and a new set of functions is then obtained as a result. 

These resulting new functions are then again applied in the Hartree-Fock equations, to obtain a new set of 

functions, and so on. This iterative process is conducted until the orbitals and the energy does not change 

anymore, or in practice when the changes are small enough, i.e. when the orbitals and the energy have 

converged according to some criteria. At this point, the field of the electrons in all of the orbitals, through 

the HF equations, reproduces (at least approximately) the same orbitals, and therefore the field can be said 

to be consistent with itself, and the method is therefore referred to as a self-consistent field (SCF) method. 

Most often however, a basis set is implemented instead of directly solving the Hartree-Fock equations, 

and this, with some additional steps, leads to the Roothaan-Hall equations. Essentially the same iterative 

procedure as described above is done to solve the Roothaan-Hall equations as with the Hartree-Fock 

equations, but in this case the orbitals are determined as linear combinations of the basis functions, and 

this is done by solving linear systems of equations, which is the Roothaan-Hall equations, instead of 

solving the Hartree-Fock equations directly, to determine the coefficients in each linear combination 

describing each orbital. To summarize, the Hartree-Fock method essentially consists of iteratively 

minimize the energy of a Slater determinant wave function of the system with respect to a set of one 

electron orbitals, where the inter-electron interactions is approximated as an interaction between each 

electron and the mean electrostatic field of the other electrons. An important note on this, is that this 

mean-field approach neglects the finest details of the electron-electron interaction; the correlation. 

Correlation is the term for the dependency of the movement of one electron upon all the others, 

instantaneously. If one electron “moves”, it immediately affects all the other electrons, but the mean-field 

might not be changed as such, and in this way it is not taken into account in Hartree-Fock. This fine detail 

of the interaction is difficult to treat, and that is one reason why it is excluded in Hartree-Fock through 

approximations. The correlation energy Ecorr, because of this, is defined from the limit of the Hartree-

Fock energy as the basis set size tends to infinity (EHF), as in equation 5 below: 

 

(5) 𝐸𝑐𝑜𝑟𝑟  =  𝐸𝑒𝑥𝑎𝑐𝑡 − 𝐸𝐻𝐹 

 

Inclusion of the correlation energy would hence lower the Hartree-Fock energy to the correct energy. A 

noteworthy aspect of the electronic correlation energy is that its relative importance in different cases is 

very dependent upon the system in question; in some cases, it does not contribute to the energy or affect 

the description of the system significantly, but in other it can lead to a huge difference even for the 

qualitative result. Situations were correlation energy becomes important is naturally when inter-electron 

interactions becomes more important, for example in anions. 

 

Perturbation Theory is a problem solving approach, in which the key concept is to think of a system for 

which a problem is hard to solve as a simpler system, for which the solutions to the problem are known, 

that has been altered, perturbed. The solutions of the more complex system are then derived from the 

solutions of the simpler system and the perturbation. The perturbation should make the simple system 

become the more complex system; i.e. the complex system should be able to be described as the simpler 

system that is perturbed by the perturbation. Through this approach, some methods have been developed 

in theoretical chemistry that calculates a correction to the energy of an approximate method, for instance 
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Hartree-Fock. There are for example derived formulas for calculating the corrections to a Hartree-Fock 

energy; these formulas are essentially estimating the energy error, or equivalently the energy difference 

between the true energy and the Hartree-Fock energy, based on principles of perturbation theory. This 

energy correction can be computed from a Hartree-Fock result, and be added to the energy to obtain a 

more accurate energy. This is, however, subject to a couple of criteria. The perturbation methods 

themselves are approximations, and these must be reasonable for the method to work accurately. In 

perturbation theory approaches, it is often assumed that the perturbation is small, and this means that the 

reference system (i.e. the unperturbed system) must be similar enough to the real system by itself. It also 

means that the correction obtained for the energy for instance, cannot be too large. If these criteria fail, 

the perturbation treatment will give poor corrections to the results and poor accuracy. In worst cases, it 

might even give worse results than what was obtained without it. However, when it can be used correctly, 

it is a very useful tool to increase the accuracy and quality of the results. It is for instance one way of 

including parts of the correlation energy in Hartree-Fock. A method based on perturbation theory, is 

typically referred to as being of a certain order. This is due to the fact that the corrections are often 

expanded similar to a Taylor series, and this is truncated for practical reasons. The order relates to how 

many terms in the expansion that is included, and the higher the order, the more terms is included, which 

both may lead to better results but also higher computational time. Perturbation theory methods are quite 

common in theoretical chemistry today and many methods based on it have been developed through 

application of it on other methods. The perturbation theory method used in this project will be explained 

in the following section. 

 

 

2.3 Multiconfigurationality and Multiconfigurational Methods 

 
2.3.1 Multiconfigurationality 

 

Within Hartree-Fock theory and the Slater determinant wave function formulation, the electronic 

configuration of the system is in principle imposed by the construction of the Slater determinant. An 

example of the correspondence between a Slater determinant and an electronic configuration is 

demonstrated below in Figure 5. Note that the orbitals inside the determinant are spin orbitals, with the 

subscript indicating the spin. 
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Figure 5: The correspondence between different electronic configurations and Slater determinants, exemplified for 

two possible electronic configurations in the H2 molecule. 

 

In this way, Slater determinants can be used as representations of electronic configurations, as they are 

usually thought of in chemistry and more specifically molecular orbital theory. In the Hartree-Fock 

method, as stated, the most accurate description of the wave function as the form of one Slater 

determinant is determined. However, the wave function does not always admit a good approximation in 

the form of only one Slater determinant; in other words, there is not always only one configuration, as one 

think of it for instance in molecular orbital theory, that can be used to approximate the wave function of 

the system in a good manner [23]. In such cases, there is more than one configuration that significantly 

contributes to the character of the wave function. The wave function can then be said to be 

multiconfigurational. For methods that that express the wave function as a single Slater determinant, such 

as HF-SCF, multiconfigurationality can pose problems [23]. Essentially, the description is in these 

methods restricted to a single configuration, risking that features of other contributing configurations are 

left excluded which potentially are of importance for the properties of the system. Multiconfigurational 

character of the wave function occurs in different extents for different systems and is also dependent on 

the molecular geometry. For most molecules with a closed-shell electronic structure in the ground state at 

geometries close to the equilibrium geometry, the wave function is typically not multiconfigurational to a 

high extent, and are described relatively well with single configurational methods. Multiconfigurational 

nature of the wave function typically arises when there are several electronic configurations that are equal 

or close to equal energy-wise, i.e. in situations with degenerate or near-degenerate electronic states or 

configurations [23]. More concrete examples of this include, among other things, biradical species, 

geometries at or close to transition states and bond dissociations [23, 25]. The failure of HF to describe 

the homolytic dissociation of H2 is a typical example. The HF method would result in a wave function 

corresponding to a single configuration, which would be a decent approximation close to the equilibrium 

bond distance in the form of the bonding configuration (1σ
2
). It can be shown that this wave function, 

corresponding to (1σ
2
), contains terms that can be interpreted as ionic, i.e. corresponding to allocation of 
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both electrons to one H atom and none to the other (H
-
H

+
 and H

+
H

-
). These contributions are reasonable 

in the H2 molecule which is indeed described well by the configuration (1σ
2
), but the homolytic 

dissociation ends with two neutral H atoms at infinite distance, for which the ionic terms are not 

representative for the electronic structure. The (1σ
2
) configuration thus describes the bound molecule 

well, but not the dissociated atoms. In fact, the (1σ*
2
) configuration wave function can also be shown to 

contain these ionic terms, which makes this an equally inviable description of the dissociated state. In 

fact, the configurations (1σ
2
) and (1σ*

2
) are degenerate in the dissociative limit: they can be seen as the 

in-phase and out of phase combinations of the 1s orbitals of the H atoms, and these 1s orbitals do not 

interact at long or infinite distances, so the phases of the 1s orbitals do not affect the energies of (1σ
2
) and 

(1σ*
2
), rendering them equal in energy. It turns out that a wave function can be constructed as a mixture 

of both configurations (1σ
2
) and (1σ*

2
) with equal weights, in a way which eliminates the ionic terms and 

only contains terms which in this interpretation are covalent, i.e. corresponds to allocation of one electron 

each to the H atoms. This provides a physically viable representation of the electronic structure at the 

limit of dissociation. In other words, none of the configurations (1σ
2
) or (1σ*

2
) are representative of the 

electronic configuration at long inter-nuclear distances, but instead a combination of them is. The wave 

function is multiconfigurational there, and it happens when (1σ
2
) and (1σ*

2
) becomes degenerate or near-

degenerate. As HF restricts to only one configuration, it leads to inclusion of the ionic terms in the wave 

function throughout the dissociation, and this in turn results in a wrong energy behavior at large inter-

nuclear distance and an overestimated dissociation energy barrier. In this particular case, the 

multiconfigurationality causes the single configurational HF method to fail. For a more in-depth and 

detailed discussion of this example, consider [23] or [26]. 

 Multiconfigurational wave functions can also arise, as mentioned before, in biradicals and at 

transition states. This is, similarly to the example above, due to near-degeneracy of configurations; in 

biradicals there might be several configurations, corresponding to several different ways of allocating the 

unpaired electrons, which give rise to similar energy. Transition states often occur at the verge when the 

dominating electronic configuration changes, from that of the reactants to that of the products for 

instance, and thus there is a likelihood that several different configurations are of comparable energy in 

the vicinity of such geometries [23]. 

 While multiconfigurational wave functions, in general, may lead to problems for single 

configurational methods as discussed above, an important aspect about Density Functional Theory (DFT) 

methods is that despite of being single configurational, strictly speaking, the exact functional would result 

in the exact solution which means that it would still be able to exactly describe multiconfigurational 

systems in terms of the electron density [25]. Thus, the situation is different for DFT than for other single 

configurational methods, and DFT can, if an appropriate functional is used, be able to handle also 

multiconfigurational situations. In a study by Boggio-Pasqua and Heully [25], the performance of 

different DFT functionals were compared with that of multiconfigurational ab initio methods when 

applied to the thermolysis reaction of benzene endoperoxide. There are two different pathways in this 

reaction, involving biradical species as intermediates exhibiting extensive multiconfigurationality. They 

showed that there were functionals that could be used to give an overall comparably correct description of 

such situations. However, one occurring problem for many functionals was that they failed to identify one 

transition state structure, which was probably due to the particular multiconfigurational character of the 

wave function at this structure. To summarize, DFT methods can, given that the functional is chosen 

correctly, be used to describe multiconfigurational biradical species, but in certain cases the 

multiconfigurationality can be problematic for many functionals. 
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 Due to the in general better and more reliable applicability of multiconfigurational ab initio 

methods in comparison with DFT methods regarding the description of multiconfigurational systems, and 

to the fact that the molecules studied in this project is small enough for such methods to be used, the 

choice of method will be the former. Moreover, many such methods also enable simultaneous study of 

excited states in a relatively accurate and simple manner, which is important in the study of 

chemiluminescence. The methods used here are the Complete Active Space Self-Consistent Field 

(CASSCF) method and the perturbation-theory based method of second order applied to this (CASPT2), 

which were employed the previous successful studies by De Vico et al [5] and Farahani et al [2] upon 

which this project is largely based. These methods will be explained and discussed in the next section.  

 

 

2.3.2 Multiconfigurational Methods, CASSCF and CASPT2 

 

The extent and severity of the consequences of multiconfigurationality for different methods and systems 

may vary, but to describe such situations in general, a multiconfigurational method must be used that 

takes into account all of the important configurations. A fundamental method of this kind is the 

Configurational Interaction (CI) method. Within this model, the exact wave function is expanded as a 

linear combination of electronic configurations, as in equation 6 below. 

 

(6) 𝛹𝐶𝐼  = 𝑐1𝛹1 + 𝑐2𝛹2 + ⋯  = ∑ 𝑐𝑖𝛹𝑖𝑖∈𝐶    

 

𝑤ℎ𝑒𝑟𝑒 𝛹𝑖  𝑖𝑠 𝑡ℎ𝑒 𝑤𝑎𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑖. 

 

In this context, the wave functions representing the different configurations can be Slater determinants. 

Thus, to account for multiconfigurationality of the wave function, it is here constructed as a linear 

combination of several configurations. The general idea is then to determine the coefficients (the so-

called CI-coefficients) in such a linear combination that best approximates the wave function. This 

additionally enables excited states to be calculated in a rather simple way as other solutions in terms of 

the CI-coefficients corresponding to higher energies. This is also the case for many methods based upon 

CI.  

The number of possible configurations that can be included in the CI wave function is dependent 

on the number of basis functions used, as that in turn determines the total number of orbitals in which the 

electrons can be moved around to generate different configurations. The number of possible 

configurations increases very rapidly with the number of electrons and orbitals. If all possible 

configurations are used, the method is called Full CI. This is one of the most accurate methods – it is an 

exact solution in the limit of an infinite basis set – but at the same one of the most computationally 

expensive [26]. Full CI cannot be applied to other than very small systems. There are however many 

methods, based upon the CI approach, that in different ways restricts the CI expansion in equation 6, to 

only include the most important configurations for the description of particular system and problem. An 

important such method is the Complete Active Space Self-Consistent Field (CASSCF) method, due to 

Roos et al [27]. It is a multiconfigurational self-consistent field method that can be seen as a way of 

compromising between accuracy and computational cost within the CI approach, which additionally 

incorporates a self-consistent field procedure to optimize the orbitals. The Active Space in CASSCF, is a 

subset of the orbitals that are specifically chosen from a certain reference configuration, which typically, 
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but not necessarily, is the HF ground state configuration. Precisely those configurations that can be 

generated by moving the electrons occupying the active space orbitals in the reference configuration, 

among all of the orbitals in the active space, are those included in the CASSCF wave function, for 

instance as Slater determinants. Observe that this is a fixed number of electrons which are moved to 

generate the configurations, namely the number of electrons in the active space orbitals in the reference 

configuration. An active space consisting of M orbitals containing N electrons in the reference 

configuration is often referred to as an N-in-M active space. In the CASSCF calculation, both the CI-

coefficients and the orbitals are iteratively optimized in a self-consistent field procedure, similarly as in 

HF-SCF, but formulated and extended in a multiconfigurational way. The choice of the orbitals in the 

active space determines which configurations that will be included in the description of the final wave 

function, and thus what kind of multiconfigurational wave function the method can calculate. Therefore, 

this choice is heavily dependent on the problem; for instance, if a reaction in which a bond is breaking is 

studied and the bonding and antibonding orbitals are included in the active space, the wave function will 

include both the important configurations, i.e. the bonding and the antibonding, for the description of the 

dissociation. However, if these orbitals are not included the description is, in principle, very similar to that 

of HF since the wave function then is not multiconfigurational with respect to the orbitals involved in the 

bond. Thus it is very important to select the suitable orbitals for the active space for a particular problem 

as the ability of the method to handle different multiconfigurational wave functions is directly dependent 

upon it. 

 The computational scaling of CASSCF lies somewhere in between that of HF and CI, but this is 

naturally dependent upon the size of the active space, in addition to the size of the basis set. As stated 

previously in the context of CI, the number of possible configurations increases very rapidly as the 

number of electrons and orbitals increases, and thus very rapidly with respect to the size of the active 

space. The scaling with respect to the active space is in fact exponential [28]. For large systems this can 

often be problematic, becoming too computationally costly, despite that CASSCF is a sort of truncation of 

the CI-expansion. However, in the present project the molecules studied are small and the active spaces 

used can be deemed medium-sized, rendering CASSCF applicable with respect to computational time. 

The precise behavior of the computational complexity of the CASSCF is somewhat complicated and a 

detailed discussion is not given here. For more information about this, consider [28] for a brief discussion 

of the computational scaling of different steps in CASSCF, and [23] for a discussion of how the number 

of configurations depend on the size of the system. 

 

With the usage of CASSCF, the multiconfigurational character of many systems can be more adequately 

taken into account, for a significantly better description. The inclusion of several configurations also helps 

to include more of the correlation part of the electron-electron interaction energy; the reason of this can be 

thought of as the increase of flexibility of the wave function that comes with the additional configurations 

allows the electron to be described in a more flexible way, and the energy of that can be estimated more 

accurately than in the HF case. This is true to a certain extent; the correlation involved with CASSCF is 

not complete, and the proportion of correlation energy that is included in this is again heavily dependent 

on the system. In order to more completely account for the correlation, especially at situations when 

CASSCF cannot account for a large part of it, one approach is analogously to the case with HF, to use 

multiconfigurational perturbation theory. The principle behind this is very similar to perturbation theory 

applied to Hartree-Fock, but adapted to the multiconfigurational case. A method which uses perturbation 

theory adapted to a CASSCF wave function is the Complete Active Space with Second-Order 
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Perturbation Theory, henceforward CASPT2. As the name implies, this is a second order perturbational 

correction to a CASSCF wave function and energy. The assumptions of ordinary perturbation theory 

apply to this method as well; the correction must be small in order for it to be accurate. An addition to this 

case is that most of the important configurations should be included in CASSCF, rather than simply be 

included through CASPT2, otherwise the assumption of small correction may not be valid. This can be 

checked by looking at the contribution of the excluded configurations to the CASPT2 correction, and 

reassuring that they are low, and also that the original CASSCF wave function contributes in a major 

proportion to the CASPT2 results; that is, that the reference weight is high. Another problem that can 

arise with CASPT2 is states that are not included that are very close in energy, which can be given a large 

contribution due to that the energy difference occurs in the denominator in the correction expression, and 

thus the coefficient may become very large, and so also the contribution and these may lead to large 

errors. These states are often referred to as intruder states. One solution to break the energetic near-

degeneracy to remedy intruder state problems is to include a so called energy shift, which means that a 

fixed number is added to all energy differences in the denominator, to shift small denominators from zero. 

Afterwards a correction is made to this to retrieve the correct value. This shift can be real or imaginary; 

the benefit with using an imaginary shift is that no denominators can be shifted closer to 0 than they are 

initially, which might happen when a real shift is used in this way. This so-called IPEA shift is described 

in more detail in the MOLCAS manual [29] and sources therein. Furthermore, CASPT2 can also be 

performed in a slightly more advanced manner, called multi-state (MS) CASPT2, which simply put 

performs the perturbative treatment on several electronic states simultaneously, and in a coupled manner. 

 

2.4 Computational Procedures and Related Terms 

 

A Potential Energy Surface, (PES), is the term for the graph of the energy of an electronic state of a 

molecule with respect to the nuclear coordinates. Within the Born-Oppenheimer approximation, the 

electrons and nuclei are uncorrelated in their motions. This means that the electrons immediately respond 

to a change in nuclear geometry, i.e. a nuclear motion, without affecting it. As stated before, this enables 

the electronic Schrödinger equation to be solved for fixed nuclear coordinates. This in turn means that the 

energy of an electronic state in a molecule is a function of the nuclear coordinates only, as independent 

variables. The plot of that energy, against the nuclear coordinates, is the PES of that electronic state. 

When the molecule moves (and the Born-Oppenheimer approximation holds), and thus the nuclear 

coordinates change, the molecule in that electronic state is said to move on that surface, as its energy as a 

function of its structure is described by it.  

A very common computational procedure in computational chemistry is geometry optimization. 

This is a procedure to find geometries of the molecule corresponding stationary points on the PES. Most 

often minima are sought, i.e. structures that have the lowest energy locally, because such minimum 

energy structures typically correspond to stable geometries, such as reactants and products in chemical 

reactions. Such geometries, according to elementary calculus, constitute points where the first order 

derivatives (the gradient) of the energy with respect to the nuclear coordinates, in other words the slopes 

of the PES, are zero. In practice, since this problem cannot be solved analytically, a numerical procedure 

is employed. In a common approach, the gradient of the energy is calculated and based on this gradient 

the geometry of the molecule is changed in a direction to try to decrease the energy. Then, the gradient is 

again calculated at the obtained geometry, and based on this derivative a new geometry is generated and 

so on. This procedure is repeated until a structure is found for which the derivative is close enough to 
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zero; then the structure is likely close to a stationary point, possibly a minimum. This can be done in a 

number of different ways; more precise information on the procedures implemented in MOLCAS [12], 

can be found in the MOLCAS manual [30] and related references found there. What should be noted is 

that the convergence criteria could vary, and could include more than just the derivative. It might for 

instance also be based on the energy difference in the each step; this should in principle get smaller the 

closer to a stationary point the geometries are. Additionally, in such a procedure, stationary points other 

than minima could potentially be obtained, such as saddle points. For example, if a minimum is sought, 

but the starting geometry is too close to another stationary point, then the calculation might converge to 

the other stationary point despite that it is not a minimum, because the gradient is close to zero there [24]. 

Moreover if the stationary point is a saddle point, it is a minimum with respect to some direction, and if 

the optimization procedure approaches the saddle point from such a direction the energy differences will 

also be negative just as in the case of a minimum point. While this means that further analysis of the 

resulting structures from these kinds of optimizations is required, it also means that stationary points other 

than minima can in principle be searched and optimized for. In this report, geometry optimization will 

refer solely to optimization for minima.  

To verify the character of a stationary point resulting from an optimization, the sign of the second 

order derivative at that point can be used. At a stationary point, a positive second derivative (positive 

curvature) in certain direction implies that it is a minimum in that direction; a negative second derivative 

(negative curvature) implies that it is a maximum. When calculating the vibrational modes of a structure, 

the second derivatives are used, and the frequency of a mode along a direction with negative curvature 

will be imaginary. Otherwise the curvature is positive and the frequency will be real, and thus such 

calculations can be used to characterize stationary points. For instance, a minimum energy geometry 

should have only real frequencies. 

Other geometries that are of interest when studying reactions are transition-states. Transition-

states are not strictly equal to first order saddle points on the PES, i.e. stationary points that are a 

minimum in all but one direction, but it so happens that they very often coincide closely with such points, 

commonly called transition structures [24]. Therefore it is useful to optimize for such point as well, and 

this is what is done during a transition-state optimization. Even though transition state optimization are 

similar to geometry optimizations for minima in the underlying principle, in the sense that it aims to find 

stationary points where the gradient is zero, it is in general more difficult, for instance because a first 

order saddle point has neighboring points both of higher and lower energy, in contrast to a minimum. The 

direction in which a saddle point is located relative to a point therefore cannot generally be based upon 

simply the derivative. In this case, information from the second derivative is typically more important to 

gain information about the curvature as well, but even if this is utilized it is not simple and for a transition 

state optimization to converge it is often necessary to be sufficiently close to the stationary point initially. 

To somewhat remedy this, an optimization for a transition structure can be guided by a constraint in a 

constrained transition-state search, in which an initial constraint is given to direct the calculation towards 

where a transition structure is thought to be. This can also help to obtain the correct, intended transition 

structure, i.e. the one corresponding to a certain conformational change or reaction of interest instead of 

some other transition structure. The geometry will in each step be optimized with a harsher and harsher 

constraint, closer and closer towards the given constraint, until the curvature and other local information 

of the PES signify that a first order saddle point may be close; then the constraint is released and an 

ordinary transition-state optimization proceeds in order to locate the stationary point. In MOLCAS [12], 

the program used here, the transition state optimizations do not explicitly calculate the second derivative 



23 

 

(the Hessian) but only approximates it. Sometimes, it can be useful to explicitly calculate the second 

derivative since the information is then more precise, especially when the starting point is very close to 

the structure sought after. This can be done with a calculation of the vibrational modes of a structure, as 

this as stated before requires the second derivative explicitly. Since optimizations of first order saddle 

points primarily relies on the first derivative and most often only the approximated Hessian, the actual 

character of the stationary point to which the optimization converges is, just as the case with optimization 

for minima, not guaranteed to be of any certain kind. Thus analysis of optimized transition structures are 

required, and in fact even more important in the case of a saddle point, since these are more troublesome 

to locate than minima and can be of many different kinds. The vibrational modes of a first order saddle 

point will all but one have real frequencies, and one which will have an imaginary frequency, since such 

points are minima in all directions but one, in which it is a maximum. Additionally, such analysis must be 

conducted to identify which reaction or process the obtained transition structure corresponds to; this is 

typically related to the motion of the vibrational mode with the imaginary frequency. 

 A Minimum Energy Path (MEP) is a one-dimensional path in the nuclear coordinate space, 

defined from any structure with nonzero gradient to be the path following the direction of the most 

negative energy derivative in every point. A Minimum Energy Path search (MEP-search) is a procedure 

to approximate a minimum energy path from a geometry to a minimum. In MOLCAS, the so-called 

Gonzáles-Schlegel algorithm is implemented for this purpose [30, 31]. Essentially, a sequence of 

constrained geometry optimizations is performed. In each step, a new intermediate point on the MEP is 

approximated based on the gradient at the current geometry. Then it optimizes the geometry constrained 

to a certain, fixed distance in terms of nuclear coordinates from this intermediate structure (in other words 

on a hypersphere centered on the intermediate structure), to find the next geometry [22]. This continues 

until the energy of the new structure is greater than that of the previous.  

The intrinsic reaction coordinate for a certain reaction is defined as the minimum energy paths 

connecting the reactant and product minima with the first order saddle point corresponding to the 

transition-state, in terms of mass-weighed nuclear coordinates [22]. Theoretically, this is considered the 

path the molecule moves along when reacting, because it is the path leading from reactants to products 

with the smallest energy barrier. The molecules, theoretically, would only strictly follow this path if 

thermal energy is disregarded, but if the temperature is not extreme the actual reaction paths are typically 

very similar to this [22]. Therefore the IRC is as a description of the geometric change during a reaction; 

essentially a description of the kinetics of the reaction, and is important when studying reactions. An 

intrinsic reaction coordinate search (IRC-search) is a calculation of the intrinsic reaction coordinate from 

a transition structure. Here, this is done by calculating two separate MEP:s from the transition state, in 

opposite directions, intended to be the direction of the reaction, in other words along the reaction 

coordinate. Since the transition structure is a stationary point, the gradient is zero or in practice at least 

very low, and the direction of the MEP is not well defined exactly, or may be difficult to calculate 

accurately. Therefore, it typically requires an input of the initial direction of the reaction coordinate at the 

transition structure, here referred to as the reaction vector, so that the structure can be distorted from the 

transition geometry in the direction of the reaction. This will lead to a structure approximately on the 

MEP with nonzero gradient, from where the rest of the MEP can be calculated. As mentioned before, the 

vibrational mode with the imaginary frequency is related to the reaction, and the direction of this mode is 

the direction of the reaction coordinate at the transition structure [22]. Hence this can be obtained from a 

calculation of the vibrational modes of the transition structure.  
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3. Computational Details 

 

3.1 General Information 

 

All calculations were conducted in the computational chemistry program suite MOLCAS, version 8 [12]. 

All CASSCF calculations referred to in the following sections were state-average calculations of the four 

lowest energy states of the given spin multiplicity with equal weights, unless stated otherwise. Also, if not 

anything else is explicitly written, the CASPT2 calculations were conducted as single state calculations of 

these states separately, followed by a multistate calculation of the four lowest states, and an imaginary 

shift of 0.1 was used. All calculations are specified in the manner “Method/Basis Set”, where the basis 

sets are referred to as “MB” for a minimal basis set and “VDZP” for the ANO-RCC-VDZP basis set. For 

the methods, the common acronyms “CASSCF” and “CASPT2” are used, and Hartree-Fock Self 

Consistent Field is referred to as simply “HF”. Molecular structures and orbitals were in all cases 

visualized with the MOLDEN software [32]. 

 

 

3.2 Active Space Determination 
 

The active space used in the CASSCF calculations for each of the molecules was determined through the 

following procedure. The first initial structure of the molecule was obtained through geometry 

optimization at HF/MB level, starting from a square, planar arrangement of the X-C-C-Y atoms (X and Y 

denoting heteroatoms) with the carbon-bound H atoms completing an approximately tetrahedral 

arrangement around the C atoms. The resulting orbitals were then localized in a two-step procedure, first 

localizing the virtual and then the occupied orbitals, to avoid mixing between the different groups. From 

the resulting localized orbitals, the orbitals corresponding to the σ and σ* C-C-bond orbitals, the four σ 

and σ* C-X-bond orbitals, the σ and σ* orbitals of the heteroatomic (X-Y) bond and finally two lone pair 

2p (3p for S in 1,2-dithietane) orbitals located on the heteroatoms were identified and selected to be 

included in the active space. A CASSCF/MB calculation with this 12-in-10 active space was then 

performed at the structure optimized with HF/MB, with the HF/MB orbitals as starting orbitals. An 

expansion of basis was then done, by which the resulting orbitals from the CASSCF/MB calculation was 

expanded from the minimal basis to the ANO-RCC-VDZP basis set, and was followed by a 

CASSCF/VDZP calculation at the HF/MB optimized structure with the expanded orbitals as starting 

orbitals. The whole procedure, from selecting the active space orbitals from the localized HF/MB orbitals 

to the final CASSCF/VDZP calculation, was repeated with different selections of the active space from 

the localized orbitals, until the desired active space orbitals remained in the active space in the output of 

the final CASSCF/VDZP calculation. Due to problems with some orbitals rotating in and out of the active 

space, i.e. some active orbitals interchanged with inactive or virtual orbitals, at the initial planar HF/MB 

geometry, this structure was distorted by increasing the X-C-C-Y dihedral angle and the above described 

process of selecting the active space was conducted again at the distorted structure. This was done in steps 

of between 15-30 degrees, up to dihedral angles of about 15-50 degrees in the different cases until these 

orbital rotations ceased, i.e. when the intended active space was stable. These active spaces were used in 

all subsequent CASSCF and CASPT2 calculations, unless stated otherwise. 
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3.3 Geometry Optimizations of Ground State Minima 

 

The ground state minimum geometries were obtained in the following manner. Starting from the distorted 

structures, for which the desired active spaces had been obtained and were stable, geometry optimizations 

were conducted at the CASSCF/VDZP-level. Vibrational modes were calculated for optimized structures, 

to identify the character of the stationary point. For some of the molecules, this initial optimization 

converged to a planar structure, which had one vibrational mode with imaginary frequency, 

corresponding to rotation around the C-C bond. Additionally, for some of the molecules, the active spaces 

became unstable with respect to the previously mentioned orbital rotations during the optimization. In 

those cases the geometry was altered further by increasing the X-C-C-Y dihedral angle, and this structure 

was subject to a new CASSCF/VDZP geometry optimization followed by a calculation of the vibrational 

modes. This procedure was conducted in a similar fashion as in the determination of the active spaces, in 

steps with increment of 10-20 degrees, and was repeated until a structure with only real frequency modes 

were obtained and the active space orbitals had not rotated. The dihedral angles were in this process 

increased up to 50 degrees at most. This did not completely relieve the orbital rotation problem for 1,2-

diazetidine however, and to avoid this the active space used in the optimization of this molecule was 

shrunk to 10-in-8, excluding the C-C σ and σ* orbitals. Single-point CASPT2/VDZP calculations of 

singlet states and triplet states respectively were performed at the finally optimized structures.  

 

 

3.4 The Main Transition States 

 

The transition structures of 1,2-dioxetane, the 1,2-oxazetidine anion and the 1,2-diazetidine anion 

corresponding to heteroatomic bond dissociation were obtained as follows. From the CASSCF/VDZP 

optimized ground state minimum structures, constrained transition state optimizations were conducted, 

employing an initial constraint of a heteroatomic bond length of 2.9 Å. This was done in order to restrict 

and lead the optimization towards potential transition structures corresponding to heteroatomic bond 

dissociation. Due to failure of these calculations to converge for the 1,2-oxazetidine anion and the 1,2-

diazetidine anion, sequences of constrained geometry optimizations at different, fixed heteroatomic bond 

distances ranging between 1.7 Å and 3.5 Å were performed instead for these molecules. The bond length 

constraint was in these sequences increased in steps of 0.2 Å and 0.1 Å for the 1,2-oxazetidine and 1,2-

diazetidine anions respectively, starting from the ground state minimum geometry. For 1,2-oxazetidine, 

three additional structures were optimized with constraints 2.55, 2.6 and 2.65 Å, and were included in the 

sequence in order to sample this region more closely, due to dissociation in optimizations employing 2.7 

Å or longer bond length constraint. Vibrational modes were calculated for the structures of highest energy 

in these sequences, and these structures were thereafter optimized in transition-state searches using the 

computed Hessian as input. For 1,2-diazetidine this was done with both the 12-in-10 and the 10-in-8 

active spaces. Vibrational modes were calculated and analyzed for all resulting optimized structures. At 

the final optimized transition structures, single-point CASPT2/VDZP calculations were performed of 

singlet and triplet states. 
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3.5 Intrinsic Reaction Coordinates, MEPs and Post-TS Structures 

 

For the anion of 1,2-diazetidine, the calculations described in this part employed the 12-in-10 active 

space. Intrinsic reaction coordinate paths, for 1,2-dioxetane and the anions of 1,2-oxazetidine and 1,2-

diazetidine, were obtained through intrinsic reaction coordinate searches at the CASSCF/VDZP level 

starting from optimized transition structures. The reaction vector given as input was the Cartesian 

displacement vector of the imaginary frequency mode of the corresponding transition structure. Single-

point CASSCF/VDZP calculations of the triplet states were then performed at each of the geometries in 

the obtained reaction paths. The lowest energy structure in the intrinsic reaction path, on the opposite side 

of the transition structure as the reactant, was used as a starting point in attempted geometry optimizations 

in the ground state with CASSCF/VDZP. Additionally, CASSCF/VDZP MEP-searches from the 

optimized transition-state structures were conducted on the S1 and T1 potential energy surfaces 

respectively. CASSCF/VDZP geometry optimizations were then attempted from the structures of lowest 

energy in these paths, in the respective electronic state. 

 

 

  

4. Results and Discussion 

 

4.1 The Active Spaces 
 

In the following Figures 6-9 below, the localized HF/MB orbitals that were included in the active spaces 

are shown for 1,2-dioxetane, the 1,2-oxazetidine anion, the 1,2-diazetidine anion and 1,2-dithietane 

respectively. The bonding orbitals of 1,2-dioxetane were not localized, as opposed to the other molecules. 

The chosen active space of 1,2-dioxetane, showed in Figure 6 b)-k), was stable at all geometries 

encountered and were not subject to any rotations of orbitals leading to another different active space in 

the output. This was the case in all of the CASSCF/VDZP calculations performed of 1,2-dioxetane. 

 

When expanded from the minimal basis (MB) to the larger VDZP basis the active space used for the 1,2-

oxazetidine anion, see Figure 7 b)-k),  was showing some instability at planar or near planar geometries. 

The C-C orbitals tended to appear outside of the active space in the output orbitals; they exchanged with 

the 2s lone pair orbital on N and an orbital of Rydberg character that instead entered the active space. This 

tendency vanished when the O-C-C-N dihedral angle was increased sufficiently and the limit in terms of 

the dihedral angle when this happened seemed to be closely before reaching the ground state minimum, 

i.e. at a slightly smaller dihedral angle than that of the minimum energy structure. 
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Figure 6: a) The structure and arrangement of the 1,2-dioxetane molecule, which is similar in all of the orbital 

pictures, is illustrated in a). Here, the color indicates the type of atom as follows: brown – carbon; red – oxygen; 

white – hydrogen. b)-k) The HF orbitals chosen as the active space in the CASSCF calculations of 1,2-dioxetane. 

Only the virtual orbitals were completely localized. Iso-value of orbital surfaces: 0.05. 

d) An O-O/C-C bond σ orbital. 

h) The C-C bond σ* orbital. g) A 2p lone pair orbital on O. 

e) An O-O/C-C bond σ orbital. c) A C-O bond σ orbital. 

f) A 2p lone pair orbital on O. 

i) The O-O bond σ* orbital. j) A C-O bond σ* orbital. k) A C-O bond σ* orbital. 

b) A C-O bond σ orbital. a) The structure and arrangement 

   of 1,2-dioxetane in the pictures. 
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Figure 7: a) The structure and arrangement of the 1,2-oxzetidine anion is highlighted, which is similar in all of the 

orbital pictures. Here, the color indicates the type of atom as follows: brown – carbon; red – oxygen; light blue – 

nitrogen; white – hydrogen. b)-k) The localized HF orbitals chosen as the active space in the CASSCF calculations 

of 1,2-oxazetidine. Iso-value of orbital surfaces: 0.05. 

a) The structure and arrangement of the 

     1,2-oxazetidine anion in the pictures. 
b) The C-C bond σ orbital.    

c) The N-O bond σ orbital.    d) The C-O bond σ orbital.    e) The C-N bond σ orbital.    

f) A 2p lone pair orbital on O.   g) A 2p lone pair orbital on N.  h) The C-C bond σ* orbital.    

i) The N-O bond σ* orbital.    j) The C-O bond σ* orbital.    k) The C-N bond σ* orbital.    
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The active space used for the 1,2-diazetidine anion, see Figure 8 b)-k), turned out to have the same 

instability issues as the 1,2-oxazetidine anion, when subject to basis expansion to VDZP. For planar 

geometries or geometries with too small N-C-C-N dihedral angles, the same rotation of the C-C bond σ 

and σ* orbitals with the 2s lone pair orbital on N and a Rydberg orbital occurred. The instability problem 

was however much worse for the 1,2-diazetidine anion, and for that reason the C-C bond σ and σ* 

orbitals were first chosen to be excluded from the active space, thereby using an active space of 10 

electrons in 8 orbitals initially. The most important consequence of this is essentially a less accurate 

description of the C-C bond; in principle it is described at HF-level. This would, apart from resulting in a 

different C-C bond length and higher total energy, affect the possibility to describe C-C bond 

dissociation. If the molecule is unstable with respect to C-C bond dissociation and tend to decompose in a 

process involving this, it might not be seen in the calculations, as the description of bonds at HF level 

generally tend to overestimate bonding interactions and dissociation barriers. The stability of an 

equilibrium geometry might therefore be overestimated, and in worst case scenario it could be falsely 

stable at this level. The implications of using this smaller active space is however probably most 

problematic when studying the dissociation itself, as it would not be able to account accurately for 

different mechanisms, especially disfavoring reaction pathways involving C-C bond dissociation and also 

limiting the accuracy in the calculations of such paths. It is therefore necessary to include the C-C bond 

orbitals to have a possibility to describe the dissociation in a balanced manner, when comparing different 

possible mechanisms. Moreover, to describe complete dissociation, the C-C bond will likely dissociate in 

some step if the analogs show any similarity in these reactions to 1,2-dioxetane, and then the C-C bond 

should ideally be included in the active space to achieve meaningful accuracy, in any case independently 

of the mechanism.    

 One reason for the active space instability of the 1,2-oxazetidine and 1,2-diazetidine anions, could 

be related to the fact that they are anions. This may lead to more diffuse orbitals as the electron-electron 

repulsions become more important. For planar or near-planar geometries, this might become even more 

important, as the electron interaction may be larger between the electron density on the electronegative 

oxygen atom and that on the nitrogen atom. For a given set of C-O, C-N and C-C bond lengths, only 

allowing the dihedral angle to vary, the planar structure will minimize the N-O or N-N distance, which 

will maximize the interactions. . In such a case, it is possible that, since the negative charge is mostly 

located on the N atom, configurations involving occupation of the compact 2s lone pair orbital on N 

becomes less favorable while configurations involving a more diffuse orbital, for instance a Rydberg 

orbital, becomes more favorable as this gives a more diffuse description of the wave function and the 

electron density, that accounts for the increased electron-electron interaction (repulsion). In addition, the 

C-C bond is generally stable, and the corresponding σ orbital admits an occupation close to 2 in all of the 

reactant structures while the σ* usually have an occupation close to 0. In a situation like that, the observed 

rotation in the active space could be probable. Furthermore, there is a risk that the Rydberg orbitals are 

not accurately accounted for with the basis set used; without the proper method and basis set, Rydberg 

orbitals cannot be properly described and this may cause them to falsely appear degenerate with virtual 

orbitals [23]. This could cause the interchange between the C-C σ* bond orbital and the Rydberg orbital 

to be even more probable, since the energy difference could be underestimated. 
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Figure 8: a) The structure and arrangement of the 1,2-diazetidine anion, which is similar in all of the orbital 

pictures, is shown in a). Here, the color indicates the type of atom as follows: brown – carbon; light blue – nitrogen; 

white – hydrogen. b)-k) The localized HF orbitals chosen as the 12-in-10 and 10-in-8 active spaces in the CASSCF 

calculations of the 1,2-diazetidine anion. The orbitals shown in c) and h) were excluded in the 10-in-8 active space. 

Iso-value of orbital surfaces: 0.05. 

a) The structure and arrangement of the 

     1,2-diazetidine anion in the pictures. 

b) The N-N bond σ orbital.    

 

c) The C-C bond σ orbital.    

 

d) A C-N bond σ orbital.    

 

e) A C-N bond σ orbital.    

 

e) A lone pair orbital on N.  

 

g) A 2p lone pair orbital on N.    

 

h) The C-C bond σ* orbital.    

 

k) A C-N bond σ* orbital.    

 

i) The N-N bond σ* orbital.    

 

j) A C-N bond σ* orbital.    
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Figure 9:a) The structure and arrangement of the 1,2-dithietane molecule , which is similar in all of the orbital 

pictures, is shown. The color indicates the type of atom as follows: brown – carbon; yellow – sulfur; white – 

hydrogen.. b)-k) The localized HF orbitals chosen as the 12-in-10 active spaces in the CASSCF calculations of 1,2-

dithietane. Iso-value of orbital surfaces: 0.05. 

a) The structure and arrangement of 

     1,2-diazetidine in the pictures. 

b) The C-C bond σ orbital. 

c) The S-S bond σ orbital. d) A C-S bond σ orbital. e) The C-C bond σ orbital. 

h) The C-C bond σ* orbital. g) A 3p lone pair orbital on S. f) A 3p lone pair orbital on S. 

i) The S-S bond σ* orbital. j) A C-S bond σ* orbital. k) A C-S bond σ* orbital. 
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The active space of 1,2-dithietane, shown above in Figure 9, was stable like the active space of 1,2-

dioxetane, in all calculations performed. 

 

 

4.2 Reactant Ground State Geometries 
 

The geometry optimizations on the ground state converged for all analogues to minimum energy 

structures, which resembled that of 1,2-dioxetane. Thus, there are geometries corresponding to these 

molecules that are minimum energy geometries in the electronic ground state at CASSCF/VDZP level, 

and so all of the molecules are, at this level of theory, predicted to be stable in the sense of being local 

energy minima. The optimized structures, i.e. the resulting geometries of the geometry optimizations, are 

shown in Figure 10 a)-d) below.  

 
Figure 10: a-d) The optimized ground state structures of the analogs obtained in the geometry optimizations. The 

figures b) and c) do not show the N-O and N-N bonds respectively, but this is only due to the visualization program. 

The color indicates the type of atom as follows: brown – carbon; red – oxygen; light blue – nitrogen; yellow – 

sulfur; white – hydrogen. 

a) Optimized structure of 1,2-dioxetane    

 

b) Optimized structure of the 1,2-oxazetidine 

     anion . 

 

c) Optimized structure of the 1,2-diazetidine 

     anion . 

 

d) Optimized structure of 1,2-dithietane. 
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Due to the problems mentioned before with active space instability when doing CASSCF/VDZP 

calculations of the 1,2-diazetidine anion, the ground state structure of this analog, see Figure 10 c), were 

obtained with the smaller 10-in-8 active space, excluding the C-C bond σ and σ* orbitals (showed in 

Figures 8 c) and 8 h)). The ground state minimum structures of the 1,2-oxazetidine and 1,2-diazetidine 

anions were obtained in geometry optimizations starting from readily distorted structures with relatively 

large X-C-C-Y dihedral angles, above 30°, to avoid the orbital rotations affecting the active spaces. The 

ground state geometries were very close to the verge where the active space seemingly becomes unstable; 

a slight decrease of the X-C-C-Y dihedral angle of a few degrees or alternatively the N-O/N-N bond 

length of a few tenths of Å, from these structures caused the problems to appear. Besides, more planar 

structures were also obtained in geometry optimizations were the active space rotated, some with lower 

total energies than the structures displayed in Figure 10. The real ground state equilibrium structures of 

the anions could therefore be more planar, but to investigate this structural region of the PES:s and to be 

able to accurately compare the different structures, other more suitable methods than those used here 

might be required in order to deal with the problems encountered, since the description of the CASSCF 

method depends on the active space used. This could perhaps be done by implementing basis sets capable 

of describing Rydberg orbitals or that are better at describing anions, using another method like DFT, or 

alternatively increasing the level of the method by using CASPT2 for the optimizations. The structures 

here were however the lowest energy structures obtained with the desired active spaces, and for the 

purposes of this project this is enough. It is an important result that the molecules exist as theoretically 

stable minimum energy structures, but the exact structural properties are not of outmost relevance. The 

main focus is the dissociation reactions of these molecules, and for this reason the active spaces are 

prioritized. It is a more important aspect that the active spaces are the desired, since these are chosen in 

order to achieve a high enough accuracy in the description of the dissociation of these molecules by 

accounting for the relevant multiconfigurationality that may arise. These active spaces were therefore 

used also when optimizing the ground state minimum structures to achieve consistency, but in addition 

also for comparability with the results of the previous studies by Farahani et al and De Vico et al [2, 5] 

which employed this active space for 1,2-dioxetane. The structure of 1,2-dithietane may however be more 

reliable in this particular regard than the anionic analogs, due to the higher stability of the active space; 

much like for 1,2-dioxetane, it was stable even at a planar geometry, and for small S-C-C-S dihedral 

angles and short S-S bonds. It should be noted that the actual stability of these molecules other than 1,2-

dioxetane, for instance in terms of barriers of dissociation, is seemingly not known. Derivatives of 1,2-

oxazetidine, 1,2-diazetidine (i.e. not the anions) and 1,2-dithietane exists, so these structures are possible 

at least as substructures of larger molecules [10, 11]. Relatively many 1,2-diazetidines are known and 

have been shown to often be thermally stable [10, 11]. Reported syntheses of 1,2-oxazetidines are 

seemingly fewer, but various halogenated and N-substituted 1,2-oxazetidines were made around 1970 

[33, 34] (see also [10] and sources therein). While the small halogenated derivatives were quite unstable 

at room temperature [33], N-tert-butyl-1,2-oxazetidine was observed to be thermally stable up to 

approximately 60° C [34]. More recently, in 2015, N-tosyl-1,2-oxazetidine was synthesized by Javorskis 

et al. and was stable at room temperature [35]. Additionally, they structurally analyzed N-tosyl-1,2-

oxazetidine with X-ray spectroscopy and investigated its reactivity; however, no explicit analysis of 

thermal stability was reported, and was seemingly not a problem. 1,2-dithietanes are even rarer, and only 

two stable variants had been isolated in 2000; the reason for this is believed to be that 1,2-dithietanes 

generally are inclined to be very unstable thermally, and thereby are difficult to synthesize [36]. However, 

since then more may have been isolated, see for instance [37]. Despite this research, as of 2012 there were 
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seemingly no reported observations of the parent molecules 1,2-oxazetidine, 1,2-diazetidine and 1,2-

dithietane themselves [11], but all of them have been found to correspond to local energy minima in 

computational studies [36, 38, 39]. The parent molecules are therefore, based upon these results on their 

derivatives, reasonably likely to exist, especially 1,2-diazetidine and 1,2-oxazetidine as many of their 

derivatives show considerable stability. 1,2-dithietane, while it may exist, is as mentioned previously 

likely to very thermally unstable. The actual stability of 1,2-oxazetidine and 1.2-diazetidine is uncertain. 

Being small, highly strained cyclic compounds without any substituents, their thermal stability would 

likely be limited, especially since 1,2-dioxetane is highly thermally unstable and fairly similar. While 

substituents typically stabilize strained cyclic structures like these, it may be difficult to estimate how 

large this effect is, and thus difficult to assess their stability solely based upon their derivatives. 

Nevertheless, the existence of the parent molecules may introduce the possibility to generate the anions, 

though the difficulty of doing so is another question. The anions are in any case not likely to be stable at 

all, as they already are highly strained systems with increased electron-electron repulsions from the 

negative charge. Additionally, even if the anions of the parent molecules are practically unavailable, the 

analogous anions of more stable derivatives may be more accessible and may also share key traits with 

the parent anion. It should also be mentioned that it is not a requirement for a reaction intermediate to be 

stable, in particular not for a high-energy intermediate in a chemiluminescent reaction; it suffices to be a 

local minimum energy structure, and thus all of the analogs could, at least in theory, be intermediates. 

In Table 1 below, some important geometric parameters of these ground state minimum energy 

geometries are given, as well as their energies at CASSCF and CASPT2 levels. The CASPT2 energies are 

the result of the single point calculations of the CASSCF7VDZP optimized structures. The bond lengths 

obtained for 1,2-dioxetane are close to the values reported by De Vico et al and Farahani et al [2, 5], with 

differences of only around 0.01 Å, and the O-C-C-O dihedral angle is just a few degrees lower than 

reported there (14° vs 17° at CASSCF/VTZP level). The minimum energy geometry obtained at 

CASSCF/VDZP level therefore seems to be relatively accurate, for 1,2-dioxetane. Comparing the 

different analogs, the C-C bond lengths are very similar, except in the anion of 1,2-diazetidine where it is 

slightly shorter, but this is very likely due to the exclusion of the C-C bond orbitals from the active space, 

which directly affects the description of this bond as discussed previously. A distinct difference can be 

seen in the X-C-C-Y dihedral angles of the analogs, compared to 1,2-dioxetane. All of the analogs have 

dihedral angles of around 25°, about 10°  larger than 1,2-dioxetane. In addition, the heteroatomic bonds 

are distinctively longer in the analogs than in 1,2-dioxetane. For 1,2-dithietane, this is naturally due to the 

larger size of the sulfur atoms, ring strain and the prominent lone pair repulsions typical for S-S bonds 

which are enhanced in small cyclic structures [36]. The S-S bond length are comparable to previous 

theoretical calculation of 1,2-dithietane, and it is slightly longer than ordinary disulfide bonds [36]. In the 

anions, the heteroatomic bond lengths are considerably longer than typical N-N and N-O bonds (see [40]), 

and more so than 1,2-dioxetane and 1,2-dithietane. Javorskis et al reported an N-O bond length of N-

tosyl-1,2-oxazetidine of 1.495 Å [35], obtained from X-ray crystallography, which is more than 0.25 Å 

shorter than the N-O bond length obtained here given in Table 1. They also found the 1,2-oxazetidine ring 

to be close to planar . In a theoretical study of 1,2-diazetidine, the N-N bond length obtained was 1.49 Å 

and the dihedral angle was approximately 20°-23° [39]. Similar or slightly shorter N-N bond lengths have 

been measured for substituted 1,2-diazetidines through X-ray crystallography [10, 41]. This is again 

approximately 0.3 Å shorter than the heteroatomic bond length of the 1,2-diazetidine anion obtained here, 

see Table 1. The reason behind this rather large difference between the parent molecules and the anion is 

most probably the increased electron-electron repulsion due to the excess electron. Relating to the 
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previous discussion of the stability of these molecules, this is an indication that the N-N and N-O bonds 

of these structures are probably relatively weak, and thus would support the claim that these anions are 

likely to be unstable. 

As previously stated, more planar geometries with shorter heteroatomic bonds that were slightly 

lower in energy were encountered, but with a different active space, and might exist but may require a 

different treatment for a sufficient accuracy, to be able to draw more elaborate conclusions about the 

ground state minimum structures of these molecules. 

As an additional note on the possible underlying cause of the active space instability problems for 

the anions, the CASPT2 corrections to the energies, i.e. the difference between the corresponding 

CASSCF and CASPT2 energies in Table 1 which accounts for electron correlation, are larger for the 

anions than for the other molecules. This could maybe support the proposed reason behind the problems 

being increased importance of electron-electron repulsion and correlation at shorter N-O and N-N bonds. 

The CASSCF and CASPT2 energies show that the energetic correction becomes larger in the order 1,2-

dithietane, 1,2-dioxetane, the 1,2-oxazetidine anion and finally the 1,2-diazetidine anion.  

 

 

Table 1: Geometric parameters of the optimized ground state minima obtained through the ground state geometry 

optimizations. Energies are reported for the sake of completeness. X and Y denote the different heteroatoms in the 

molecules, i.e. O, N or S. *Computed with a 10-in-8 active space; C-C bond σ and σ* orbitals not included. 

Geometric parameters (CASSCF/VDZP) Energies [Hartree] 

Analog 

X-Y bond 

length 

[Å] 

C-C bond 

length [Å] 

X-C-C-Y 

dihedral 

angle [°] 

CASSCF CASPT2 MS-CASPT2 

1,2-Dioxetane 1.59 1.53 14.9 -227.979122 -228.514558 -228.514559 

1,2-Oxazetidine anion 1.76 1.53 27.5 -207.474173 -208.031237 -208.031255 

1,2-Diazetidine anion 1.83* 1.49* 26.2* -187.573033* -188.158020* -188.158237* 

1,2-Dithietane 2.21 1.55 25.2 -875.416831 -875.900784 -875.900784 

 

 

4.3 Transition States 
 

The transition-state of 1,2-dioxetane, corresponding to O-O bond cleavage, was obtained directly from a 

constrained transition-state search starting from the previously optimized ground state minimum structure, 

with an O-O bond length constraint of 2.9 Å applied to guide the search towards O-O bond dissociation. 

This approach however, did not work directly for either of the 1,2-oxazetidine or 1,2-diazetidine anions, 

as stated before. Instead, a series of constrained geometry optimizations with different, fixed heteroatomic 

bond lengths as constraint were conducted for these; see Figures 7 and 8 below for the energy curves for 

the sequences for the anions of 1,2-oxazetidine and 1,2-diazetidine respectively. For 1,2-oxazetidine, the 

constraint was increased in steps of 0.2 Å. For the 1,2-diazetidine anion, these optimizations were done 

with the 10-in-8 active space, and with an increment of 0.1 Å of the constraint instead. The shapesof the 
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energy diagrams, when the energy is plotted against the constrained parameter, show some notable traits 

and differences. First of all, both sequences exhibited local maxima; the energy first increased up to some 

structure and then began to decrease again in the subsequent optimizations. This is similar to a reaction 

path in which a molecule pass through a transition structure; however, the local maxima in the sequences 

are not stationary points, since the N-O or N-N bond lengths were kept fixed, and are thus not local 

maxima on the potential energy surfaces. This may still indicate, even though it does not at all imply, that 

there might exist a stationary point such as a transition structure in the vicinity of the local maximum in 

each sequence.  

Notable differences occur after the energy maxima in the sequences. After the energy maximum 

in Figure 11, a quite abrupt energy change happens, which is because the molecule dissociated, by 

breaking the C-C bond, in the geometry optimizations corresponding to the points past the drastic energy 

drop.  

 

In Figure 12 below however, this decrease in energy following the local maximum is much smaller, and 

the energy seemingly passes through a local minimum before beginning to increase towards the end of the 

sequence. In fact, the optimizations in the sequence in Figure 11 did not lead to dissociation of the at any 

of the points, explaining these differences. Since the C-C σ and σ* orbitals are not included in the 10-in-8 

active space used in these optimizations, the C-C bond is essentially treated at HF level, since the 

Figure 11: Energy plot of the ground state, S0, of the 1,2-oxazetidine anion against N-O bond length of the structures 

obtained in the sequence of constrained geometry optimizations. The first point in the plot is the ground state 

minimum geometry obtained earlier, which is depicted by the leftmost structure. The black, dashed line shows the 

energy of the structure in the sequence with the highest energy, with an N-O bond length of 2.65 Å, indicated by Emax 

in the plot. The last four optimizations, i.e. with the longest N-O bond constraints, resulted in dissociation through C-C 

bond cleavage which is the reason for the drastic energy drop in the plot. 

Emax 



37 

 

occupation of these orbitals then are restricted to their occupations in the reference configuration, which 

in this case is 2 for the C-C σ bonding orbital and 0 for the C-C σ* antibonding orbital. This could 

overestimate the dissociation barrier of C-C bond cleavage as is usually problematic with HF, and be the 

reason why the structures of the 1,2-diazetidine anion did not dissociate even at the points with the 

longest N-N distances in the diagram. 

  

 
The maximum energy geometries in each of these sequences were subject to vibrational mode 

calculations, which showed one vibrational mode with an imaginary frequency, thereby confirming that 

the curvature of the PES:s at these geometries indicated a potential first order saddle point in the 

proximity. Transition-state optimizations were then conducted starting from these structures, utilizing the 

numerically calculated Hessian (second derivative) at these points, from the vibrational mode 

calculations, to further guide the optimizations. This worked for the 1,2-oxazetidine anion, for which the 

transition-state search converged, but not for the 1,2-diazetidine anion. Then, a single-point calculation of 

the approximate transition-state structure of the 1,2-diazetidine anion was conducted with the 12-in-10 

active space, instead of the 10-in-8 that was previously used. This active space appeared to be stable at the 

Figure 12: The energy of the ground state, S0, of the 1,2-diazetidine anion plotted against N-N bond length, for the 

structures in the sequence of constrained geometry optimizations. The first point is the ground state minimum 

geometry, which is shown to the left in the plot. The black, dashed line shows the energy of the structure which was 

the local maximum energy of the sequence, which had a N-N bond length of 2.4 Å. This structure corresponds to the 

point indicated by Emax in the plot. The optimizations were conducted with the previously used 10-in-8 active space. 

Emax 
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approximate transition-state geometry. The vibrational mode calculation were repeated for that structure 

with the larger active space, which showed one imaginary frequency as before, and then a transition-state 

search was reattempted once again utilizing the computed Hessian. This calculation converged, and the 

active space was stable.  

The structures obtained in these transition-state optimizations were confirmed to have the 

character of first order saddle points, through subsequent vibrational mode calculations revealing only one 

imaginary frequency. Analysis of the vibrational modes of these structures also showed that the 

vibrational mode with the imaginary frequency corresponded primarily to heteroatomic bond elongation, 

and were much similar to the 1,2-dioxetane case. The essential movement can be described as rotation 

around the C-C bond with concomitant stretching of the heteroatomic bond. In other words, primarily the 

X-C-C-Y dihedral angle and the X-Y bond length varies. In 1,2-diazetidine, this vibrational mode also 

contained a rotation around the C-NH bond, causing the N-H bond to wag slightly in- and outwards. This 

is schematically depicted in Figure 13 below. The optimized transition structures of 1,2-dioxetane and the 

anions of 1,2-oxazetidine and 1,2-diazetidine are shown in Figure 14. 

 

 

 

 
Figure 13: Schematic picture illustrating the motion of the vibrational mode corresponding to the imaginary 

frequency, of the transition structure of 1,2-diazetidine anion. The three most prominent motions are indicated, 

namely: 1) Blue arrows: Heteroatomic bond stretching; 2) Black arrows: Rotation around the C-C bond; and 3) Red 

arrows: Rotation around the C-NH bond in the 1,2-diazetidine anion, causing the N-H bond to rotate in- and 

outwards. Motions 1) and 2), i.e. blue and black arrows respectively, are present in the corresponding vibrational 

modes for 1,2-dioxetane and the 1,2-oxazetidine anion as well, and are very similar in all of these analogues. The 

last motion, 3), indicated by the red arrows, are naturally only occurring in the 1,2-diazetidine anion. Note that the 

structures shown in the figure are the optimized ground state minimum to the left, and the optimized transition 

structure to the right, of the 1,2-diazetidine anion. These depict the motion in a good way but should not be confused 

with actual “turning points” of the vibration in some classical way. 
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Figure 14 a)-c): The transition-state structures obtained in the transition state optimizations of a) the anion of 1,2-

oxazetidine, b) the anion of 1,2-diazetidine and c) 1,2-dioxetane. The 1,2-dioxetane structure are in the picture 

rotating the other way around the C-C bond, but as stated before the symmetry renders this equivalent to the rotation 

in the other direction of the mirror structure which is equivalent in energy. 

 

Geometric parameters of the optimized transition structures for the analogs, shown in Figure 14, are given 

in Table 2 below, along with the electronic energies and energy barriers of the reaction from the ground 

state minimum structures at the CASSCF and CASPT2 levels. The energy barriers were calculated as the 

energy difference between the ground state minimum structures and the transition structures. It should be 

noted that this means that the zero- point energy is not included. The heteroatomic bond lengths are 

significantly longer for the transition structures of the anions compared to 1,2-dioxetane, to a greater 

extent than for the ground state minimum structures. This may also be due to increased electron-electron 

repulsion, and once again the CASPT2 corrections are larger for the anions, indicating correlation energy 

a) The transition structure of the  

    1,2-oxazetidine anion. 

b) The transition structure of the  

     1,2-diazetidine anion. 

 

c) The transition-state structure of  

1,2-dioxetane. 
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contribution is more important for these. For the 1,2-diazetidine anion, the CASPT2 calculation were 

performed with the previous 10-in-8 active space to be able to compare the result with the ground state 

minimum energy. 

 

Table 2: Geometric parameters and ground state (S0) energies of the optimized transition structures (TS), 

corresponding to heteroatomic bond dissociation, are given below. Energies are given for the sake of completeness. 

The energy barrier for each molecule was calculated as the difference between the energy of the transition structure 

and the energy of the ground state minimum structure given in Table 1, at the indicated level of theory. 

*Calculations were conducted with a 10-in-8 active space. 

 

 
Analogs 

 

Parameters 

 

1,2-Dioxetane 1,2-Oxazetidine anion 1,2-Diazetidine anion 

Geometric 

Parameters 

(CASSCF) 

C-C bond length [Å] 1.54 1.56 1.55 

X-Y bond length [Å] 2.25 2.62 2.52 

C-N bond length [Å] - 1.44 1.46 

C-O/C-NH bond length 

[Å] 
1.44 1.44 1.49 

X-C-C-Y dihedral angle 

[°] 
-36.6 51.2 41.2 

TS Ground 

State Energies 

[Ha] 

CASSCF -227.962305 -207.443818 -187.553572* 

CASPT2 -228.483233 -207.982870 -188.120510* 

MS-CASPT2 -228.483261 -207.983262 -188.120635* 

Energy 

barriers 

[kcal/mol] 

CASSCF 10.6 19.0 12.2* 

CASPT2 19.7 30.4 23.5* 

MS-CASPT2 19.6 30.1 23.6* 

 

The energy barriers reported in Table 2 show some remarkable similarities when comparing the different 

analogs. In all cases the CASSCF/VDZP estimate of the barriers is significantly lower than  the CASPT2 

and MS-CASPT2 results, and of a very similar magnitude. The difference is around 9 kcal/mol for 1,2-

dioxetane, and slightly larger, around 11 kcal/mol, for the anions. Meanwhile, the CASPT2 and MS-
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CASPT2 results agree in all cases, being at most 0.3 kcal/mol apart. Such a difference of 9-11 kcal/mol is 

rather large, and indicates that in each case at least one of the estimates, the CASSCF or the 

CASPT2/MS-CASPT2, is considerably poor. Comparing with previous studies and results, the CASSCF 

barrier is a significant underestimation of activation energy barrier, both the theoretically determined 

value of 23.5 kcal/mol by De Vico et al [5] at MS-CASPT2/VTZP level of a CASSCF/VTZP optimized 

transition structure, and also with the reported experimental activation energy of 22.7±0.8 kcal/mol 

obtained by Adam et al [9]. Similar results, i.e. differences between CASSCF and CASPT2 results, 

however with larger basis sets, were also reported by Farahani et al [2], and were explained to be due to 

emphasized importance of dynamical correlation for intermediate structures, which is accounted for by 

CASPT2 but not CASSCF. By comparing the MS-CASPT2 results of 1,2-dioxetane in Table 2 with the 

experimental value of 22.7±0.8 kcal/mol  by Adam et al, while still an underestimation of around 3 

kcal/mol, it may be considered a decent estimate, and is much better than the CASSCF result in 

agreement with previous studies. Therefore, the CASPT2 and MS-CASPT2 results are taken to be much 

more accurate estimations of the energy barriers for these as well; this should likely be the case, given 

that they are fairly similar to 1,2-dioxetane, not to mention the tendency of even higher contribution from 

electron correlation for these since they are anions. The latter could perhaps explain the even larger 

difference between the CASSCF and CASPT2 results of the anions, by dynamical correlation possibly 

being of even higher importance for these. However, as the results for 1,2-dioxetane exhibit deviations of 

a few kcal/mol, the results for the anions should of course not be expected to be any more accurate than 

this, and in absence of experimental data on these anions this is essentially the only vague error estimate 

available. In other words, the results for the anionic analogs are approximate estimates, at best within a 

few kcal/mol, and that is if the analogs are similar enough to 1,2-dioxetane. One should keep this in mind, 

when discussing the consequences. From the kinetic perspective, taking only the activation energy 

estimated by the energy barriers into account, the 1,2-diazetidine anion have a slight upper hand 

compared to the 1,2-oxazetidine anion since the lower energy barrier would mean a higher reaction rate. 

This, given that other parameters are beneficial for chemiluminescence, would mean a higher light 

intensity. The energy barrier of the 1,2-diazetidine anion are, at the accuracy estimated from the deviation 

of the correct values from the 1,2-dioxetane result, comparable to the barrier of 1,2-dioxetane, which in 

itself is a good sign. For the 1,2-oxazetidine anion this path is, by judging from this result, less favorable 

kinetically compared to the 1,2-diazetidine anion path since the associated energy barrier is higher. Given 

that other reaction paths and associated energy barriers of the molecules are not known, it is of course 

impossible to say whether this particular pathway is favorable in comparison to other possible reactions 

from a kinetic point of view, in any of the anions. To assess this it is necessary to investigate such other 

reactions. In these cases, other possible ring opening reactions should probably be considered as possible 

alternative reactions, which potentially could compete with heteratomic bond dissociation. For instance, 

dissociation could occur by breaking the C-X and/or C-Y bonds; this is a possible and not uncommon 

reaction in four-membered heterocycles [10]. However, based on the results for the minimum energy 

geometries, given in Table 1 and the structures in Figure 10, it could be argued that the negative charge in 

the anions weakens the heteroatomic bond significantly more than any other bond, judging by the bond 

lengths in Table 2 compared to the neutral species, and that this would favor breaking this bond over the 

other possibilities. This should nevertheless be properly investigated; this argument is also based on the 

assumption that the minimum energy structures obtained here are good approximations of the real 

minimum energy geometries. As discussed before, there could be more planar geometries with shorter 

heteroatomic bonds lower in energy than these, which would make the argument invalid. 
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4.4 Intrinsic Reaction Coordinates, Minimum Energy Paths and post-TS 

structures 
 

The intrinsic coordinate calculations were done to further confirm the found transition structures as 

corresponding to the correct transition-states, i.e. heteroatomic bond dissociation, to get a more detailed 

description of the reaction and importantly to explore the potential reaction path after the transition 

structures. These calculations that were conducted starting from the optimized transition structures 

showed, for each analog, that the ground state minimum structure was connected with the corresponding 

transition structure through a minimum energy path. Thus, this showed that there is a potential reaction 

path from each minimum energy structure passing through the corresponding transition structure, in 

which the latter corresponds approximately to a transition-state. This further confirms the found saddle 

point structures as being the transition structures for heteroatomic bond dissociation. The other part of the 

intrinsic reaction coordinates, the minimum energy paths leading towards products or intermediates rather 

than towards reactant, differed some between the different molecules. This is discussed below.  

The results of the intrinsic reaction coordinate analysis for 1,2-dioxetane, in terms of energy and 

O-O bond length, is given in Figure 15 and Figure 16 below for the four lowest singlet and triplet states 

respectively. Two important features of the reaction coordinate plot in Figure 15 are apparent. First of all, 

the energy decreases smoothly into a valley, and the decrease of energy is rather small, as it is still above 

the energy of the reactant there. The minimum energy path leading past the transition structure leads to, 

and stops at, a structure with intact C-C bond. Thus the C-C bond does not break during the MEP since 

the path ends prior to this when the energy begins to increase, and so the trajectory plotted does not 

include any part of the C-C bond dissociation. There is in fact a minimum energy structure in this region, 

corresponding to a structure with a broken O-O bond and a biradical electronic structure [2, 5], and the 

MEP-search in this direction terminated approximately at this structure. There is, in other words, a post-

transition-state minimum on the S0 potential energy surface. Secondly, it can be seen that all of the 

considered excited states eventually descends below the energy of the transition structure. This is also the 

case for the triplet states in Figure 16, and even the highest energy state of these, T4, just reaches below 

the transition structure energy at a point toward the end of the path in the vicinity of the post-transition-

state minimum. Moreover, all of the considered states become close in energy. It can be seen in Figures 

15 and 16, that all the states become cramped between the ground state and the transition state energy in 

the last five steps in the post-transition-structure path. The difference between the S0 state and the 

transition structure energy is in this region is slightly lower than 0.01 Ha, which is approximately 6.2 

kcal/mol, which is similar to what was reported by De Vico et al [5]. 
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Figure 15: : The energy profile for the four lowest singlet states of 1,2-dioxetane, plotted against O-O bond distance, 

along the reaction coordinate obtained from an intrinsic reaction coordinate calculation, starting from the previously 

optimized transition structure. The ground state minimum energy structure, the transition structure and the lowest energy 

post-transtition-state structure is shown in the diagram. The point corresponding to the transition structure is indicated. 

The black dashed line shows the energy of the transition structure. 
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A more focused picture of the electronic energy along the reaction coordinate, centered on the later part of 

the reaction path, is given in Figure 17 below. It shows the singlet ground state S0, and the lowest excited 

states S1, T1 and T2. The state of highest energy, T4, out of the considered are included to see the upper 

bound of the other states. It can be seen that the S0 and T1 actually becomes as good as equal in energy, 

beyond an O-O bond length of 2.6 Å. The S1 and T2 states can now be seen to be closer than 0.005 Ha, 

approximately 3 kcal/mol, from S0. 

 

Figure 16: The reaction coordinate energy profile of the four lowest triplet states of 1,2-dioxetane, plotted against O-O 

bond length, for the same reaction path as in Figure 15 that was obtained from the intrinsic reaction coordinate calculation. 

The transition structure and the final post-transition-state structure are shown in the diagram,. The dashed line indicates the 

energy of the transition structure. 
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The near-degeneracy of considerably many states, that can be observed in the Figures 15,16 and 17 

above, is one of the properties that is key to the chemiluminescence of 1,2-dioxetane. Not only is the 

energy differences between all of these states low, but there is also an extended region of geometries 

along the reaction coordinate for which this is the case [5]. The region after the transition structure, 

wherein there is a biradical minimum, is a part of this region. As can almost be seen in Figure 17, this 

region does in fact also contain minimum energy structures on the S1 and T1 PES as well [2, 5]. For 1,2-

dioxetane, the T1 minimum, referred to as Min T1 70 by De Vico et al [5], were obtained by conducting a 

MEP-search starting from the transition structure. The same procedure failed on the S1 PES however, 

very likely due to reasons also mentioned by De Vico et al [5], namely that the near-degeneracy of the S1 

state and the S0 state easily causes the program to accidentally change back and forth between the S1 and 

S0 PES:s during the optimizations, which in this case caused the calculations not to converge. The 

minimum structure found in the T1 MEP were used as a starting point to try to find the S1 minimum 

geometry in a geometry optimization on the S1 PES, but most likely due to the same problem, this 

calculation did not to converge either. In order to circumvent this problem, most likely a higher-level 

Figure 17: The intrinsic reaction coordinate plot of 1,2-dioxetane, but zoomed in and focused towards the later part of 

the reaction and the lower electronic states S0, S1, T1 and T2. The T4 state is included to illustrate the upper bound of all 

of the other states that are not included. The dashed line shows the energy of the transition structure. The transition 

structure is shown in the diagram, and the corresponding point is indicated. 
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method must be used, perhaps MS-CASPT2, that can either separate the states well enough energy-wise, 

or in some way can deal with highly degenerate states especially of the same spin.  

Through a constrained transition state optimization starting from the obtained Min T1 70 

structure, employing a constraint on the O-C-C-O dihedral angle of 140°, the transition structure on the T1 

PES corresponding to rotation around the C-C bond, referred to as TS T1 120 by De Vico et al [5], was 

obtained. An intrinsic reaction coordinate calculation starting from this structure connected to the 

previously obtained Min T1 70 structure on one side, and from the other MEP the minimum energy 

structure referred to as Min T1 180 by De Vico et al [5], was encountered.  These two structures, 

corresponding to Min T1 70 and Min T1 180, obtained as results of minimum energy path searches on the 

T1 state PES, are shown below in Figure 18. 

 
Figure 18: Structures obtained as results of MEP-searches on the T1 PES for 1,2-dioxetane. a) MEP starting from 

the transition structure, b) strating from a rotary transition structure on the T1 PES, which is obtained by continuing 

the rotation around the C-C bond from the structure in a). 

The analogously obtained reaction coordinate energy plot for the four lowest singlet states of the 1,2-

oxazetidine anion is shown below in Figure 19. It can be seen that the electronic energy of the S0 state in 

the reaction coordinate plot exhibits a rapid decrease of the energy shortly after the transition structure, 

much larger and more drastic than in the plot of 1,2-dioxetane. In fact, all of the states, except for S1, 

dramatically changes in energy there. This is due to dissociation of the molecule at the C-C bond, as 

indicated in Figure 19, into smaller molecular structures, essentially one formaldehyde molecule and an 

analog to formaldehyde with N
-
 instead of O. See Figure 19 below for a picture of these fragments. The 

formaldehyde structure show very similar bond lengths and angles as ground state formaldehyde. The 

MEP past the transition structure, leading to the C-C bond dissociation, did not converge but was aborted 

when it was observed that the molecule had clearly dissociated.  

The C-C bond elongation begins at a N-O bond distance of around 2.3 Å and the major 

dissociation takes place in the interval approximately between 2.8-2.9 Å in terms of the N-O bond 

distance, where the C-C bond length have reached a length of about 1.7 Å, which rapidly increases in this 

interval. As a comparison, the longest C-C bond length of the structures in the 1,2-dioxetane trajectory in 

Figure 15 is about 1.55 Å. This difference causes some of the peculiar appearance of the plot in Figure 18. 

The N-O bond is the major parameter in the reaction up to and slightly beyond the transition structure, but 

a) b) 
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at about 2.8 Å, the reaction proceeds almost entirely by C-C bond stretching while the N-O bond length 

only barely changes, and thus the N-O bond length is not as good representation of the reaction coordinate 

in this region as it prior to this. This causes the energy changes particularly in the region with N-O bond 

lengths 2.8-2.9 Å to appear more drastic than they are.  

 
 

Another difference from 1,2-dioxetane is that there is no sign in Figure 19 of a stable minimum energy 

structure of the 1,2-oxazetidine anion after the transition-state on the S0 PES, which is due to the fact that 

the MEP on this side leads directly to C-C bond dissociation without converging. Additionally, the near-

degeneracy between the four states is not as prominent as in 1,2-dioxetane, which is expected in a sense 

due to the symmetry that is  present in 1,2-dioxetane but not in the anionic analogs, that may cause 

additional degeneracies. In Figure 19, all states do become close in energy around the transition structure, 

but this is at best within 0.02 Ha as compared to at most 0.01 Ha for 1,2-dioxetane. It is also only the first 

excited singlet state that at some point descends below the transition structure energy, and thus strictly 

fulfills this criterion. The region of near-degeneracy is seemingly not as extended for the 1,2-oxazetidine 

anion as for 1,2-dioxetane when taking all of the states into account, judging by the plots in Figures 15 

compared to Figure 19. Noticeable is however the near-degeneracy between the lowest and first excited 

singlet states of 1,2-oxazetidine, S0 and S1, and also the behavior of the first excited state, close to and  

Figure 19: The energy of the four lowest singlet states of the 1,2-oxazetidine anion along the intrinsic reaction coordinate 

path, plotted against N-O bond length. The dashed line shows the energy of the transition structure. The ground state 

minimum structure and the transition structure are shown to the left and in the middle in the diagram, respectively, and the 

corresponding points are indicated. The dissociated products obtained in the end of the reaction path are also shown. 
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Figure 20: The obtained dissociation products, from following the minimum energy path on the singlet ground state 

from the transition structure of the 1,2-oxazetidine anion. The internuclear distances are: C-C: 2.87 Å; N-O: 3.42 Å; 

C-O: 1.23 Å; C-N: 1.27 Å. The angles in the formaldehyde entity are all very close to 120°; for the analogous 

nitrogen entity, the two NCH angles are 126°, 126° and the HCH angle is 108°. 

after the transition-state. Despite the apparent lack of a S0 minimum after the transition-state, at 

CASSCF/VDZP level, the reaction coordinate plot in Figure 19 shows signs of a small energy dip in the 

S1 PES along the reaction coordinate, immediately after the transition-state energy plateau. This becomes 

even more interesting when examining the triplet states along the same reaction coordinate, see Figure 21 

below. 
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In Figure 21, it is seen that the lowest triplet state behaves very similarly along the reaction coordinate as 

the first excited singlet state in Figure 18 in terms of the shape of the energy curve, and there are signs of 

a valley on the T1 PES as well, essentially in the same region as for the S1 PES. However, the T1 state is 

seemingly considerably lower in energy past the transition structure than S1, since T1 does not ascend as 

much in energy there and stays well below the energy of the transition structure throughout the 

dissociation. Another interesting aspect that can be observed in Figure 14 is that the two lowest states T1 

and T2 become near-degenerate in a region close to the transition structure. From these plots, it becomes 

apparent that probably only the lowest excited triplet and singlet states are of any interest when discussing 

potential chemiluminescence of the 1,2-oxazetidine anion, because the higher states are seemingly too 

high in energy compared to the ground state and the regions where they possibly are within reach are not 

large. It is in fact only S1 and T1 that at some point are lower in energy than the transition structure. Figure 

21 provides a more detailed and focused plot of the two lowest states of singlet character and the two 

lowest states of triplet character along the reaction coordinate. 

Figure 21: The energy of the four lowest triplet states of the 1,2-oxazetidine anion along the intrinsic reaction coordinate 

path, plotted against N-O bond length. The dashed line shows the energy of the transition structure. The ground state 

minimum structure and the transition structure are shown to the left and in the middle in the diagram, respectively, and the 

corresponding points are indicated. The dissociated products obtained in the end of the reaction path are also shown. 
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In Figure 22, an extensive near-degeneracy is seen between especially the S0 and T1 states. T1 and S0 

appear very close in energy at energy plateau centered at the transition structure, and they seemingly cross 

between N-O bond lengths of 2.7-2.8 as T1 is lower in energy than S0 there. Comparing with 1,2-

dioxetane, the region of degeneracy between these states are in very similar in terms of heteroatomic bond 

length. In 1,2-dioxetane, these states are within 0.005 Ha (about 3.14 kcal/mol) from O-O bond length of 

about 2.3 Å for at least the rest of the MEP beyond the transition structure, which ends at an O-O distance 

of 3.1 Å. In the 1,2-oxazetidine anion the energy difference between these states also becomes less than 

0.005 Ha right after an N-O distance of 2.3 Å and is less than this until an N-O bond length longer than 

2.9Å in the midst of the C-C bond dissociation. However, as the transition structure of the 1,2-oxazetidine 

anion is shifted towards a longer N-O bond distance, this appears to occur earlier in the reaction, already 

before the transition structure. All of the four states in Figure 22 are within 0.01 Ha (approximately 6.28 

kcal/mol) at the transition structure, but for T2 this only occurs in a limited region. S1 is slightly better in 

this regard but it is not nearly as close in energy to S0 as T1, and also in a smaller region. Additionally, the 

energy of S1 ascends rather rapidly during the C-C bond dissociation and goes above that of the transition 

structure. While this maybe still could be possible to overcome, if energetic contributions from for 

instance temperature, i.e. nuclear kinetic and vibrational energy is taken into account, but in comparison 

with 1,2-dioxetane, it does not look nearly as favorable. To summarize this, the first excited triplet state 

T1 shows near-degeneracy with S0 in the 1,2-oxazetidine anion comparable to 1,2-dioxetane, over a 

Figure 22: The intrinsic reaction coordinate plot of 1,2-dioxetane, but zoomed in and focused towards the later part of the 

reaction and the lower electronic states S0, S1, T1 and T2. The dashed line shows the energy of the transition structure. The 

ground state minimum structure and the transition structure is shown in the diagram, and the corresponding point is indicated. 

The dissociated products obtained in the end of the reaction path are also shown. 
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slightly smaller part of the reaction coordinate and with just a slightly larger energy difference. T1 is in 

the reaction ultimately lower than the energy of the transition structure, and thereby fulfills the basic 

energetic requirements of chemiluminescence. This means that a transition to T1 during the reaction could 

be a potential route for chemiluminescence for the 1,2-oxazetidine anion. While S1 perhaps cannot be 

excluded in this regard, it seems to be considerably less favorable than T1. 

 MEP:s conducted from the transition structure on the first excited singlet state S1 PES converged, 

but to a structure with a much longer C-C bond length of approximately 2.17 Å. The difference between 

the ground state MEP and the first excited singlet state MEP is essentially that in the ground state, the 

molecule proceeds to dissociate, while in the other case, the C-C bond extends up to a fairly long distance 

close to 2.2 Å but then stops, as if a bonding interaction remains, and instead of dissociating, a rotation 

around the C-C bond occurs up to almost 180°. The MEP conducted from the transition-state on the T1 

PES converged instead to a structure with a slightly shorter C-C bond length of 1.92 Å, and a much 

smaller dihedral angle of about 50°, i.e. very close to the transition-state structure, except with a longer C-

C bond. These structures resembles the structures obtained in MEPs conducted on the TT PES of 1,2-

dioxetane, see Figure 18, but have considerably longer C-C bonds. The structures of the 1,2-oxazetidine 

anion resulting from the converged MEP:s on the S1 and T1 surfaces respectively are shown in Figure 23 

below. 

 
 

Figure 23 a)-b): The structures resulting from the MEP:s calculated for the 1,2-oxazetidine anion  starting from the 

transition structure, in the a) S1 state, b) T1 state. 

 

The reaction coordinate energy profile for the four lowest singlet states of 1,2-diazetidine is given above 

in Figure 24. The ground state MEP of the 1,2-diazetidine anion, leading from the transition structure 

away from the ground-state minimum, converged and the molecule did thus not dissociate. Instead, an 

energy valley was encountered much like what was observed in the constrained optimization sequence 

(Figure 12), and a subsequent geometry optimization of the lowest energy structure in the MEP converged 

to a ground state minimum which structure is shown in Figure 25. The character of the geometry as a 

minimum was confirmed by a vibrational mode calculation, which showed modes with real frequencies 

only. One major difference between the energy plot in Figure 25 and those of the 1,2-oxazetidine anion in 

a) The resulting structure of the S1 MEP 

starting from the transition structure, for 

the 1,2-oxazetidine anion. 

b) The resulting structure of the T1 MEP 

starting from the transition structure, for the 

1,2-oxazetidine anion. 
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Figure 20 and of 1,2-dioxetane in Figure 16, is the large energy separation between the second and third 

states, throughout the whole reaction coordinate. This separates the states into two groups, with S0 and S1 

together and S2 and S3 together, that are mutually close in energy. This however, renders the S2 and S3 

states uninteresting since they are more likely to be energetically unreachable, and probably do not 

contribute to any chemiluminescent pathway. The reaction coordinate plot of the triplet states, Figure 26, 

reveals that the same is true for the triplet states. 

 

 

 
This post-transition state minimum energy structure is very close geometrically to the transition structure, 

the largest difference being a longer N-N distance, and a slightly longer C-C bond, and an N-H bond that 

is rotated inwards toward the other N-atom. The inward rotation of the N-H bond could be due to some 

form of hydrogen bonding interaction, or likewise, with the lone pairs on the other nitrogen. Considering 

that there is an extra electron mostly situated on the other nitrogen, such an interaction could possibly act 

to stabilize the structure. 

Figure 24: The energies of the first four singlet states of the 1,2-diazetidine anion along the reaction coordinate, plotted 

against N-N bond distance. The transition structure and the post-transition state minimum structure to which the MEP 

leading past the transition structure converged to are shown in the picture, and corresponding points are indicated. This was 

conducted with a 12-in-10 active space, so the structures at shorter N-N bond lengths does not have energies fully similar to 

the optimized ground state structure, as this was optimized with a 10-in-8 active space. The ground state structure obtained 

earlier therefore does not correspond to any particular point in the plot. However, the first geometries are similar to it. 



53 

 

 

 
Figure 25: The post transition-state minimum energy structure of the 1,2-diazetidine anion, obtained by optimizing 

the geometry of the lowest energy structure obtained in the MEP from the transition structure, on the ground state 

PES. The geometric parameters are: C-C 1.62 Å; N-N 2.84 Å; C-N
-
 1.43 Å; C-NH 1.47 Å; N-C-C-N dihedral angle 

40.0°. 

 

Another aspect of the two lowest triplet states, observed in Figure 26 is the fact the they appear mutually 

closer in energy than the two lowest singlet states around the transition structure, and also that their 

energies follow a similar curve along the reaction coordinate as these. Thus, the states that possibly 

remains relevant to chemiluminescent properties of 1,2-diazetidine is then the lowest two singlet states 

and the two lowest triplet states. The reaction coordinate plots of these are shown together in Figure 26. 
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In Figure 27 below, the near-degeneracy of these states becomes clearer. Similarly to the case with the 

1,2-oxazetidine anion, it is especially the T1 and S0 states that is close in energy. However, this begins at 

the transition structure and becomes more prominent beyond it. Past the transition structure, the energy 

separation between these states is around 0.005 Ha or smaller. In this case, T1 is the only state that ends 

up at a lower energy than the energy of the transition structure. Indeed, the other states, i.e. S1 and T2 do 

only barely get within 0.01 Ha from the ground state at the transition structure, but other than that the 

energy differences are larger. Also, for the 1,2-diazetidine anion, the extent of the region where the near-

degeneracy occurs, are seemingly not as large as for 1,2-dioxetane, and the degeneracy is also not as 

complete. That this is so can be seen in the more comprehensive energy difference plots in Figure 28 

below. 

Figure 26: The energies of the first four triplet states of the 1,2-diazetidine anion along the reaction coordinate, 

plotted against N-N bond distance. The transition structure and the post-transition state minimum structure to which 

the MEP leading past the transition structure converged to are shown in the picture, and corresponding points are 

indicated. This was conducted with a 12-in-10 active space, so the structures at shorter N-N bond lengths does not 

have energies fully similar to the optimized ground state structure, as this was optimized with a 10-in-8 active space. 

The ground state structure obtained earlier therefore does not correspond to any particular point in the plot. However, 

the first geometries are similar to it. 
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The plots of the energy differences in Figure 28 below confirm and summarize to some extent the 

previous discussions and remarks about the near-degeneracy of the states in the molecules. In the upper 

diagram, it can be seen that the energy difference between S0 and S1 for the anions are quite significantly 

larger than that of 1,2-dioxetane. Some near-degeneracy does occur for these as well, mainly for the 1,2-

oxazetidine anion, for which the energy difference gets as low as 4 kcal/mol and stays below 6 kcal/mol 

for some geometries, but the anion of 1,2-diazetidine does not achieve an energy difference lower than 

about 6 kcal/mol. Also, as noted several times before, the part of the reaction coordinate where there is 

near-degeneracy is significantly smaller for the anions than for 1,2-dioxetane, which is clear from this 

plot. 

When looking at the lower diagram, of the difference between S0 and T1, a more interesting 

feature is present. The energy difference of these states are remarkably similar in the 1,2-oxazetidine 

anion and 1,2-dioxetane, prior to the C-C bond dissociation in 1,2-oxazetidine begins at an N-O bond 

length of 2.7 Å. At this point, while 1,2-dioxetane experiences an energy difference of the states tending 

to zero, the energy of the T1 state in the 1,2-oxazetidine anion descends below that of S0, as indicated by 

the negative energy difference, which becomes as large as almost 4 kcal/mol at an N-O distance of just 

above 2.8 Å. Due to the dissociation, however, the near-degeneracy occurs in slightly smaller part of the 

reaction coordinate for the 1,2-oxazetidine anion. 

 The 1,2-diazetidine anion achieves as rather small energy difference as well, being as low as 

approximately 2 kcal/mol at one point, and at least lower than 4 kcal/mol towards the end of the depicted 

path. It is however not as small as for the other analogs and more importantly the part of the reaction 

Figure 27: The energies of the two lowest singlet states and two lowest triplet states of the 1,2-diazetidine analog along the 

reaction coordinate, plotted against the N-N bond length. 
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coordinate where the difference is small is also rather small in comparison.  However, what speak a little 

bit in favor of the 1,2-diazetidine anion compared to the 1,2-oxazetidine anion, is the fact that it has a 

post-transition structure minimum; this could increase the time the molecule spends in a region with 

relatively low energy difference, and could increase the possibility of a transition. 

 

 

 

 

 

Figure 28: The energy difference between the electronic states S1 and S0 (upper diagram) and T1 and S0 

(lower diagram), for 1,2-dioxetane, the 1,2-oxazetidine anion and the 1,2-diazetidine anion along their 

respective intrinsic reaction coordinates for heteroatomic bond dissociation, plotted against the 

heteroatomic bond length. 
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What should be noted in these comparisons is that 1,2-dioxetane essentially have 7 excited states that 

could potentially be relevant, while as it has been shown the anionic analogs only have at best the lower 

excited states as the higher states are likely to be energetically unattainable through an adiabatic transition 

by thermal energy. The most realistic pathway, by the basic energetic requirements, is in both of the 

anions transition to the T1 state, since this is either the only or one of two excited states that descends 

below the transition state energy during the reaction path, and the state that to the largest extent are near-

degenerate with S0. Highly importantly is also the fact that there is no post-transition minimum in the 

ground state in the reaction of the 1,2-oxazetidine anion; this could mean that the molecule has less time 

to change state during the reaction since it spends less time in regions where it is possible. This aspect 

plays a very important role in the chemiluminescent properties of 1,2-dioxetane, through the entropic 

trapping mechanism [2, 5], and this thus might be unfavorable for the possibilities of chemiluminescence 

of the 1,2-oxazetidine anion. 

To more clearly see the differences and similarities of the intrinsic reaction coordinates in the 

reactions of the different analogs, it could be useful to analyze the changes of different internal 

coordinates along the reaction. In Figure 29 and Figure 30 below, the X-C-C-Y dihedral angles and the  

C-C bond lengths respectively are plotted against the heteroatomic bond length, to see their relative 

contributions to the reaction coordinates at different steps in the reaction pathways. This is done for all of 

the molecules. 

 

 

 

 

Figure 29: The X-C-C-Y dihedral angle  for all analogs, plotted against the heteroatomic bond lengths, along their 

respective reaction coordinates. 
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In Figure 29 it can be seen that the simultaneous increase in dihedral angle and heteroatomic bond 

distance, are very similar for all of the molecules at the intermediate parts of their reactions, between 

heteroatomic bond lengths of 1.7 Å and 2.5 Å. This, in combination with the fact that, as it can be seen in 

Figure 30, the C-C bond are practically unchanged at this part of the reaction for all of the molecules, 

signifies that these reaction are very similar with regard to the geometrical changes.    

The difference that the  1,2-oxazetidine anion dissociates during its respective reaction coordinate 

path, while the other molecules ends up in post transition-state ground state minimum structures, becomes 

very clear in Figure 30. The C-C bond distance begins as stated rapidly to increase with respect to the N-

O bond length at the stage of the reaction when the N-O bond length have reached 2.8 Å, while for the 

other molecules it is mostly unchanged throughout this part.  

 

 

 

 

 

  

Figure 30: The C-C bond length of the analogs, plotted against the heteroatomic bond length, along their respective 

reaction coordinates. 
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5. Conclusions 

All of the isoelectronic analogs of 1,2-dioxetane: the 1,2-oxazetidine anion, the 1,2-diazetidine anion and 

1,2-dithietane were predicted to be stable as minimum energy geometries at the electronic ground state, 

when described at CASSCF/VDZP level. Furthermore, the 1,2-oxazetidine and 1,2-diazetidine anions 

were found, in theory, to be able to react in heteroatomic bond dissociation reactions corresponding to the 

first part of the thermal decomposition reaction of 1,2-dioxetane. The 1,2-oxazetidine anion was also 

shown to be able to complete the whole decomposition reaction into two fragments: one formaldehyde 

fragment and an N
-
 analogue of formaldehyde. Transition structures were found that could be connected 

to the ground state structures, and the reaction coordinates so established could be seen to resemble the 

1,2-dioxetane reaction to high degree, in terms of the changes in the important internal coordinates: the C-

C bond length, the heteroatomic bond length and the X-C-C-Y dihedral angle. The most prominent 

difference in this aspect was for the reactions of the anions occuring slightly shifted in terms of 

heteratomic bond lengths, toward shorter bond lengths, compared to 1,2-dioxetane. The transition 

structures could be identified to correspond to heteroatomic bond cleavage.  

 Some problems occurred with the active spaces used for the anionic analogs, which were subject 

to instability issues especially at geometries with smaller dihedral angles and shorter heteroatomic bonds. 

Especially the rotation of the C-C bond orbitals out of the active space, and an intrusion of a Rydberg 

orbital and the N 2s lone pair in their place proved to be extra problematic. Apart from affecting the 

convergence and being troublesome in some calculations, minimum energy structures with lower energies 

and with more planar geometries but with an undesired active space were obtained. This might suggest 

that more sophisticated methods for treating problems with Rydberg orbitals could perhaps be useful 

when exploring the more planar geometries of these anions.  

Analysis of the electronic states of the anionic analogs along their reactions revealed that it is only the S1 

and T1 states in the 1,2-oxazetidine anion, and the T1 state in the 1,2-diazetidine anion that at some point 

descends to an energy lower than that of the transition structures. The higher electronic states of these 

analogs are seemingly too high in energy compared to the ground state to be able to contribute to 

chemiluminescence. On the other hand, the 1,2-oxazetidine anion shows a very similar near-degeneracy 

between the T1 and S0 states as 1,2-dioxetane in the first part of the reaction prior to C-C bond 

dissociation, except with a very slightly weaker degeneracy but more importantly in a slightly smaller 

region of the reaction coordinate. The reaction path of the 1,2-oxazetidine anion begin to differ from that 

of 1,2-dioxetane shortly after the transition structure, where the ground state pathway directly lead to 

dissociation of the C-C bond, instead of reaching a post-transition structure minimum prior to 

dissociating, as is the case with 1,2-dioxetane. At the point of dissociation, the electronic states of the 1,2-

oxazetidine anion split partially, as the higher electronic states ascend in energy, but the S0, S1 and T1 

states stay moderately close in as they decrease in energy. The S1 and T1 pass through short, shallow 

energy valleys along the reaction coordinate, before they split from the ground state and begin to slowly 

increase in energy. MEP:s conducted at the S1 and T1 PES:s from the transition states revealed pathways 

on these states that lead to minimum energy structures prior to dissociation, similar to some excited 

pathways in 1,2-dioxetane, both encountered here and reported by De Vico et al [5]. 

 The features of the electronic states of the 1,2-diazetidine anion through the reaction were shown 

to be almost the opposite in terms of where similarities with 1,2-dioxetane occur. It displayed weaker 

degeneracy in the first part of the reaction, and comparable near-degeneracy is not reached until the 

transition structure. In general, the 1,2-diazetidine anion showed slightly less degeneracy between the 
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electronic state during the reaction path than the other analogs, and near-degeneracy also occurred during 

a smaller part of the reaction in comparison. The ground state reaction path of the 1,2-diazetidine anion 

ended in a post-transition structure minimum, and despite that the continued path from this structure was 

not fully pursued here, the results somewhat suggests that in this region, the 1,2-diazetidine anion is more 

similar to 1,2-dioxetane than  the 1,2-oxazetidine anion is in the sense that S0 and T1 are still, relatively, 

close in energy and a minimum energy structure are encountered before dissociation begins. This region 

could be, and probably is, important for the understanding and evaluation of the eventual 

chemiluminescent properties of the 1,2-diazetidine anion, and could be a subject for further studies.  

  The energy barriers for the reactions, calculated as the energy differences of the ground state 

minimum structures and the transition structures at CASPT2/VDZP level as estimations of the activation 

energies without zero-point energy, were 30.4 kcal/mol and 23.5 kcal/mol for the anions of 1,2-

oxazetidine and 1,2-diazetidine respectively, which were higher than the result for 1,2-dioxetane of 19.7 

kcal/mol at the same level of theory. This potentially puts the analogs in a kinetic disadvantage despite the 

potential error in these values, which for 1,2-dioxetane was a few (3-4) kcal/mol.  

 Finally, in assessing the possibility of the analogs to exhibit chemiluminescent properties, the 

results in this project confirms that especially the 1,2-oxazetidine anion seem to have the properties 

needed in terms of the energetic requirements, for instance near-degeneracy of electronic states which 

allows a possibility of transcending from the ground state to an excited state through the reaction, as well 

as the existence of pathways on the excited states that are very similar to those of 1,2-dioxetane. 

However, even though the region of near-degeneracy is somewhat extended, it is seemingly less so than 

for 1,2-dioxetane. In addition, the kinetic aspect speaks less in favor of the reaction for the 1,2-

oxazetidine anion compared to 1,2-dioxetane due to the higher energy barrier. Moreover, there is no post-

transition minimum structure in the reaction of the 1,2-oxazetidine anion in the ground state, which also 

speaks against the possibilities of chemiluminescence by a similar mechanism as 1,2-dioxetane. As for the 

1,2-diazetidine anion, there are indications that it could be possible, but the results here it might seem 

even more unfavorable in terms of the electronic states than for 1,2-oxazetidine. What speaks in favor of 

the 1,2-diazetidine anion is the lower energy barrier,that is comparable to that of 1,2-dioxetane, and also 

the fact that it exhibits a post-transition minimum structure. To summarize, it can be said to seem possible 

for both anions based on the basic energetic requirements, even if it appears less favorable than for 1,2-

dioxetane. It remains for further studies to elaborate on this, as there are many aspects not investigated in 

this project that contributes to the matter. Such things could include further exploring the reaction of 1,2-

diazetidine anion and confirming whether it could dissociate similarly to the other molecules, exploring 

the potential energy surfaces of the excited states of the anions in more detail past the transition structure, 

locating and characterizing eventual state crossings and investigating the possibility of an entropic 

trapping mechanism similar to that of 1,2-dioxetane. First and foremost it would be interesting to 

investigate the corresponding reaction of the 1,2-dithietane molecule, as was not done here. 
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