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Abstract 

The vast majority of chemical reactions occurs only in the ground state, however 

photochemical reactions like chemiluminescence take place in ground and excited 

states. In almost all chemiluminescence processes oxygen-oxygen bond breakage is 

involved. But, there is no general reason to explain why these processes occur via an 

oxygen-oxygen cleavage. These types of phenomena are usually highly exothermic. 

Computational chemistry has risen as a powerful tool to characterize and analyze 

chemical phenomena. Quantum mechanics are utilized to explain chemical 

observations. Applying these equations, one can compute the chemical properties of any 

system in any state. In the present study, three chemiluminescence reactions derived 

from luminol are modeled; nitrogen based, oxygen based and dianion nitrogen based 

models. The key factor of oxygen-oxygen bond rupture is discussed and rationalized. 

The electronic potential energy surfaces of the three compounds are computed at 

complete active space self-consistent field theory. Peroxide compounds compared to the 

dinitrogenated  compounds show a lower activation energy and they are more 

exothermic. This study allows us to rationalize why luminol needs to be presented in a 

basic medium and oxidized in order to produce chemiluminescence. 
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Abbreviations 

ANO  Atomic Natural Orbitals 
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CI Configuration Interaction 
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1. INTRODUCTION 

 
A large amount of reactions takes place in the ground state. The ground state is the 

lowest energy state. Reactions which are linked with light absorption or/and light 

emission however involve not only the ground state, but also excited states. In 

nature there are several examples of living organisms which uses reactions 

involving light like fireflies.[1] 

 

Computational chemistry, a branch of chemistry which uses quantum theory and 

classical mechanics, can shed light to the complexity of these processes, due to it is 

able to characterize transitions states, which are related to the kinetics of the 

processes, and short lived intermediates that are difficult to study experimentally.[1]  

 

The accuracy of the results depends on the level of theory used, higher accuracy 

needs more time expensive computationally method. However one can select a 

good method taking into account the complexity of the system, the size of the 

system and the accuracy needed. [1] 

 

The focus of the present study is the chemiluminescence reaction of luminol, see 

figure 1. Since luminol was first studied by Albrecht in 1928 [2], luminol and its 

derivatives have been widely studied.  The chemiluminescence reactions involve 

Figure 1. Reaction scheme of the oxidation of a molecule of luminol (first compound), which 

reacts in the presence of a basis with molecular oxygen and the substitution of the 

hydrazine bridge with a peroxide bridge is then produced, the system reaches an excited 

state, the reaction is completed with the formation of a carbonyl compound and the 

subsequent emission of light.  
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oxidation in general, oxygen-oxygen bonds are involved. Luminol can be either 

oxidized in protic or aprotic solvents. In aprotic solvents, the reaction needs basic 

pH and the oxygen presence, whereas in protic solvents, there is also necessary an 

oxidizing agent and oxygen can be replaced by a peroxide. [3] 

 

The mechanism is not well known, one possible answer to the formation of the O-O 

bond is the production of carbonyl compounds. Carbonyl compounds contain 

important features, first, the carbon-oxygen double bond is very stable and can 

cause a highly exothermic reaction which leads to form an electronically excited 

state; second, the product includes a chromophore which can be formed in the 

excited state. The major aim in this study is trying to clarify why the combination 

with the oxygen-oxygen is so important.[1,3] 
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2. BACKGROUND 

 
 

2.1 Photochemistry  

 

The energy of the photons is absorbed by molecules and causes electron transitions 

between a ground state (GS) and excited states (ES), see figure 2. [4] This gained 

energy affects the reactivity of the molecule or is dissipated. When the activated 

molecule undergoes a chemical change, the process belongs to photochemistry; in 

photochemistry a general scheme for reaction could be R+ hν −› *R −› P. However 

there is another option: the activated molecule loses its energy without chemical 

transformation, and this process is called photophysics, the photophyisical 

mechanism is as follows R+ hν −› *R −› R. [1, 5]. In chemiluminescence (CL), it is 

not needed the caption of photons, instead of that, an excited state is reached by 

means of thermal energy gained during the reaction, they are very exothermic 

reactions, they usually involve conical intersections (CIx); then, the intermediate is 

deactivated by light emission. When the CL reaction takes place in a living 

organism is called bioluminescence (BL), this fact is shown by firefly beetles, 

glowing mushrooms, and so forth; however, for better understanding of 

bioluminescence, there is a need of studying profoundly the chemiluminescence. 

[1] 

 

There are two main ways of deactivation in photophysics losing the energy through 

a radiative process for instance emission or through a radiationless transition for 

example internal conversion. [4, 5] In photophysical radiative processes, the decay 

of an electron from one state to another state with the same spin gives rise to 

fluorescence whereas if it falls from a triplet to a singlet state, the emission of light 

is called triplet emission and will produce phosphorescence. In the second sort of 

photophysical processes, radiationless, the transitions implying same multiplicity 

are called internal conversion, IC, the contrary (different multiplicity) is called 

intersystem crossing, ISC.  [4, 5] See figure 3. 
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The concept of potential energy surface should be introduced for a better 

understanding of photochemistry. The potential energy surface (PES) diagram 

consists in the potential energy (PE) in the y-axis versus the molecular geometry 

(the positions of the nuclei) of the system in the x-axis (it is not a constant, and it 

varies through the x axis). PES could be interpreted as polydimensional electronic 

energy surface where the nuclei move; it contains all the possible information about 

the mechanism of a reaction, see figure 3. [5, 7]  

 

There are two main kinds of photoreactions: adiabatic and non-adiabatic. The 

former involves only one PES, whereas the latter occurs when there are transitions 

between two different PESs (the system reaches an excited state and continues 

along that hypersurface until it returns to the ground state or it yields photoproducts 

directly in the excited state). [4] 

 

Figure 2. In this example, the frontier orbitals of an octhaedral complex are shown, 

an electron is excited from the orbitals t2g of the central transition metal (it is a 

symmetry label corresponding to the dxy, dxz, dyz) to the eg orbitals (higher in energy 

than t2g, and they are dz2 and dx2-y2), left hand orbitals belong to fundamental state 

whereas the right hand ones belong to a possible excited state.[6] 
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There are some points and regions of interest in a general PES diagram, they are the 

regions where they cross, they are very near in energy and symmetry or there is a 

high probability of population transfer. The funnels are regions in the state surfaces 

that are next to other states regarding to symmetry and energy, and for this reason, 

they are favorable for radiationless transitions.  When a photon is absorbed by the 

molecule, almost always, the excitation of an electron from a minimum of the 

ground state to a minimun in a excited state happens and the decay of an electron 

from a minimum to a minimum, those minima are called spectroscopic or Frank-

Condon minima, they are usually surrounded by more energetic regions in each 

state, and if the difference in energy is high there is no chance to surpass it and the 

excited molecule remains in its excited state until it is deactivated and returns to the 

reactant, (photophysical process).  In general there are two main sorts of system 

crossings: the crossings between triplet and singlet excited states (singlet triplet 

crossing, STC) or between the singlet ground state and a excited state with the same 

symmetry, conical intersections (CIxs). The CI received the name because in a 3D 

representation of PES, the surfaces near the crossing point are cones. [5] 

Figure 3. A schematic representation of the main features concerning photochemistry 

and photophysics. The potential energy vs molecular geometry is shown. Three states 

are considered, S0 (ground state), T1 (triplet excited state) and S1 (singlet excited 

state),the curves whereas the straight lines in each curve mean the vibrational levels, 

as well as the radiative and radiationless processes of deactivation and the formation 

of photoproducts. The local minima in the curves correspond to isolable species: 

reactants, products or intermediates of reaction. 
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An important parameter that shows information about the rate and the yield of the 

process is called quantum yield (Φ) and it is related to the cross section. [4] The 

quantum yield is defined as he number of photochemical processes that are 

produced with respect to the number of photons absorbed per chemical species. It 

can be written as: [8] 

Φ =
number of processes

photons absorbed
=

photons emitted

photons adsorbed
                                                                         (Eq. 1)    

The quantum yield can also be written as a function of the contributions of 

fluorescence and phosphorescence in chemiluminescence reactions: [9] 

Φ𝐶𝐿 = ΦSΦFl + ΦTΦPh                                                                                             (Eq. 2) 

Where ΦS is the quantum yield due to the singlet emission, the ΦFl is the quantum 

yield associated with the fluorescence, ΦT is the corresponding to triplet emission 

and ΦPh is the one of phosphorescence. The overall quantum yield is usually 

approximately the first term, due to the quantum yield associated with the triplet 

emission is higher than the one for the singlet emission, but as the quantum yield 

associated with fluorescence is usually very high the product of the quatum yields 

corresponding to singlet emission and fluorescence becomes so important that the 

product of the quantum yields corresponding to triplet emission and 

phosphorescence is negligible. [5, 8, 9] 

 

 

2.2 Methodology 

2.2.1 Born Oppenheimer approximation   

 

The Schrödinger equation is one of the pillars of quantum mechanics, operating an 

operator (Hamiltonian) on the wave function we can obtain the eigenvalue (the 

energy) times the wave function, [10] it can be written as: 

�̂�𝜓(𝑟) = 𝐸𝜓(𝑟)                                                                                                       (Eq. 4) 

The Hamiltonian operator is the sum of the kinetic energy operator and the 

potential energy operator. In molecular systems, if we consider that both the 

electrons and nuclei have a punctual mass and spin-orbit couplings and relativistic 

effects are neglected, the Hamiltonian is: [10] 
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ℋ̂ = −
ℏ2

2
∑

1

𝑚𝛼
∇𝛼
2

𝛼 −
ℏ2

2𝑚𝑒
∑ ∇𝑖

2
𝑖 + ∑ ∑

𝑍𝛼𝑍𝛽𝑒
′2

𝑟𝛼𝛽
𝛽>𝛼 −∑ ∑

𝑍𝑎𝑒
′2

𝑟𝑖𝛼
𝑖 + ∑ ∑

𝑒′2

𝑟𝑖𝑗
𝑖>𝑗𝑖𝛼𝛼                                     

                                                                                                                           (Eq. 5) 

Where the nuclei are denoted by α and β, and the electrons are i and j, the charge of 

proton is e´, which can be expressed as 𝑒´2 = 𝑒2
4𝜋𝜀0
⁄ . The first term is the kinetic 

energy operator of the nuclei, the second is the kinetic energy operator of the 

electrons, the third is the potential energy operator of the repulsion between nuclei, 

the fourth is the attraction between nuclei and electrons and the last one is the 

repulsion between electrons. [10] 

 

The nuclei are much heavier than electrons, so mα >> me, therefore the electrons 

move faster than nuclei, and it can be assumed that the nuclei are fixed in space, 

while the electrons are moving (Born Oppenheimer approximation). So the nuclear 

kinetic terms can be neglected, and the Hamiltonian is then: [10] 

(�̂�𝑒𝑙 − VNN)ψel
= Uψ

el
                                                                                             (Eq. 6) 

The molecular wave function, hence can be written as: [10] 

ψ(qi, qα) = ψ(qi,qα) ψN (qα)                                                                                 (Eq. 7) 

Being qα the nuclear coordinates and qi the electron coordinates. Accordingly to 

Born Oppenheimer approximation the nuclei move through the PES and the 

electrons move instantly to follow them. [7, 10] 

 

Born Oppenheimer is a good approximation in general, but it breaks down when   

there is a significant coupling between the electronic and nuclear motions. One 

important case in which Born Oppenheimer fails, is in polyatomic photochemistry 

where there are lots of electronic states close in energy and several degrees of 

freedom for the nuclei, especially in the case of CI, where vibronic coupling 

appears, vibronic coupling is a coupling between nuclei and electrons. [11] 

 

Even though, computationally it is more time demanding and hard to afford, for this 

reason my study uses Born Oppenheimer approximation. 
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2.2.2 Variational principle 

 

Every approximate wave function has an energy which is higher or equal to the 

exact energy; the following equation can be written using this concept: [7, 10] 

∫ ϕ
*
Ĥϕdτ ≥ E1                                                                                                           (Eq. 8) 

Being E1 the lowest eigenvalue of energy. Trial wave function is denoted as φ, and 

we can expand it using an orthonormal set of eigenfunctions of the Hamiltonian 

operator: [7, 10] 

ϕ = ∑ aiψi
∞
i=0                                                                                                                (Eq. 9) 

The energy of the trial wave function is then calculated as: [7, 10] 

W =
⟨ϕ|Ĥ|ϕ⟩

⟨ϕ|ϕ⟩
                                                                                                                 (Eq. 10) 

Combining the energy of an approximate wave function (eq. 10) with the expansion 

of the trial wave function (eq. 9) gives eq. 11: [7] 

𝑊 =
∑ ∑ 𝑎𝑖𝑎𝑗⟨𝜓𝑖|�̂�|𝜓𝑗⟩

∞
𝑗=0

∞
𝑖=0

∑ ∑ 𝑎𝑖𝑎𝑗⟨𝜓𝑖|𝜓𝑗⟩
∞
𝑗=0

∞
𝑖=0

                                                                                (Eq. 11) 

In order to know a good approximation to the energy, several different trial wave 

functions are tried, and the best one is the lowest one. 

 

 

2.2.3 Basis set 

 

A basis set is a number of known functions which is used to expand unknown 

functions like molecular orbitals (MO). It is the exact solution if we use an infinite 

set of functions (complete basis set), however that is not possible, so we use a finite 

basis set, which will give us approximate solutions. The accuracy of the results is 

affected by the size of the basis set and the kind of basis functions. [7] 

 

There are two main kinds of functions: the Slater type orbitals (STO) and Gaussian 

Type Orbitals (GTO). The first ones have a form in spherical coordinates: [7] 

χ
ζ,n,l,m

(r,θ,φ) = NYl,m(θ,φ)r
n−1e−ζr                                                                        (Eq. 12) 

Where N is the normalization constant, Yl,m are the spherical armonics. They are 

used for atomic and diatomic systems, in semi-empirical methods and with DFT. 

They are good, but the integrals are complicated to solve. [7] 
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The second kind of functions described above, GTO, can be expressed in spherical 

coordinates as: [7] 

 𝜒𝜁,𝑛,𝑙,𝑚 = 𝑁𝑌𝑙,𝑚(𝜃, 𝜙)𝑟
2𝑛−𝑛−𝑙𝑒−𝜁𝑟

2
                                                              (Eq. 13) 

They are widely used because it is easier to solve the repulsion integrals. [7] 

 

There is a trick to reduce the number of functions in the set, which consists in 

writing linear combinations of the primitive GTOs (PGTOs or PGFs) into 

contracted GTOs (CGTOs or CGFs): [7] 

𝜙𝑎
𝐶𝐺𝐹 = ∑ 𝑑𝑝𝜙𝑝

𝑃𝐺𝐹
𝑝                                                                                          (Eq. 14)  

Where dp are fixed coefficients. Some examples of basis sets are STO-nG, which 

are slater type orbitals made up   with nPGTOs. The most commonly used is STO-

3G as a minimum basis. Another important kind of basis is the Pople Split-valence 

basis set, for instance 6-31 G where the valence basis is split into core and valence 

orbitals, the first number (six) denotes the PGF for core whereas the two numbers 

after the dash refers to the valence, it means first 3PGF and then one more. 

Correlation consistent (cc) basis set which is aimed to recover correlation energy of 

the valence electrons, polarization functions are added; an example could be cc-

pVDZ which means correlation consistent polarized valence double zeta, the letter 

before Z means the multiple used; sometimes an “aug” is added before cc, this 

means augmented and it is used specially with ions, it is a diffuse function. The 

Atomic Natural Orbitals (ANO) consists in contracting a large number of PGFs in a 

small amount of CGFs, using natural orbitals, it is a non easy basis set that uses the 

coefficients optimized at CASSCF and also it is expensive, however it yields 

accurate results, and for this reason and the good coupling with the level of theory 

used, we will employ this basis set. [7] 

 

2.2.4 Hartree-Fock 

 

First of all, Slater determinants (SDs) should be introduced. In the previous 

subsections, both the Schrödinger equation and the Oppenheimer approximation 

were explained, however even using the Oppenheimer approximation, it is 

impossible to solve analytically the Schrödinger equation except for a few simple 

systems with one electron like H2
+
, therefore we must use numerical methods in the 

rest of the cases. Slater determinants and Hartree Fock use the variational principle. 

Accordingly to the Pauli Principle, the electrons should have an antisymmetric 

wave function with respect to interchange of two electron coordinates, this fact is 
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taken into account in the SDs. The electron coordinates are represented in their 

rows and each column is a single-electron wave function. [7] 

Φ =
1

√𝑁!
[

φ1(1)
φ2(1)
⋮

φ𝑁(1)

φ1(2)
φ2(2)
⋮

φ𝑁(2)

⋯
⋯
⋱
⋯

φ1(𝑁)
φ2(𝑁)
⋯

φ𝑁(𝑁)

] = 𝐶|φ1φ2φ3⋯φ𝑁⟩                                 (Eq. 15) 

Where C is the inverse of the root square of N factorial. Rewriting the analogous to 

Schrödinger equation in Hartree Fock case: 

�̂�(𝑖)𝜑(𝑖) = 𝜀𝜑(𝑖)                                                                                            (Eq. 16) 

𝑓(𝑖) =
−ℏ2

2𝑚𝑒
𝛻𝑖
2 − ∑

𝑍𝐴𝑒´
2

𝑟𝑖𝐴
+ 𝜈𝐻𝐹(𝑖)𝑀

𝐴=1                                                              (Eq. 17) 

Where the ν
HF

, included in the summation in the Fock operator, represents an 

average potential that is felt by the ith-electron caused by the other electrons. The 

repulsion between electrons is taken into account in an average fashion and hence, 

does not take into account the electron correlation. [7, 10] 

 

2.2.5 Electron correlation 

 

The Electron Correlation is the interaction between electrons. Hartree Fock can 

account 99% of the energy of the system, however it doesn't include the electron 

correlation (as it was said before only estimates the interaction between electrons in 

an average way). Its energy can be calculated using a simple equation: [7] 

𝐸𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 = 𝐸 − 𝐸𝐻𝐹                                                                                    (Eq.18) 

 

There are two sorts of electron correlation: static correlation and dynamical 

correlation. Static correlation (often referred as non-dynamical correlation) arises 

from the long distance interactions between electrons, for instance electrons 

occupying different orbitals, it is important near degeneracies due to in that case 

there are some orbitals with approximately the same energy. Dynamical correlation 

happens when the electrons are quite close to each other for instance in the same 

orbital. [7] 

 

There are some methods which try to solve this problem, they are called beyond or 

post-Hartree Fock methods and they are Configuration Interaction (CI), Many-body 

Perturbation Theory (MBPT or MPn) and Coupled Cluster (CC). [7] 
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The first of them, CI, uses the slater determinants for Hartree Fock configuration, 

single excited configuration, double, and so forth, to construct the wave function. 

[7] 

𝜙𝐶𝐼 = 𝑐𝐻𝐹|𝐻𝐹⟩ + ∑𝑐𝑠|𝑆⟩ + ∑𝑐𝐷|𝐷⟩ + ∑𝑐𝑇|𝑇⟩ + ⋯                                      (Eq. 19) 

 

The full CI is the most accurate method in computational chemistry, but it is 

necessary to truncate it, due to it is not affordable computationally. The truncated 

methods based on CI use the single excitation from HF (it is called CIS) or the 

double excitation from HF (it is called CISD) or the triple excitation from HF 

(CISDT). Full CI is size consistent whereas truncated CI is not size consistent. The 

size consistency means that the energy should be consistent with the distance; if the 

distance is so large that there is no interaction between species, we can express that 

the energy of A---B is then, the energy of A plus the energy of B. [7] 

 

2.2.6 Multiconfigurational methods 

 

There are some problems that single-configurational methods do not succeed to 

manage them, like dissociation limits (single-configurational methods predict 50% 

of covalent character and 50% of ionic character in both ground and excited states), 

biradical molecules such as the ozone molecule, molecules that contains atoms with 

excited states low in energy like transition metals, excited states and photochemical 

reactions. [7] 

 

Multi-Configuration Self Consistent Field (MCSCF) optimizes the coefficients and 

also the MO used for constructing the determinants: [7] 

𝛷𝑀𝐶𝑆𝐶𝐹 = ∑ 𝑐𝐼|𝑆𝐷⟩𝐼                                                                                         (Eq. 20) 

𝜑𝑖 = ∑ 𝑐𝑎𝜙𝑎𝑎                                                                                                   (Eq. 21) 

 

The most common MCSCF method is CASSCF (Complete Active Space Self-

Consistent Field) that applies full CI in the active space (the active space is the set 

of orbitals that should be chosen and it contains the frontier orbitals, the first 

unoccupied and the last occupied and a desired number of them taking into account 

that for one bonding orbital should be also taken its antibonding. Nowadays, the 
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affordable limit is 16 electrons in 14 orbitals) and HF in the rest of orbitals; it 

includes static correlation, but not dynamical correlation and it overestimates the 

energy barriers. [7, 12] 

  

Other methods that include dynamical correlation are Multireference Configuration 

interaction (MRCI), Multireference Coupled Cluster (MRCC) or Many Body 

Perturbation theory like CASPT2. [7] Each method has applicability in a range of 

the size of the problem, MRCI is only applicable to very small systems, MRCC is 

applicable to small systems and in the case of CASPT2, it is used only for medium 

to large size systems. CASPT2 uses full CI in the active space whereas in the 

inactive space uses MP2, which computes dynamical correlation; for this reason we 

use CASPT2 on top of CASSCF (CASPT2/CASSCF), due to this combination 

achieves a similar accuracy than full CI, the most accurate method in quantum 

chemistry, and the closest to the reality. To study our problem we have used 

CASPT2/CASSCF because the accuracy of the method is high and also it studies 

well the size of the molecules that we have; MRCC could be used instead of 

CASPT2/CASSCF, however it would be very expensive computationally. [7, 12] 

 

2.2.7 Minimum Energy Paths and Intrinsic Reaction Paths 

 

In the calculation of transition states, once a possible transition state (TS) is found 

by using different methods (constraint optimization, dihedral angle,...), it has to be 

assure that it is in fact a TS, for that reason frequencies need to be calculated; the 

TS has all its frequencies real, except one, which is imaginary. After that point, the 

minimum energy path (MEP) needs to be computed. [7] 

 

MEP is a computational strategy for determining the mechanism of a reaction. IRC 

is the MEP in mass-weighted coordinates. They find the minimum energy path 

which connects the initial state (reactant) with the product. It is used for assuring 

that a possible transition state (TS) is the one that happens with the minimum 

energy and hence, the one which exists in nature. [7,13]  
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3. UNDERSTANDING THE CHEMISTRY OF 

LUMINOL 

 

3.1 Computational details 

 

Three fragments belonging to key intermediates of the chemiluminiscent oxidation 

reaction of the luminol are studied to shed some light in this reaction and in general 

in chemiluminescence, they are drawn in figure 4. 

 

Figure 4. The three model compounds that are studied in this study are shown: from 

right to the left 1,2-diazacyclohexadiene, 1,2-dioxine and the dianion. 

Figure 5. The selected orbitals of 1,2-diazacyclohexadiene  are shown, the same 

orbitals are chosen for the rest of the compounds. The first row corresponds to 

bonding orbitals, whereas the second corresponds to anti-bonding orbitals, in the first 

column it is situated the σ and σ
*
 situation for nitrogen-nitrogen, in the second and 

third columns, there are four π orbitals that imply carbon-carbon, two π and two π
*
; 

the last column a lone pair with possible contribution of π orbitals is shown. 
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For all the calculations carried out, MOLCAS quantum chemistry package is used. 

The orbitals are generated using HF calculations in a minimum basis set (ANO-L-

MB, this basis is used for easy recognition of the orbital shapes; if a more 

sophisticated basis set is used, the orbital shapes become more complex; we use 

atomic natural orbitals because coefficients are optimized at CASSCF, so it is 

linked with the level of theory used, and also it yields accurate results), for each 

molecule in the ground state for products and reactants and the array of points in 

the PES in general (but not for the dianion, due to it is so unstable and it is not easy 

to characterize it properly, for this reason the dianion has been studied using linear 

interpolation of internal coordinates, LIIC, which is stablished as the straight line of 

interpolation between optimized structures of reactant and product in the 3N-6 

dimensional internal coordinate space). [14] Finding TS is described in section 

2.2.7.  

 

The next step is choosing the active orbitals among all the orbitals that each 

molecule has, previously calculated at HF level, see figure 5. The set of orbitals are 

divided into inactive (fully occupied orbitals), secondary or virtual (unoccupied 

orbitals which are higher in energy than the active) and active (the chosen orbitals 

that contain the most energetic fully occupied orbitals, partially occupied orbitals 

and the lowest energetically orbitals). The selected active space contains 10 

electrons in 8 orbitals for every point of all compounds, the selected orbitals are the 

lone pairs for both heteroatoms, σ bonding and σ* antibonding for heteroatom-

heteroatom and π bonding, π* antibonding for two C-C. The selected orbitals are 

shown in figure 5. This selection is made to perform a CASSCF calculation. A 

single point CASSCF is then performed, followed by an expansion of the basis set 

(due to until this moment we have used a small basis set), the latter step is followed 

because the higher the basis set, the more accurate results. Four roots were 

calculated for the energy of the lowest singlet states (S0, S1, S2 and S3) and four 

for the triplet states (T1, T2, T3, T4). 

 

After this we should optimize the geometry using CASSCF in a more expanded 

basis (ano-L-vdzp), then the frequencies are calculated, using the frequencies 

calculation allows us to know the thermodynamical parameters like Gibbs free 

energy, zero point vibrational energy (ZPVE, it is used as a correction in the energy, 

also for transition state), entropy and normal modes. Finally the CASPT2 is 

employed to calculate the energies on top of CASSCF optimized geometry, this is 

sometimes expressed as CASPT2/CASSCF (the last one is always the method for 

geometry optimization). 
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Maybe the most difficult task for computational chemistry is trying to find the TS. 

The employed approach consists in constraint optimization for the heteroatom 

heteroatom bond. When a potential TS is found, it needs to be confirmed by 

frequency calculation (as it was mention in chapter 2, it has an imaginary 

frequency), but even though this does not assure this is the TS that has the lowest 

energy among all the possibilities, which is the one that will be present in nature, 

for this reason a MEP needs to be carried out. Once the possible TS has been 

proven to be the real TS, energies are calculated at CASPT2 level. Spin-Orbit 

coupling (SOC) was used as a correction in energy, using a CASSCF wave 

function. 

 

3.2 Results and discussion 

 

The calculated electronic relative energy for all the compounds is calculated at MS-

CASPT2/CASSCF using an ANO-L-VDZP basis set and considering different 

states, (ground state, singlet excited states and triplet excited states) for different 

points in the reaction path. Only the points in the ground state are optimized, the 

excited states are calculated using the ground state geometry. Corrections on the 

ZPVE and on the Gibbs energy at 298.15 K were performed at CASSCF level on 

the reactant, product and TS for 1,2-diazacyclohexadiene and for 1,2-dioxine, tables 

1 and 2. 

 

 

 

 

 

 

 

Reactant TS Product Reactant TS Product

S0 0.000 32.070 -13.761 0.000 32.003 -14.391

S1 75.689 55.411 101.717 75.689 55.344 101.087

S2 121.302 55.976 109.395 121.302 55.909 108.765

S3 162.388 109.594 151.248 162.388 109.527 150.618

T1 51.484 34.688 74.174 51.484 34.621 73.544

T2 111.392 93.239 92.212 111.392 93.172 91.582

T3 130.456 99.692 100.933 130.456 99.625 100.303

T4 175.166 107.590 105.610 175.166 107.523 104.980

Relative energies with ZPVE (Kcal/mol) Relative Gibbs free energies (Kcal/mol)

Table 1.  This table shows the thermodynamical data for the 1,2-diazacyclohexadiene. 

Two kinds of energies are shown relative Gibbs free energies and relative energies 

taking into account the ZPVE correction for the ground state (S0), three singlet (S1, S2, 

S3) and three triplet excited states (T1, T2, T3 and T4) for reactant, TS and product. 
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The dianion, as it was mentioned before, is so unstable that is so difficult to 

characterize, for that reason an LIIC at CASPT2 level was performed, which can 

give an approximate and qualitative vision of the PESs and the activation energy. 

Corrections are also carried out at CASSCF level. See table 3. 

 

 

 

 

 

                          

 

Reactant TS Product Reactant TS Product

S0 0.000 8.747 -59.950 0.000 8.585 -61.282

S1 61.273 15.346 25.452 61.273 15.184 24.120

S2 87.251 23.536 28.408 87.251 23.374 27.076

S3 106.215 54.550 82.914 106.215 54.388 81.582

T1 42.623 5.293 16.995 42.623 5.131 15.663

T2 85.182 43.438 21.684 85.182 43.276 20.352

T3 102.637 48.740 22.529 102.637 48.578 21.197

T4 154.655 58.006 75.234 154.655 57.844 73.902

Relative energies with ZPVE (Kcal/mol) Relative Gibbs free energies (Kcal/mol)

Reactant TS Product Reactant TS Product

S0 0.000 -59.950 0.000 8.585 -61.282

S1 61.273 15.346 25.452 61.273 15.184 24.120

S2 87.251 23.536 28.408 87.251 23.374 27.076

S3 106.215 54.550 82.914 106.215 54.388 81.582

T1 42.623 5.293 16.995 42.623 5.131 15.663

T2 85.182 43.438 21.684 85.182 43.276 20.352

T3 102.637 48.740 22.529 102.637 48.578 21.197

T4 154.655 58.006 75.234 154.655 57.844 73.902

Relative energies with ZPVE (Kcal/mol) Relative Gibbs free energies (Kcal/mol)

Table 3. This table contains the thermodynamical data for the dianion. Two 

kinds of energies are shown relative Gibbs free energies and relative energies 

taking into account the ZPVE correction for the ground state (S0), three singlet 

(S1, S2, S3) and three triplet excited states (T1, T2, T3 and T4) 

Table 2.  This table shows the thermodynamical data for the 1,2-dioxine. Two kinds 

of energies are shown relative Gibbs free energies and relative energies taking into 

account the ZPVE correction for the ground state (S0), three singlet (S1, S2, S3) and 

three triplet excited states (T1, T2, T3 and T4) for reactant, TS and product. 
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Figure 6. PES of 1,2-diazacyclohexadiene is drawn. The relative electronic energy in 

Kcal/mol is represented in the y-axis versus the reaction coordinate in atomic units 

(au) in x-axis. The ground state (S0) is shown in a dark blue line, the excited states 

with the lowest energy (T1 (black line with crosses), S1 (red line), S2 (yellow line) and 

T2 (blue line)).  

Figure 7. PES of 1,2-dioxine is shown. The relative electronic energy in Kcal/mol 

is represented in the y-axis versus the reaction coordinate in atomic units (au) in x-

axis. The ground state (S0) is shown in a dark blue line, the excited states with the 

lowest energy (T1 (black line with crosses), S1 (red line) and T2 (blue line)).  
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The calculated relative electronic energies are plotted for each compound. Figure 6 

shows the PES of 1,2-diazacyclohexadiene, only the T1 can be populated as the 

molecule reaches the TS (at 32.003 kcal/mol, Gibbs energy), due to the energy gap 

in the TS between the GS and T1 is insignificant, but the gap between the GS and 

S1 is relatively high, 23.341 Kcal/mol (Gibbs energy). In figure 7, the PES of 1,2- 

dioxine is represented; in this case, both T1 and S1 can be populated from the TS, at 

8.58 Kcal/mol (Gibbs energy), there is a CIx. The PES of the dianion is represented 

in figure 8, even it is an approximate representation, it can give a general idea of the 

process for the dianion, the TS is somewhere between 15 and 27 Kcal/mol in Gibbs 

energies. The nature of the excitations in the transition state is a transition from a π 

MO bonding to a π* antibonding.  

 

 

 

 

 

Figure 8. The approximate PES of the dianion is represented. The relative electronic 

energy in Kcal/mol is represented in the y-axis versus the nitrogen-nitrogen bond 

distance in Ångström in x-axis. The ground state (S0) is shown in a dark blue line, the 

excited states with the lowest energy (T1 (black line with crosses), S1 (red line) and T2 

(blue line)).  
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4. CONCLUSIONS 

 

The complete description of a chemical reaction at the molecular level, requires a 

systematic tool. Computational chemistry is a unique tool to describe chemical 

reactions in detail. To exemplify how this unique tool can be used to better 

understand chemical phenomena, three different compounds corresponding to 

chemiluminescence mechanism of luminol have been modeled. The same level of 

treatment as the ground states gives a level of insight into these short-lived excited 

states which cannot be obtained from experiments. Our accurate calculations on the 

reaction barriers make it possible to characterize the most efficient 

chemiluminescent species.  

To better understand the mechanism we seek a high-resolution description of the 

PES. To obtain that, accurate calculations of the relative energies of the ground and 

excited states are required. Multiconfigurational methods can be considered as a 

standard to qualitatively and quantitatively study chemiluminescence reactions. 

These methods not only take several possible excitations into account, but also 

cover both static and dynamical correlations. The results from these calculations 

allow us to rationalize why the O-O cleavage is the main responsible of light 

emission in such systems and why the oxidation is the indispensable for the 

emission.   

The comparisons of the PESs for the three modeled compounds allows us to 

determine their activation energy and hence their exothermicities. The results imply 

that 1,2-dioxine has the lowest energy barrier (8.58 Kcal/mol). Nevertheless, the 

lowest-lying excited states (S1 and T1) are accessible to be populated from the TS 

due to the presence of a CIx. Therefore, 1,2-dioxine is a good chemiluminophore. 

Whereas the same mechanism for 1,2-diazacyclohexadiene shows the large 

difference in energies between the ground and lowest-lying manifolds which  

simply prevents this channel to populate the excited state and hence emit light. 

Regarding the dianionic compound, the system is quite unstable and therefore 

difficult to optimize. To discover an illustrative and qualitative description of the 

PES, the linear interpolation of internal coordinates (LIIC) has been employed. The 

results imply that the TS is higher in energy than the dioxin compound, although 

the population of the first singlet manifold is accessible. However further studies 

are needed in order to better characterize this compound. Moreover, it would be 

even more useful if one computes the luminol molecule or at least larger models to 

see whether the change in the PES is crucial.   

 

 



27 

 

5. ACKNOWLEDGEMENTS 

 

Pooria Farahani is acknowledged for his true and unconditional support. Roland 

Lindh is gratefully acknowledged for his priceless guidance in doing this research.  

Luis Manuel Frutos Gaite for being my tutor in Spain and guiding me at distance. 

Daniel Roca-Sanjuán for proposing me this amazing subject of study. I would like 

also to express my gratitude with Uppsala University, which has allowed me to 

complete my education. The computational parts of the projects were performed on 

resources provided by SNIC through Uppsala Multidisciplinary Center for 

Advanced Computational Science (UPPMAX) under the project SNIC2015-6-25. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

6. REFERENCES 

 

[1] Farahani, P. Theoretical Studies of Ground and Excited State Reactivity. Acta 

Universitatis Upsaliensis. Uppsala, 2014. 

[2] Albrecht, H. O. Über die Chemiluminescenz des Aminophtalsäurehydrazids. Z. 

Phys. Chem. (1928). 136: 321-330. 

[3] Roswell, D. F., White, E. H. The chemiluminiscence of luminol and Related 

Hydrazides. Methods in enzymology. (1978). 57: 409-423. 

[4] Serrano-Andrés, L., Merchán, M. Quantum chemistry of the excited state: 2005 

overview. Journal of Molecular Structure: THEOCHEM. (2005). 729: 99-108. 

[5] Turro, N. J., Ramamurthy, V., Scaiano, J. C. (2009). Principles of Molecular 

Photochemistry: An introduction. University Science Books. 

[6] Ribas Gispert, J. (2008). Coordination chemistry. Wiley VCH.  

[7] Jensen, F. (2007). Introduction to computational chemistry. Second edition. 

Wiley.  

[8] Atkins, P., De Paula, J. (2006). Physical chemistry. Eighth edition. Oxford 

university press.  

[9] Merényi, G., Lind, J. S. Role of a peroxide intermediate in the 

chemiluminescence of luminol. A mechanistic study. J. Am. Chem. Soc. (1980). 

102: 5830-5835. 

[10] Levine, I. N. (2005). Quantum chemistry. Fifth edition. Pearson Prentice Hall. 

[11] Worth, G. A., Cederbaum, L. S. Beyond Born-Oppenheimer: Molecular 

dynamics through a conical intersection. Annu. Rev. Phys. Chem. (2004). 55: 127-

58. 

[12] Roca-Sanjuán, D., Aquilante, F., Lindh, R. Multiconfigurational second-order 

perturbation theory approach to strong electron correlation in chemistry and 

photochemistry. WIREs Comput Mol Sci. (2012). 2: 585-603. 

[13] Sheppard, D., Terrel, R., Henkelman, G. Optimization methods for finding 

minimum energy paths. J. Chem. Phys. (2008). 128: 134106-134116. 

[14] Delchev, V. B., Sobolewski, A. L., Domcke, W. Comparison of the non-

radiative decay mechanisms of 4-pyrimidone and uracil: an ab initio study. Phys. 

Chem. Chem. Phys. (2010). 12: 5007-5015 


