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Resumen 

El cáncer es una de las mayores causas de muerte en el mundo. Debido a que existen 

varios tipos de cáncer, actualmente existen también diferentes tipos de tratamientos que 

son usados dependiendo del tipo y qué tan avanzado está la enfermedad. Uno de estos 

tipos de tratamiento es la fototerapia. Este tipo de terapia llama bastante la atención 

debido a que tiene ciertas ventajas en comparación a otros tipos de tratamiento 

convencionales como la quimioterapia, por ejemplo, tiene mínima invasión y es bastante 

selectiva. Este tipo de terapia tiene dos tipos: la terapia fotodinámica y la fotoactivación. 

Esta última consiste en un proceso independiente de oxígeno en el que una droga 

fotosensible inactiva se activa al ser irradiada con un tipo de luz específica, generando, 

por ejemplo, especies reactivas que actúan contra los tumores.  

El uso en aumento de la fototerapia ha llevado a la búsqueda de nuevas estrategias que 

mejoren la actividad fotosensible. Una de estas estrategias es el aumento del cruce 

intersistema aumentando el acoplamiento spin-órbita para mejorar la fotosensibilidad. El 

aumento del acoplamiento spin-órbita permite transiciones que antes estaban prohibidas, 

por lo que podría promover que una molécula absorba en el rango de longitud de onda 

deseado para fotoactivación (620-850 nm) y al mismo tiempo podría incrementar los 

canales disociativos disponibles, favoreciendo el carácter disociativo de la molécula 

fotosensible. 

El presente trabajo es un estudio teórico y experimental para determinar qué estrategias 

podrían favorecer el acoplamiento spin-órbita para favorecer la absorción de complejos 

metálicos en el rango de longitud de onda deseado para fotoactivación (620-850 nm) y 

para plantear una potencial droga para fotoactivación. En primer lugar, se realizó una 

búsqueda computacional de un complejo de Co3+ que absorba luz en el rango de longitud 

de onda deseado para fotoactivación gracias al efecto de acoplamiento spin-órbita. Este 

complejo fue sintetizado y caracterizado. Luego, se realizaron varias modificaciones 

computacionales en este complejo (cambio de metal, substituciones aromáticas y cambio 

de solventes) para estudiar cómo estas estrategias favorecen el acoplamiento spin-órbita. 

Finalmente, se añadieron computacionalmente ligantes salientes en el complejo para 

estudiar una posible droga para fotoactivación. 

 

Palabras clave: fotoactivación, acoplamiento spin-órbita, complejo metálico 
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Abstract 

Cancer is one of the principal causes of death worldwide. Given the fact that there are 

several types of cancer, nowadays there are different types of treatments that are used 

depending on the type and on the advance of the disease. One of the cancer treatments is 

phototherapy. This therapy attracts attention given that it has some advantages over other 

traditional treatments such as chemotherapy, for instance, it has less invasiveness and is 

very selective. Phototherapy has 2 types: photodynamic therapy and photoactivation. This 

last is an oxygen-independent process in which an inactive photosensitizer is activated 

upon irradiation with a specific type of light, producing for example, reactive species that 

act against tumors.  

The increasing use of phototherapy has augmented the search for new strategies that 

enhance photosensitivity. One strategy is to increase intersystem crossing by increasing 

Spin-Orbit Coupling in order to enhance photosensitivity. Spin-Orbit Coupling allows 

transitions that were forbidden before, so, it could favor the absorption of a molecule in 

the desired range for photoactivation (620-850 nm) and at the same time it could increase 

the available dissociative channels, enhancing the dissociative character of the 

photosensitizer. 

This work is a theoretical and experimental study to determine which strategies could 

favor Spin-Orbit Coupling to favor metallic complexes absorption in the desired range 

for photoactivation (620-850 nm) and present a potential drug for photoactivation. First 

of all, a computational search for a Co3+ complex that absorbs in the desired range for 

photoactivation due to Spin-Orbit Coupling effects was done. This complex was then 

synthesized and characterized. Then, several computational modifications were done to 

this complex (change of metal, aromatic substitutions and solvent change) to study how 

these strategies could favor Spin-Orbit Coupling. Finally, leaving ligands were added 

computationally to the complex to study a potential drug for photoactivation. 

 

Key word: photoactivation, Spin-Orbit Coupling, metallic complex   
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Chapter 1: Introduction 

1.1 Introduction 

Cancer is one of the main causes of death worldwide (1). In these terms, cancer is a 

disease in which some of the body’s cells grow uncontrollably and spread to different 

parts of the body (2). Cancerous tumors can invade nearby tissues and do metastasis, 

which is the formation of new tumors in other parts of the body (2). Due to the different 

types of cancer, there are different treatments proposed depending on its type and on how 

advanced it is (2). There are several treatments such as chemotherapy (use of drugs to kill 

cancer cells), hyperthermia (body tissue is heated to help damage and kill cancer cells), 

immunotherapy (enhancement of the immune system), radiation therapy (use of high 

doses of radiation to kill cancer cells), etc. Several other treatments have been proposed 

for this disease, with the objective of alleviating critical side effects caused by 

conventional treatments such as chemotherapy (1). For instance, phototherapy has 

attracted attention in the treatment of this disease due to its high spatial-temporal 

controllability and minimal invasiveness (3). In addition, phototherapy consists of two 

types: photodynamic therapy and photoactivation therapy.  

Photodynamic therapy consists of the use of a drug (photosensitizer) that is activated by 

light, generating highly reactive species that lead to tumor cell death by causing damage 

on various cellular components (2,4,5). This therapy has been approved by FDA for the 

treatment of actinic keratosis, advanced cutaneous T-cell lymphoma, Barret esophagus, 

basal cell skin cancer, esophageal cancer, non-small cell lung cancer and squamous cell 

skin cancer (2). The therapy is a two-step process: first, the patient receives a 

photosensitizer (by mouth, spread on skin or intravenously) and after 24 to 72 hours the 

tumor is exposed to the light source (2). One of the most important benefits of this therapy 

is that the damage is limited to sick cells, given that the photosensitizers tend to build up 

in abnormal cells, and then, the light is focused directly on them (2). On the other hand, 

photoactivation therapy is oxygen-independent, and it involves the activation of a prodrug 

upon irradiation with a specific light. The activation generates cytotoxic species or heat 

that act against the tumor cells (3). It is important to mention that photoactivation has 

advantages over photodynamic therapy; the former depends highly on oxygen, so its 

efficacy is limited in tumors with low levels of oxygen (3,6).  

Due to the increased use of phototherapy, the search for new prodrugs has gained 

importance, as well as the search for strategies to improve photosensitizer’s activity. It 

has been reported previously that intersystem crossing, a non-radiative electronic 

transition between two states of different multiplicity, can be enhanced, and its 

enhancement can improve photoactivation activity (7). In these terms, one of the 

strategies to improve intersystem crossing is the enhancement of Spin-Orbit Coupling, 

which happens to be important for the photoactivation mechanism of several platinum-

based photoactivated drugs (7). Moreover, the enhancement of Spin-Orbit Coupling 

(SOC) effect could enhance the complex absorption at the specific wavelength of 

activation (620-850 nm) and favor dissociative character by making more dissociation 

channels available. 
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In this work, a cobalt complex with Spin-Orbit Coupling effect will be proposed 

theoretically and then synthesized and characterized. In addition, several strategies to 

improve the photoactivation properties of this cobalt complex will be studied, including 

the use of different solvents, the addition of several functional groups to the ligand’s 

structure and the change of the metal, to determine which strategies are better to improve 

Spin-Orbit Coupling, and therefore, to improve photoactivation. Finally, a potential cobalt 

prodrug for photoactivation will be proposed.  

1.2 Problem Statement 

Phototherapy is nowadays a promising cancer treatment that replaces conventional 

strategies such as chemotherapy. Several benefits in comparison to other treatments is its 

high spatial-temporal controllability and minimal invasiveness. Phototherapy can be of 

two types: photoactivation and photodynamic therapy. The first one has the advantage 

over the second that its mechanism of action doesn’t depend highly on oxygen, so, its 

application is less limited. For this type of therapy, it is needed an inactive molecule 

(photosensitizer) that becomes an active agent upon irradiation with a specific light.  

As photoactivation is more used, there has been a constant search of new prodrugs, and 

in this search, metallic complexes have been suggested as potential candidates due to the 

interesting electronic properties that they show, especially when d-block metals are used. 

Several metallic complexes have been proposed as potential photosensitizers, principally 

platinum complexes. As recently suggested, the photosensitizing activity can be enhanced 

by improving Spin-Orbit Coupling effect. This effect contributes with new transitions that 

were forbidden before, so, systems that are not expected to have certain transitions will 

have them thanks to this effect. Therefore, a particularly promising route to improve 

photoactivation properties is a molecular design including Spin-Orbit Coupling, which 

could enhance the complex absorption in the specific wavelength of activation (620-850 

nm, maximum depth penetration into mammalian tissue) and favor dissociative character 

by making more dissociation channels available.  

Consequently, a theoretical and experimental study is proposed in order to determine 

which strategies can enhance Spin-Orbit Coupling to favor absorption of a metallic 

complex in the specific wavelength of activation for phototherapy purposes and introduce 

a potential cobalt prodrug for photoactivation. 

1.3 General and Specific Objectives 

1.3.1 General Objective 

Determine which strategies can increase Spin-Orbit Coupling in order to favor absorption 

of a metallic complex in the specific wavelength of activation (620-850 nm) and introduce 

a potential cobalt prodrug for photoactivation. This wavelength of activation must be 

taken into account given that this range is the maximum depth penetration into 

mammalian tissue. 
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1.3.2 Specific Objectives 

 Computational search for a Co3+ complex with SOC effect (Geometry 

optimization and TD-DFT calculation). 

 Synthesis and characterization of a cobalt complex that presents the more useful 

SOC effect for photoactivation purposes. 

 Computational study of strategies that could modify SOC effect using different 

metals, substituents and solvents (Geometry optimization and TD-DFT 

calculation). 

 Computational study of a potential cobalt prodrug for photoactivation (Geometry 

optimization and TD-DFT calculation). 
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Chapter 2: Theoretical Framework 

2.1 Coordination Complexes 

A coordination complex is a system in which a metal ion is attached to coordinated groups 

through coordinate bonds (8). These coordinated groups are called ligands and they are 

neutral molecules or ions that have at least one pair of electrons available to donate to the 

metal ion. In the coordinate bonds the ligands act as Lewis bases, so they donate a lone 

pair of electrons to the metal ion, which acts as a Lewis acid. Coordination complexes 

have a variety of geometries, such as tetrahedral, square plane and octahedral, which are 

the most common. The main metal ions involved in coordination complexes are 

transition-metals in their different oxidation states. Transition metals have their d subshell 

available, so, coordination complexes have a variety of d-shell configurations. The 

different possible electronic configurations lead to coordination complexes presenting 

interesting magnetic properties, so they can be diamagnetic (no unpaired electrons) or 

paramagnetic (one or more unpaired electrons), and that they present color, which is 

mainly due to d-d transitions that occur in the visible spectrum (9).  

To describe the orbitals of coordination complexes, Crystal Field Theory is mainly used 

(8,9). This theory considers that the 5 metal d orbitals are split into different energy levels 

due to the presence of point metal charges (lone pair of electrons of the ligands) (9). This 

split depends on the geometry of the complex, giving different electronic configurations. 

The difference between the energy levels is called splitting energy, and it is obtained by 

measuring the energy absorbed when an electron is excited from the lower energy state 

to a higher energy state (9). The magnitude of the splitting energy depends on the charge 

of the metal ion, transition series, geometry, and ligand to which metals are bonded to; 

some ligands favor Low-Spin configurations (bigger split energy, strong field) while 

others favor High-Spin configurations (lower split energy, weak field). Different 

electronic configurations are obtained for these 2 cases, as it is observed in Figure 1, 

which shows an octahedral crystal field diagram for a low (Figure 1.a.) and high spin 

complex (Figure 1.b.).  

 
Figure 1 

Crystal field diagram for an octahedral complex in a) low-spin configuration and b) high-spin 

configuration. Taken from (9) 

The chemical behavior of metals can be significantly changed by the coordination to the 

ligands, for example, the coordination of magnesium to chlorin in chlorophyll changes its 

electronic properties, making chlorophyll able to absorb visible light, which the metal 

a) b) 
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alone cannot (9). In these terms, transition-metal complexes are very interesting since 

properties such as spin/oxidation state or electronic/optical properties can be tuned 

through ligand design and metal selection (10). 

2.2 Electronic Transitions and Electronic Spectra of Coordination Complexes 

A distinctive characteristic of coordination complexes is that they present color. The color 

that is observed is the complementary to the color absorbed. The energy of 

electromagnetic radiation that is absorbed by the complex during the excitation of an 

electron to a higher energy state is described by equation 1 (9). 

𝐸 = ℎ𝑣 = ℎ𝑐/𝜆 

From equation 1, the wavelength 𝜆 of the light absorbed by the coordination complex can 

be calculated. The transitions responsible of the complexes color can be of different types: 

a. Ligand transitions 

b. Charge transfer transitions 

c. d-d transitions 

d. Counter-ion transitions 

If these transitions fall into the visible region, they will be responsible for the color 

exhibited by complexes. The ligand transitions correspond to π → π* or n → π* transitions 

that occur in the UV region when the ligands of the complex have a π-electron system 

(11). These bands usually correspond to. The first are observed for molecules that have 

double or triple bonds without atoms that have non-bonding electrons, and the second are 

observed for molecules that have a lone pair of electrons and a π-bond (11). In addition, 

charge transfer absorptions can happen in two ways: ligand to metal charge transfer 

(LMCT) and metal to ligand charge transfer (MLCT) (11,12). Also, d-d transitions are 

mainly d-electron excitations from a lower energy state to a higher energy state. Finally, 

many ions have high intensity absorption bands in the UV region. The different types of 

transitions have an associated molar extinction coefficient ε, which is related to the 

intensity observed in the spectrum. For instance, the charge transfer transitions have a 

molar extinction coefficient of 1 000 to 55 000 L.mol-1cm-1, ligand transitions have a 

coefficient on the order of 10 000 L.mol-1cm-1 and d-d transitions have a coefficient of 

0,5 to 20 L.mol-1cm-1. This difference in intensity is observed in Figure 2. 

(Equation 1) 
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Figure 2 

UV-Vis spectrum of a coordination complex. Taken from (13) 

It is important to mention that the intensity of the absorption bands depends on whether 

the transition is allowed of forbidden (higher and lower intensity, respectively). The 

selection rules that govern transitions between electronic energy levels are (11,12,14,15): 

a. Spin selection rule: only transitions between states with the same spin multiplicity 

are allowed (ΔS = 0) 

b. Laporte selection rule: only transitions between states with different symmetry 

with respect to an inversion center (gerade or ungerade) are allowed. 

d→d transitions are Laporte forbidden, but they can be observed in a UV-Vis spectrum 

because of an exception to this rule. Moreover, relaxation of the Laporte and Spin 

selection rules that allow forbidden transitions to be observed in the UV-Vis spectrum can 

occur due to (14): 

a. Vibronic coupling: bonds vibrate and this can distort the molecular geometry, thus, 

can cause temporary loss in symmetry, allowing the Laporte forbidden transitions.  

b. Orbital mixing: hybrid orbitals can allow transitions that would otherwise be 

forbidden in pure orbitals. 

c. Spin-Orbit Coupling: spin forbidden transitions occur by the shift in the electron’s 

atomic energy levels. The strength of the transitions increases with the size of the 

Spin-Orbit Coupling (16) 

The d-d transitions of coordination complexes can be determined using the Tanabe-

Sugano diagrams. These are the energy plots of various electronic states of every electron 

configuration of coordination complexes for both high and low spin configuration cases 

(15). In these diagrams, the ground state is set as reference and the energy of all the other 

states are plotted with respect to it (15). The transitions expected in the UV-Vis spectrum 

are those between states with the same multiplicity. 

2.3 Phototherapy 

Phototherapy is the treatment of a disease that involves certain types of light. This kind 

of therapy offers selectivity, at least for locally confined tumors, that can be achieved by 
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activating an anticancer agent with light in a particular body area (3,17). It focuses on the 

different decays pathways that follows photoexcitation, which can be radiative energy 

release, loss of ligands or transfer of energy to other species, such as triplet oxygen (18). 

Phototherapy can be of two types: photoactivated and photodynamic therapy (3).  

On one hand, photoactivated therapy is oxygen-independent, it involves light-mediated 

chemical changes of prodrugs, which means that an inactive prodrug is transformed into 

an active agent upon irradiation (3). The processes in which prodrugs are activated can 

be (3,18): 

a. Photoreduction: the complex is reduced upon irradiation to release cytotoxic 

species and ligands. 

b. Photosubstitution: a complex with photolabile ligands undergo ligand dissociation 

followed by solvent substitution. 

c. Photocleavage of ligand: cleavage of organic bonds occurs after photon 

absorption by the metal center. 

d. Photoswitching: complexes bridged by a ligand that change their geometry or 

chemical properties upon irradiation to alter the cytotoxic properties. 

e. Photothermal reaction: conversion of excited state energy to thermal energy 

(heat), which can destroy the tumor.  

An example of metal-based photoactivated drugs are platinum-based drugs (3,17). Since 

the discovery of cisplatin and its approvement to be used as anticancer treatment in 1978, 

several platinum-based drugs have been proposed. Due to the notable 

photodecomposition feature of Pt4+ complexes, it was suggested that this metal is a 

potential photoactivated chemotherapy prodrug (3). In addition, since transition metal 

azido complexes are light sensitive, azido-platinum complexes have been proposed for 

photoactivation therapy (3). Therefore, there are photoactive Pt4+ complexes that act by 

the release of cytotoxic Pt2+ species and radicals upon irradiation (3). Pt4+-azide 

complexes are very promising photoactivated drug candidates as they are stable in the 

absence of light but release cytotoxic products upon irradiation (17). For example, when 

diazido Pt4+ drugs are irradiated with visible light, they release cytotoxic azidyl radicals 

and reactive oxygen species, as well as DNA-binding Pt2+ species (3). It is important to 

remark that photoactive drugs contain axial, non-leaving and leaving ligands: axial 

ligands are used to tune the physical and chemical properties of the complexes, while the 

leaving ligands will be the cytotoxic released components of the drug (3). Figure 3 shows 

several action modes for platinum-based anticancer drugs.  
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Figure 3 

Different action modes for platinum-based anticancer drugs. Taken from (19) 

In this kind of process, electronic transitions that contribute to the dissociative character 

of the leaving ligands are fundamental. These electronic transitions can be singlet or 

triplet. Upon excitation to higher energy levels, internal conversion and intersystem 

crossing can occur to other states, singlet or triplet (17,20). These states can favor 

dissociative character as they make many more dissociation channels available, and even 

if these states are not dissociative, they can act as intermediate doorway states toward 

dissociation channels (17). Spin-Orbit Coupling favors this process by inducing large 

energy splitting, which allows ultrafast intersystem crossing shortly after photoexcitation 

(17).  

On the other hand, in photodynamic therapy it is involved a photosensitizer, light and 

oxygen. In this type of therapy, photosensitizers excited by light produce electronically 

excited species that can react with O2 present in the medium and generate highly reactive 

species (ROS) such as singlet oxygen 1O2 and superoxide anion O2
*- (4,5,6). ROS can 

cause an imbalance of the redox state of tumor cells and lead to cell death by causing 

damage on various cellular components (4). More precisely, the mode of action of this 

therapy is as follows: a photosensitizer is irradiated with light of a specific wavelength, it 

absorbs energy and goes from a ground state S0 to an excited singlet state S1, then, through 

intersystem crossing, this S1 state passes to an excited triplet state T1 that has a longer 

lifetime, allowing to transfer electrons to different molecules, and then, return to its basal 

state S0 (4,6).  At this point, there are 2 different pathways (4,6). In Type II Redox 

Reactions, the oxygen that is in a ground triplet state 3O2 accepts this energy and forms a 

singlet oxygen 1O2. In Type I Redox Reactions, transfer reactions of hydrogen atoms or 

electrons with O2 or with different substrates occur, so, free radicals and other ROS will 

be formed, for instance, superoxide ions. A scheme of this process is shown in Figure 4. 

These two processes happen simultaneously, and their proportion depends on the type of 

photosensitizer as well as the concentration of substrates and oxygen (4). It is important 

to mention that the radiative transition from S1 → S0 with the emission of photon is known 

as fluorescence and from the T1 → S0 is known as phosphorescence (4).   
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Figure 4 

Molecular mechanism of photosensitizers. Taken from (19) 

Some examples of photosensitizers used for medical purposes are shown next: 

a. Photofrin®: is a mixture of oligomeric hematoporphyrin derivatives used to treat 

bladder cancer with red light (630 nm). 

b. Foscan®: derivate from chlorin. It has been approved for clinical photodynamic 

therapy with red light (652 nm) and is used for head and neck and lung cancer.  

c. Redaporfin: derivate from bacteriochlorin. It can be activated with infrared light 

(749 nm) and used for head and neck cancer. 

These photosensitizers can be classified in protoporphyrin IX precursors, porphyrin 

derivatives, chlorin derivatives, bacteriochlorin derivatives and phthalocyanine 

derivatives (4,6). Most of them have in their structure highly electron delocalized systems 

and they absorb wavelengths between 500 and 700 nm. Some examples of FDA approved 

anticancer photosensitizers are shown in Figure 5. 

 
Figure 5 

Some commercial anticancer photosensitizers. Taken from (6) 

Also, metal-based complexes are widely used in photodynamic therapy. These complexes 

have advantages in the design of photosensitizers due to the fact that they can improve 

stability, photocytotoxicity and also they allow their quantification and localization by 

techniques such as ICP-MS (6). Some examples of metal-based photosensitizers under 

development are shown in Figure 6. 
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Figure 6 

Metal-based photosensitizers. Taken from (6) 

An important difference between the two types of phototherapy is that photoactivated 

agents generally decompose upon irradiation, while photodynamic agents are photostable 

(20). However, an important problem of photodynamic therapy is that the mechanism of 

action depends highly on oxygen, which limits the efficacy in tumors with low levels of 

oxygen. In these cases, photoactivation therapy might be better (6). Nevertheless, it is 

important to remark that in general, phototherapy has the advantage that the treatment is 

highly controllable, spatially and temporally with minimal invasiveness (3,6,18).  

It is also important to mention that d-block metals complexes are promising prodrug 

agents for phototherapy. Metals have excited states that are easily accessible by irradiation 

with visible and UV light. Among metals, d3 and d6 electronic configurations are very 

promising due to the favorable photophysical properties and the relative non-lability of 

the complexes with this configuration (18). For instance, Cr, Co, Ru, Rh, Re, Os, Ir, Pt 

and Au have well-documented photochemical activity, and Rh, Pt and Au have also 

anticancer activity (18,47,48). 

When a metal complex is photoexcited, photochemical reactions such as ligand 

dissociation or redox processes, can happen at any stage during the decay back to the 

ground state, so, it is important not only the nature of the excited state, but the energy and 

nature of closely-lying states that determine the population and depopulation of reactive 

states (18). In these terms, the excited state reactivity of metal complexes can be described 

by the following transitions (18): 

a. Metal-centered (d-d) transitions: they usually populate antibonding orbitals, 

leading to bond lengthening and favoring ligand substitution. These transitions 

can favor the release of a bioactive molecule for example.  

b. Charge-transfer transitions: they can lead to redox reactions. 

c. Ligand-centered transitions 

In metallic complexes in which the charge-transfer absorption band is separated from the 

d-d transitions, selective irradiation can control the type of photoreaction. 

Important features of potential metal-based drugs for phototherapy are that they must be 

aqueous soluble and stable in biological media. Also, they must show low dark 
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cytotoxicity, tumor-specific accumulation, high photocytotoxicity (large difference 

between cytotoxicity in the presence and absence of irradiation), low skin photosensitivity 

and easy administration, combined with long wavelength fluorescence emission, large 

molar absorption coefficient and photostability (6,7,18). Also, the wavelength of 

activation should be ideally within 620 and 850 nm, given that this range has the 

maximum depth penetration into mammalian tissue (6,18). 

2.4 Improving photosensitizer efficiency 

It has been reported previously that the photosensitizing efficiency of photosensitizers 

can be improved by raising the intersystem crossing from states of different multiplicity 

(7). This can be achieved by different methods: 

a. Reducing the energy gap between singlet and triplet states: this is achieved by 

integrating enhanced electron donating-accepting interaction to conjugated 

chromophores (7).   

b. Improving the Spin-Orbit Coupling process: this is achieved by integrating heavy 

atoms or carbonyl with n and π orbital to the photosensitizers (7). It is important 

to mention that the rate constant of intersystem crossing (κISC) is correlated to the 

Hamiltonian for Spin-Orbit Coupling, which means that the Spin-Orbit Coupling 

values is of superior influence on the intersystem crossing efficiency (7). Carbonyl 

groups are known to show high Spin-Orbit Coupling effects due to their hybrid 

singlet-triplet transition electronic configuration that contains both n and π orbitals 

(7). 

c. Using photosensitizers with aggregation-induced emission (AIE): these materials 

have good photostability, high concentration tolerance, low dark toxicity, and high 

fluorescence quantum yield in aggregate state. Also, they promote energy transfer 

from singlet to triplet states due to the inhibition of non-radiative transition in the 

aggregation state (7). 

Therefore, a good strategy for improving intersystem crossing is to find a strong electron 

donating-accepting group that presents large Spin-Orbit Coupling simultaneously.   

2.5 Spin-Orbit Coupling 

At the nonrelativistic level of theory, the nonrelativistic interaction Hamiltonian doesn’t 

have spin-dependent terms, so, transitions between states of different spin multiplicities 

are strictly forbidden (21). In the relativistic theory, Spin-Coupling Hamiltonians are 

considered, being the Spin-Orbit Coupling the most important of the spin-dependent 

terms (21). The most widespread SOC Hamiltonian is an operator that incorporates the 

screening of the one-electron terms due to the two-electron interactions by an effective 

charge. This Hamiltonian in shown in equation 2. 

 

Therefore, Spin-Orbit Coupling is a fully relativistic one-particle theory for spin ½ 

systems (20). In general, Spin-Orbit Coupling is a relativistic effect that is observed when 

(Equation 2) 
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a particle with non-zero spin moves around a region with a finite electric field (22), as 

seen in Figure 7. The orbital motion of the electron around a positively charged nucleus 

(based on the Bohr atomic model) is the responsible of the presence of this finite electric 

field. When the electron’s spin interacts with this electric field, Spin-Orbit Coupling 

causes a shift in the electron’s atomic energy levels, therefore affecting the electronic 

transitions (23). Then, Spin-Orbit Coupling give rise to exotic electronic and magnetic 

states, principally in transition metals (24). However, the nature of the metal must be 

discussed, as some metals can be described reasonably accurate with the spin-only model 

(Heisenberg Model), which assumes that the orbital angular momentum of the d orbitals 

is quenched by their splitting by the crystal field effect, ruling out any orbital effects. This 

approximation is enough for 3d systems, but there are some exceptions such as Ni, Cu 

and Co. Therefore, some metals with small Spin-Orbit Coupling interaction are Li, Al, V, 

Cr, Mn, Ni and Cu (25). For 4d and 5d, orbital effects are more significant (24). Moreover, 

electronic and magnetic properties of f-electron systems are heavily influenced by strong 

Spin-Orbit Coupling (24). It is important to mention that not only metals present Spin-

Orbit Coupling, but also high Z-elements such as Pb or Bi. 

 
Figure 7 

Representation for Spin-Orbit Coupling. Taken from (26) 

The Spin-Orbit Coupling scales approximately with the fourth power of the nuclear 

charge Z4 due to the Z/r3 dependence of its leading one-electron term, as seen in equation 

2 (20, 24). The values of the Spin-Orbit Coupling strength can vary from a few tenths of 

a milli eV in 2p elements to several eV in 6p elements. However, this doesn’t mean that 

Spin-Orbit Coupling should only be considered when dealing with heavy metals; on the 

contrary, it is only necessary that two electronic states of different multiplicity are close 

in energy, and in these cases, a small coupling matrix element is enough to induce an 

efficient transition between the states (20). An example of this behavior is formaldehyde; 

as it is a simple small organic molecule, no luminescent properties are expected. However, 

phosphorescence is observed in this molecule as the result of the transition 1A1 ← 3A2 (n 

← π*) that is forbidden by spin selection rules, but that gains intensity due to the spin-

orbit interaction of the 3A2 state with singlet states (27). This behavior is rarely observed 

in electronic ground-state reactions, but it is more present in processes involving 

electronically excited states. Also, Spin-Orbit Coupling in organic molecules are crucial 

for determining mechanisms of chemical reactions that occur via triplet states. Molecules 

that often present Spin-Orbit Coupling interaction are many-atomic conjugated molecules 

and the responsible are the singlet-triplet pairs ππ* and σπ*, ππ* and nπ* or σπ* and σσ* 

(28). Also, the presence of sulfur and nitrogen can provide nπ* transition character for 

efficient Spin-Orbit Coupling (39).  
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An important process that occurs due to Spin-Orbit Coupling effects is intersystem 

crossing. When a molecule is photo-excited, there are two possible processes: radiative 

and nonradiative deactivation processes. Within the nonradiative processes there can be 

mentioned the internal conversion and the intersystem crossing. Figure 8 shows a 

representation of these processes by the Jablonski diagram. 

a. Internal conversion (IC): is the nonradiative transition between two states of equal 

spin multiplicity (20). 

b. Intersystem crossing (ISC): is the nonradiative transition between two states of 

different multiplicity (20). This process is forbidden in non-relativistic quantum 

theory. 

 
Figure 8 

Jablonski diagram. Taken from (29) 

Intersystem crossing is an example of spin-forbidden transitions, as they occur between 

electronic states that have different spin multiplicities. The intersystem crossing between 

singlets and triplets arises from spin-orbit interaction and it is the main contributor to the 

creation of spin polarization (30,31). In this process, a singlet excited electronic state 

makes a transition to a triplet excited state at the point where the potential energy curves 

for the singlet and triplet excited state intersect; this transition is forbidden in the absence 

of Spin-Orbit Coupling (32). Typically, a vibrational level of an excited singlet state is 

spin-orbit coupled to the dense manifold of vibrational levels of a lower-lying triplet state, 

or a triplet vibrational level is coupled to the dense manifold of vibrational levels of a 

lower-lying singlet state (usually the ground state) (31). Spin-mixed states can gain access 

to spin-forbidden states, so that for example, it is possible to transfer spontaneous 

fluorescence intensity from a short wavelength S1 → S0 transition to the longer 

wavelength of a S1 ~ Tn → T1 transition (31). The triplet state can reach its lowest 

vibrational state by collisions with other molecules; the transition from this state to the 

singlet state is forbidden in the absence of Spin-Orbit Coupling and results in the slow 

emission of phosphorescence (32). Metal complexes generally emit from triplet states, 

so, phosphorescence dominates (18). Due to the efficient intersystem crossing promoted 

by the metal ion, the lifetime of these triplets can be between 50 ns and 1 µs, and their 

emission quantum yield is relatively high (18). 
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It is important to mention that there are some strategies that can modulate intersystem 

crossing: 

a. Heavy-atom effect 

The presence of an atom of high atomic number, which can be part of or external to 

the excited molecular entity, can enhance the rate of a spin-forbidden process. This 

is due to the linear dependence of the one-electron SOC Hamiltonian on the effective 

nuclear charge and its inverse cubic dependence on the orbital radius, as seen in 

equation 2. So, Spin-Orbit Coupling constants of the atoms increase strongly when 

they move from left to right or from top to bottom in the periodic table (21). Two 

types are possible: 

i. Internal heavy-atom effect 

It means the replacement of a constituent element by a heavier homologue. For 

example, halogenation is known to enhance radiative and non-radiative singlet-

triplet transitions. However, indirect effects such as energy shifts or changes in the 

composition of the wavefunctions must also be considered, so, heavier atoms do 

not always present higher SOC constants (21).  

ii. External heavy-atom effect 

It means an enhancement of singlet-triplet transitions if a system is embedded in 

a matrix, for example, in alkyl halide matrices or solutions, the effectiveness of 

the perturbation increases in the order Cl<Br<<I (21). 

 

b. Environment effects 

Two types are possible: 

i. Solvent polarity and reorganization 

Solvatochromic response of the solute can tune the wavelength of absorption and 

emission spectra, and it can have a large impact on the rates or mechanisms of 

nonradiative transitions (21). This phenomenon depends strongly on the 

magnitude and the orientation of the solute’s static dipole moments in the ground 

and excited states (21). Therefore, the solvent-solute interaction can stabilize a 

state over the other, for instance, solvent reorganization can stabilize the charge 

distribution in the excited state, destabilizing the ground state (21). The favorable 

or non-favorable interaction in polar solvents can cause bathochromic or 

hypsochromic shifts respectively (21). 

ii. Hydrogen bonding 

Hydrogen bonding between a specific state and the solvent can favor some 

transitions over others. For instance, in a polar protic environment, flavin 

molecules in the singlet state 1 no longer have access to the triplet state 2, which 

mediates a fast ISC passage to the triplet 1 in nonpolar environments (21). 
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However, it is important to mention that even if the factors that control the probability of 

intersystem crossing are known, the modulation will not be easy, since side effects on the 

electronic structure and the energetics of the excited states can be observed. 
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Chapter 3: Methodology 

3.1 General procedure 

i. Three Co3+ complexes were studied computationally to select one in which SOC 

effects favor a transition in the specific wavelength of activation (620-850 nm) 

ii. The selected cobalt complex was synthesized and characterized. 

iii. Three strategies were studied computationally to determine if they can increase 

the SOC effects in the Co3+ complex: change of the metal, substitutions of the 

aromatic ring and change of solvent. 

iv. Leaving ligands were added to the Co3+ complex and it was studied 

computationally to determine if it could be a potential prodrug for photoactivation. 

3.2 Theoretical approach 

The complexes were studied computationally by the following procedure: 

i. An initial structure was outlines in Avogadro software. 

ii. The structure was optimized using the orca program with the following 

parameters: B3LYP, def2-SVP and D3BJ 

iii. The optimized structure with the lowest energy was selected. If other structures 

are less than15 kJ/mol different from the lowest energy structure, they were are 

selected. 

iv. The excited states of the optimized structure(s) were calculated using TD-DFT 

with the following parameters: CAM-B3LYP, def2-TZVP, D3BJ and CPCM with 

the respective solvent. 

v. The excited states with SOC contributions of the optimized structure/s were 

calculated using TD-DFT with the following parameters: CAM-B3LYP, def2-

TZVP, D3BJ and CPCM with the respective solvent. 

vi. The calculated UV-Vis spectra with and without SOC effects were plotted. 

3.3 Experimental approach 

The complex selected was synthesized experimentally and characterized by different 

techniques. The one selected was a complex of cobalt with diphenylcarbazide. 

3.3.1 Synthesis 

0.2482 g (1.024 mmol) of diphenylcarbazide was first solved in 10 mL methanol at 20 °C 

and a pale rose solution was obtained. On the other hand, 0.2390 g (1.004 mmol) of 

CoCl2
.6H2O was dissolved in 10 mL methanol at 70 °C and a blue solution was obtained. 

Then, the solution of diphenylcarbazide was slowly added to the metal solution and the 

solution was held stirring under reflux at 80 °C for 4 hours. During the reaction was 

observed a notable change in color, from pale rose (diphenylcarbazide alone) to dark 

violet at the end of the reaction. After 4 hours of reaction the mixture was let to cool. The 

mixture was vacuum filtered and the solvent was let to evaporate for 24 hours. The 

remaining solid (0.3679 g) was then recovered.  

3.3.2 Characterization 

i. The melting point of the reagents and the complex were measured. 
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ii. The reagents and the complex were characterized using FT-IR between 400 and 

4000 cm-1. The vibrations were assigned using infrared correlation tables (44).  

iii. The reagents and the complex dissolved in ethanol were characterized using 

UV-Vis between 200 and 1000 nm. 

iv. The reagents and the complex were studied in the paramagnetic balance. The 

magnetic susceptibility calculation was done using the Pascal’s Constants for 

Diamagnetic Corrections (45). 

v. The complex was studied by atomic absorption in order to determine its 

stoichiometry: a 10 ppm standard using CoCl2.6H2O dissolved in water was 

used to plot a 5-point calibration curve to determine the mass of cobalt in the 

sample. It is important to mention that 4 measurements of the sample were 

taken. 

vi. A study on conductivity of the complex dissolved in ethanol was carried. 

vii. The solid complex was characterized using UV-Vis between 200 and 800 nm.  
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Chapter 4: Results and Discussion 

4.1 Search for a Co3+ complex with Spin-Orbit Coupling effect 

Co2+ and Co3+ have well-documented photochemical activity and they are expected to 

have SOC effect (18). Due to the high availability of this metal in the laboratory, cobalt 

was proposed as a starting point. It is important to mention that Co2+ is a d7 species, 

whereas Co3+ is a d6 species, so, Co3+ was chosen given the fact that singlet-to-triplet 

transitions are possible to study (no singlet configuration is possible for Co2+). In addition, 

it is reported that d6 electronic configurations are very promising complexes for 

photoactivation purposes due to their favorable photophysical properties and the relative 

non-lability.  

4.1.1 Co3+ with cyanide ligands 

The cyanide ligand is used to improve the SOC effects in organic molecules (7); therefore, 

it is expected that a complex of Co3+ with cyanide ligands presents SOC effect. 

Consequently, the study of this complex is used to determine if the behavior of SOC 

effects in organic and inorganic systems is similar.  

The complex [Co(CN)6]
3- was simulated and one optimized structure was obtained 

considering the singlet multiplicity as the ground state. In the structure, cobalt has an 

oxidation state of +3 and each ligand has a charge of -1. The metal is complexed to the 

ligands by the carbon, and the complex has an octahedral geometry. With the optimized 

structure, the corresponding UV-Vis spectra was calculated, as well as the SOC spectrum. 

The optimized structures, as well as their corresponding spectra are shown in Figures (9-

10).  

 
Figure 9 

Optimized structure of [Co(CN)6]3- 
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Figure 10 

UV-Vis and SOC spectra of [Co(CN)6]3- 

The complex has Co(III), which is a d6 species, so, d-d transitions are expected. However, 

no transitions are observed in the UV-Vis spectrum nor in the UV-Vis spectrum 

considering the SOC contributions. Therefore, contrary to what was expected, no SOC 

effect was observed after the complexation of cyanide ligands to the metal. 

4.1.2 Co3+ with azide ligands 

Several azide platinum complexes are potential photoactivated drugs, an example is the 

complex trans,trans,trans-[Pt(N3)2(OH)2(Py)(MA)]. This complex is a potential 

photoactive drug due to its capacity to release azide ligands under irradiation and it has 

known SOC effects that contribute to its photoactivation properties (3, 33). Consequently, 

the same ligands of a known azido platinum complex were used to simulate an azido 

cobalt complex. The study of this complex is useful to understand the ligand contribution 

to the SOC effects.  

The complex [Co(N3)2(OH)2(Py)(MA)]- was simulated and one optimized structure was 

obtained, considering the singlet multiplicity as the ground state. In the complex, cobalt 

has an oxidation state of +3, the azide ligand has a charge -1 as well as the hydroxyl 

groups; the pyridine and the methylamine don’t have charge. The complex has an 

octahedral geometry. For the optimized structure, the corresponding UV-Vis spectrum 

was calculated, as well as the UV-Vis spectrum considering the Spin-Orbit Coupling 

contributions. The optimized structure, as well as their corresponding spectra, are shown 

in Figures (11-12). Also, the bands of the spectra (between 300 and 850 nm) will be 

described in detail and the orbitals involved in these transitions will be shown as well 

(Tables 1-3). 



20 
 

 
Figure 11 

Optimized structure of [Co(N3)2(OH)2(Py)(MA)]- 

 

 
Figure 12 

UV-Vis and SOC spectra of [Co(N3)2(OH)2(Py)(MA)]- 
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There are 3 peaks in the UV-Vis spectrum (Figure 12) at 305, 341 and 588 nm. The fact 

that there are 3 peaks (maybe another one more at lower wavelengths) suggests that Co3+ 

(d6 species) favors low spin (4 transition expected).  

Table 1 

Description of the UV-Vis spectrum transitions of [Co(N3)2(OH)2(Py)(MA)]- 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

8 4.066 304.9 HOMO → LUMO (26.88%) 

HOMO-9 → LUMO (17.40%) 

[d-d] 

0.00788 

6 3.629 341.6 HOMO-9 → LUMO+3 (29.22%) 

HOMO → LUMO+3 (20.53%) 

[d-d] 

0.00097 

2 2.121 584.4 HOMO-9 → LUMO (23.27%) 

HOMO-1 →  LUMO (16.02%) 

[d-d] 

0.00071 

Table 2 

Description of the SOC spectrum transitions of [Co(N3)2(OH)2(Py)(MA)]- 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

38 4.077 304.1 S8 (Ms:0) 99.90% 0.01226 

30 3.665 338.3 S6 (Ms:0) 99.38% 0.00136 

17 2.130 582 S2 (Ms:0) 99.23% 0.00101 

State Major Contributions 

S2 HOMO-9 → LUMO (23.27%) 

HOMO-1 →  LUMO (12.97%) 

S6 HOMO-9 → LUMO+3 (29.26%) 

HOMO → LUMO+3 (20.44%) 

S8 HOMO → LUMO (27.14%) 

HOMO-9 → LUMO (16.92%) 

Table 3 

Orbitals involved in the transitions of [Co(N3)2(OH)2(Py)(MA)]- 

HOMO-9 

 
 

HOMO-1 
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HOMO 

 
 

LUMO 

LUMO+3 

 

 

The peaks at 304, 338 and 582 nm in the SOC spectrum are mainly the peaks at 304, 341 

and 584 nm in the UV-Vis spectrum, since the same transitions contribute in a similar 

percentage to these peaks. These peaks appear more intense; however, the increase is not 

too significant. Finally, there are no additional peaks observed in the SOC spectrum. 

4.1.3 Co3+ with diphenylcarbazide 

Diphenylcarbazide is an organic molecule that presents high electronic delocalization due 

to its two aromatic rings. In addition, it presents carbonyl and amine functional groups in 

its structure. Moreover, it is well known for forming metallic complexes with metals such 

as Chromium. Due to the high availability of this reagent in the laboratory, it was chosen 

as a ligand for a cobalt complex.  

The complex [Co(DPC)2]
- was simulated and two optimized structures were obtained 

considering the singlet multiplicity as the ground state. In the structures, cobalt has an 

oxidation state of +3 and each diphenylcarbazide has a charge of -2. In both complexes, 

the ligands are bonded to the metal by the nitrogen and the oxygen. The first structure has 

a square plane geometry and it is more stable in energy than the second structure by 2.82 

kJ/mol. The second structure has a square plane geometry and the ligands are arranged 

around the metal forming a cave-like structure. With the optimized structures, the 

corresponding UV-Vis spectra of each was calculated, as well as the UV-Vis considering 

the Spin-Orbit Coupling contributions. The optimized structures as well as their 

corresponding spectra are shown in Figures (13-16). Also, the transitions of the spectra 

(between 300 and 850 nm) will be described in detail and the orbitals involved in these 

transitions will be shown as well (Tables 4-9). 
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4.1.3.1 Configuration 1 

 
Figure 13 

Optimized structure of [Co(DPC)2]-, configuration 1 

  

 
Figure 14 

UV-Vis and SOC spectra of [Co(DPC)2]-, configuration 1 
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Four peaks are observed in the UV-Vis spectra (Figure 2) at 328, 347, 439 and 550 nm, 

respectively. However, the peak at 550 nm is the most intense, so, it suggests that in this 

case Co3+ (d6 species) favors high spin (only 1 transition expected).  

Table 4 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-, configuration 1 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

12 3.776 328.3 HOMO-2 → LUMO (68.80%) 

HOMO-3 → LUMO (24.82%) 

[Ligand to metal] 

0.03360 

9 3.562 348.0 

 

HOMO-1 → LUMO+3 (23.90%) 

HOMO-1 → LUMO+10 (14.74 %) 

HOMO-1 → LUMO+4 (14.64%) 

[Metal to ligands or d-d] 

0.02356 

6 2.811 441.0 HOMO-13 → LUMO (37.51%) 

HOMO-4 → LUMO+3 (13.42%) 

[d-d] 

0.00839 

4 2.254 549.9 HOMO → LUMO (89.62%) 

[Ligand to metal] 

0.48157 

3 1.700 729.3 HOMO-13 → LUMO (38.42%) 

HOMO-4 → LUMO+3 (10.94%) 

[d-d] 

0.00298 

Table 5 

Description of the SOC spectra transitions of [Co(DPC)2]-, configuration 1 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

39 3.587 345.6 S9 (Ms:0) 99.77% 0.02548 

33 2.843 436.1 S6 (Ms:0) 88.45% 0.00506 

28 2.135 580.7 S4 (Ms:0) 99.84% 0.53339 

24 1.727 717.6 S3 (Ms:0) 98.54% 0.00660 

State Major Contributions 

S3 HOMO-13 → LUMO (38.98%) 

S4 HOMO → LUMO 

S6 HOMO-13 → LUMO (38.50 %) 

HOMO-4 → LUMO+3 (12.29%) 

S9 HOMO-1 → LUMO+3 (28.70%) 

HOMO-1 → LUMO+4 (18.86 %) 

HOMO-1 → LUMO+10 (14.95%) 
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Table 6 

Orbitals involved in the transitions of [Co(DPC)2]-, configuration 1 

HOMO-13 

 

HOMO-4 

 

HOMO-3 

 

HOMO-2 

 
HOMO-1 

 
 

HOMO 

 

LUMO 

 

LUMO+3 

 

 

LUMO+4 

 

LUMO+10 
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The peaks at 345, 436, 580 and 717 nm in the SOC spectrum are mainly the peaks at 348, 

441, 549 and 729 nm in the UV-Vis spectrum, since the same transitions contribute to 

these peaks, but in a higher percentage. On the other hand, the peak at 328 nm in the UV-

Vis spectra probably suffered a shift to lower wavelengths or decreased a lot its intensity 

and that is the reason why it doesn’t appear in the SOC spectrum. Finally, the broad peak 

that appears at 717 nm in the SOC spectrum is mainly a singlet-singlet transition. 

However, due to the fact that this peak appears in the SOC spectrum with higher intensity 

than in the UV-Vis spectrum, and that the percentage of the transition is not 100%, the 

increase in the intensity is due to SOC effects.  

4.1.3.2 Configuration 2 

 

Figure 15 

Optimized structure of [Co(DPC)2]-, configuration 2 
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Figure 16 

UV-Vis and SOC spectra of [Co(DPC)2]-, configuration 2 

There are five peaks observed in the UV-Vis spectra (Figure 4) at 316, 346, 432, 563 and 

740 nm. The presence of 4 peaks indicates that in this case Co3+ (d6 species) favors low 

spin (4 transitions expected).  

Table 7 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-, configuration 2 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

11 3.920 316.2 HOMO-1 → LUMO (33.01%) 

HOMO-13 → LUMO (20.74%) 

[d-d] 

0.00400 

8 3.594 344.9 HOMO-1 → LUMO (30.11%) 

HOMO-6 → LUMO (15.70%) 

HOMO → LUMO+5 (15.32%) 

[d-d] 

0.00376 

6 2.867 432.4 HOMO-12 → LUMO (33.49%) 

HOMO-4 → LUMO+8 (15.41%) 

[d-d] 

0.04179 

4 2.200 563.5 HOMO → LUMO (80.15%) 

[Ligand to metal] 

0.36144 

3 1.669 742.7 HOMO-12 → LUMO (42.11%) 

[d-d] 

0.02056 

Table 8 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-, configuration 2 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

50 3.929 315.5 S11 (Ms:0) 48.62% 

T14 (Ms:0) 35.25% 

0.00184 

41 3.625 341.9 S8 (Ms:0) 98.23% 0.00481 

30 2.890 429.0 S6 (Ms:0) 89.22% 0.03300 

28 2.122 584.2 S4 (Ms:0) 98.89% 0.39650 



28 
 

24 1.698 729.9 S3 (Ms:0) 98.62% 0.04420 

State Major Contributions 

S3 HOMO-12 → LUMO (40.79%) 

HOMO → LUMO (14.37%) 

S4 HOMO → LUMO (76.86%) 

S6 HOMO-12 → LUMO (33.94%) 

HOMO-4 → LUMO+8 (15.41%) 

S8 HOMO-1 → LUMO (34.27%) 

HOMO-6 → LUMO (23.33%) 

S11 HOMO-1 → LUMO (32.42%)  

HOMO-13 → LUMO (21.25%) 

T14 HOMO-2 → LUMO+7 (23.74%) 

HOMO-2 → LUMO (14.66%) 

[Ligand to ligand or ligand to metal] 

Table 9 

Orbitals involved in the transitions of [Co(DPC)2]-, configuration 2 

HOMO-13 

 

HOMO-12 

 

HOMO-6 HOMO-4 

 

HOMO-2 

 
 

HOMO-1 
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HOMO 

 
 

LUMO 

 

LUMO+7  LUMO+8 

 

The peaks at 341, 429, 584 and 729 nm in the SOC spectrum are mainly the peaks at 344, 

432, 563 and 742 nm in the UV-Vis spectrum, since the same transitions contribute in a 

similar percentage to these peaks. The peak at 729 in the SOC spectrum, that appears 

more intense than in the UV-Vis spectrum, shows a significant contribution from a triplet 

state, in addition to the same transitions that contribute to the peak at 742 in the UV-Vis 

spectrum. Therefore, this increase in intensity is due to SOC effects. An important 

observation is that the SOC effect is different in the two configurations, so, the complex 

configuration is also an important factor to take into account for the SOC effects. 

4.2 Synthesis of a cobalt complex with diphenylcarbazide 

Since the complex of cobalt with diphenylcarbazide was the one that showed the most 

useful SOC effect for photoactivation purposes, it was synthesized in laboratory. It is 

important to mention that first the Co2+ complex with diphenylcarbazide was synthesized 

with the purposes of oxidize it later.  

4.2.1 Characterization results 

4.2.1.1 Diphenylcarbazide 

 

Figure 17 

Structure of diphenylcarbazide 
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The measured melting point is 171.9-173 °C. 

The FT-IR spectrum of diphenylcarbazide, as well as the corresponding peak assignation 

is shown in Figure 18 and Table 10, respectively. In addition, the UV-Vis spectrum is 

shown in Figure 19.  

 
Figure 18 

FT-IR spectrum of diphenylcarbazide 

Table 10 

Peak assignation of the FT-IR spectrum of diphenylcarbazide 

Frequency (cm-1) Intensity Peak assignments 

3360.35 57.32 N-H stretch  

3269.1 56.73 N-H stretch 

1654.96 43.19 C=O stretch 

1597.2 31.78 N-H bend 

1488.56 23.56 C-N stretch 

744.06 18.83 C-H out of plane bending 

vibrations for 

monosubstituted benzene 
692.32 18.16 
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Figure 19 

UV-Vis spectrum of diphenylcarbazide 

Since diphenylcarbazide is an organic molecule, no transitions in the visible region are 

expected. Therefore, the group of peaks observed around 200-300 might be due to π→ π* 

transitions (11).  

Finally, the data obtained in the paramagnetic balance is shown in Table 11. 

Table 11 

Paramagnetic balance data of diphenylcarbazide 

Measurement of tube without sample (R0) -0.35 

Weight of tube without sample 0.834 g 

Height of sample in tube (L) 1.9 cm 

Weight of tube with sample 0.894 g 

Measurement of tube with sample (R) -53 

Weight of the sample (M) 0.060 g 

The negative result of the paramagnetic balance (R0) indicates that the sample is 

diamagnetic, so, it doesn’t have any free electrons. 

λ 
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4.2.1.2 Cobalt chloride hexahydrate 

 

Figure 20 

Structure of cobalt chloride hexahydrate 

The theoretical melting point is 735 °C, but the available equipment does not reach that 

temperature, so, the measurement was not possible. 

The FT-IR spectrum of cobalt chloride hexahydrate, as well as the corresponding peak 

assignation is shown in Figure 21 and Table 12 respectively. In addition, the UV-Vis 

spectrum is shown in Figure 22.  

 
Figure 21 

FT-IR spectrum of cobalt chloride hexahydrate 

Table 12 

Peak assignation of the FT-IR spectrum of cobalt chloride hexahydrate 

Frequency (cm-1) Intensity Vibration 

3404.78 29.25 O-H stretching 

2060.66 84.31 Coupling of scissors-

bending (34) 

1629.60 60.02 H-O-H scissors-

bending (34) 
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644.26 70.89 ρr (H2O) and possible 

Co-O interaction 

 
Figure 22 

UV-Vis spectrum of cobalt chloride hexahydrate 

In this case, the metal is a d7 species. As two d-d transitions are observed at around 525 

and 650 nm, the system is suggested to be high spin. The group of peaks observed around 

200 nm might be due to charge transfer. 

Finally, the calculation of µeff is shown using the data obtained in the paramagnetic 

balance (Table 13) with equations 3, 4, 5 and 6. 

𝑥𝑔
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

𝐶 ∗ 𝐿(𝑅 − 𝑅0)

109𝑀
 

𝑥𝑀
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑥𝑔

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∗ 𝑀𝑀 

𝑥𝑀
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑥𝑀

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑥𝑀
𝑑𝑖𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

 

𝜇𝑒𝑓𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 2.828√𝑥𝑀

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑(298 𝐾) 

Table 13 

Paramagnetic balance data of cobalt chloride hexahydrate 

Measurement of tube without sample (R0) -32 

Weight of tube without sample  0.8275 g 

Height of sample in tube (L) 2 cm 

4A2g ← 4T1g 
4T2g ← 4T1g 

λ 

(Equation 3) 

 

(Equation 4) 

 
(Equation 5) 

 

(Equation 6) 
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Weight of tube with sample 0.9526 g 

Measurement of tube with sample (R) 3640 

Weight of the sample (M) 0.1251 g 

Obtention of the molar magnetic susceptibility: 

𝑥𝑔
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

(0.9824) ∗ (2𝑐𝑚) ∗ (3640 − (−32))

109(0.1251 𝑔)
= 5.767 ∗ 10−5𝑐𝑚/𝑔 

𝑥𝑀
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 5.767 ∗ 10−5

𝑐𝑚

𝑔
∗ (237.9

𝑔

𝑚𝑜𝑙
) = 0.0137 𝑐𝑚/𝑚𝑜𝑙 

Diamagnetic correction: 

𝐶𝑜2+ = −12 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝐻2𝑂 = −13 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝐶𝑙 = −23.4 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝑥𝑀
𝑑𝑖𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

= (−12 + (−13 ∗ 6) + (−23.4 ∗ 2)) ∗ 10−6
𝑒𝑚𝑢

𝑚𝑜𝑙
= −1.36 ∗ 10−4 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝑥𝑀
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.0137 + 1.36 ∗ 10−4

𝑒𝑚𝑢

𝑚𝑜𝑙
= 0.0138 𝑒𝑚𝑢/𝑚𝑜𝑙 

Calculation of 𝜇𝑒𝑓𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

: 

𝜇𝑒𝑓𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 2.828√0.0138

𝑒𝑚𝑢

𝑚𝑜𝑙
(298 𝐾) = 5.73 𝐵𝑀 

The results indicate that the species has unpaired electrons. The experimental magnetic 

moment expected for Co2+ species is between 4.1 and 5.2 BM, so, the result is a slightly 

higher than expected, probably due to SOC effects   

4.2.1.3 Cobalt complex 

The measured melting point is 210.4-211 °C. The FT-IR spectrum of cobalt with 

diphenylcarbazide, as well as the corresponding peak assignment is shown in Figure 23 

and Table 14, respectively. Due to the presence of moisture, the sample was dried, and 

the FT-IR was recorded and shown in Figure 24 and the peak assignment is shown in 

Table 15. In addition, the UV-Vis spectrum is shown in Figure 25.  
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Figure 23 

FT-IR spectrum of cobalt with diphenylcarbazide 

Table 14 

Peak assignation of the FT-IR spectrum of cobalt with diphenylcarbazide 

Frequency (cm-1) Intensity Vibration 

3416.54 11.5 O-H strech 

1643.54 24.06 C=O stretch 

1606.96 24.12 C=C stretch 

(aromatic) 1570.39 35.4 

1494.62 37.8 

753.99 35.56 C-H out of 

plane bending 

vibrations for 

monosubstituted 

benzene 

695.21 42.38 

 
Figure 24 

FT-IR spectrum of dried cobalt with diphenylcarbazide 
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Table 15 

Peak assignation of the FT-IR spectrum of dried cobalt with diphenylcarbazide 

Frequency (cm-1) Intensity Vibration 

3517.02 68.84 N-H stretch 

3381.29 45.49 

3178.70 48.01 

1643.08 56.39 C=C stretch 

(aromatic) 1602.97 52.08 

1498.43 63.13 

748.45 41.68 C-H out of 

plane bending 

vibrations for 

monosubstituted 

benzene 

686.87 40.59 

 

Figure 25 

UV-Vis spectrum of cobalt with diphenylcarbazide 

One d-d transition is observed around 550 nm. The group of peaks observed around 200-

300 nm might be due to charge transfer or π→ π* transitions.  

Finally, the calculation of µeff is shown using the data obtained in the paramagnetic 

balance (Table 16) with equations 3, 4, 5 and 6.  
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Table 16 

Paramagnetic balance data of cobalt with diphenylcarbazide 

Measurement of tube without sample (R0) -33 

Weight of tube without sample 0.8254g 

Height of sample in tube (L) 2 cm 

Weight of tube with sample 0.8916g 

Measurement of tube with sample (R) 834 

Weight of the sample (M) 0.0662 g 

Obtention of the molar magnetic susceptibility: 

𝑥𝑔
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =

(0.9824) ∗ (2𝑐𝑚) ∗ (834 − (−33))

109(0.0662 𝑔)
= 2.57 ∗ 10−5𝑐𝑚/𝑔 

𝑥𝑀
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 2.57 ∗ 10−5

𝑐𝑚

𝑔
∗ (543.49

𝑔

𝑚𝑜𝑙
) = 0.0139𝑐𝑚/𝑚𝑜𝑙 

Diamagnetic correction: 

𝐶𝑜2+ = −12 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

Due to the fact that diphenylcarbazide (C13H14N4O) has not a Pascal’s constant for 

diamagnetic corrections, this constant was calculated with the table for atoms in covalent 

species (45). 

𝐶(𝑟𝑖𝑛𝑔) = −6.24 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝐻 = −2.93 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝑁 = −5.57 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝑂 = −4.6 ∗ 10−6 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝑥𝑀
𝑑𝑖𝑎𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐

= [−12 + 13(−6.24) + 14(−2.93) + 4(−5.57) + (−4.6)] ∗ 10−6
𝑒𝑚𝑢

𝑚𝑜𝑙
= −1.61 ∗ 10−4 𝑒𝑚𝑢/𝑚𝑜𝑙 

𝑥𝑀
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.0139 + 1.61 ∗ 10−4

𝑒𝑚𝑢

𝑚𝑜𝑙
= 0.01406 𝑒𝑚𝑢/𝑚𝑜𝑙 

Calculation of 𝜇𝑒𝑓𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

: 

𝜇𝑒𝑓𝑓
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 = 2.828√0.01406

𝑒𝑚𝑢

𝑚𝑜𝑙
(298 𝐾) = 5.78 𝐵𝑀 

The result indicates that the complex has unpaired electrons. In addition, the calibration 

curve and the sample’s measurement are shown in Figure 26 and the data obtained in an 

atomic absorption study is shown in Table 17. 
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Figure 26 

Atomic absorption measurement of the complex. a) Cobalt calibration curve and b) sample’s 

measurement 

Table 17 

Atomic absorption data of cobalt with diphenylcarbazide 

Cobalt standard concentration 10 ppm 

Mass of complex 0.1053 g 

Dilution of complex Dissolved in 100 mL, then, 0.75 

mL of it dissolved in 25 mL 

Average of concentration of 

cobalt in the sample 

3.9685 ± 0.12 ppm 

Next, the calculation of the percentage of cobalt present in the sample is shown. 

3.9685 𝑚𝑔 𝐶𝑜

1 𝐿 𝑠𝑜𝑙
∗

25

0.75
=

132.28 𝑚𝑔 𝐶𝑜

1𝐿
∗ 0.1𝐿 = 13.228 𝑚𝑔 𝐶𝑜 

0.013228 𝑔 𝐶𝑜

0.1053 𝑔 𝑐𝑜𝑚𝑝𝑙𝑒𝑥
= 12.53% 𝐶𝑜 

The measurement indicates that 12.53% of the sample’s mass corresponds to cobalt. 

Also, the results on the conductivity study of the complex of copper with 

diphenylcarbazide is shown in Table 18. 

Table 18 

Conductivity data of cobalt with diphenylcarbazide 

Sample Concentration (M) Conductivity (µΩ/cm) 

Ethanol - 0.508 

CoCl2.6H2O 1.412 x 10-3 59.84 

Complex 1.000 x 10-3 52.49 

Finally, the spectrum of the complex obtained by UV-Vis spectroscopy for solid samples 

is shown in Figure 27. It is important to mention that the resulting spectrum was obtained 

a) b) 
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in reflectance vs wavelength, and the plot of absorbance vs wavelength was obtained 

using the Kubelka-Munk’s transformation on the data. 

 
Figure 27 

Solid UV-Vis spectrum of the cobalt complex 

4.2.2 Elucidation of the complex 

The result obtained from the atomic absorption study showed that 12.53% of the sample’s 

mass corresponds to cobalt. If a metal-ligand ratio of 1:2 is supposed, the theoretical mass 

fraction of each element in the complex would be: Co 10.92%, N 20.77%, O 5.93%, C 

57.89% and H 4.48%. Therefore, the percentage of cobalt in the sample indicates that the 

metal-ligand ratio present in the complex is 1:2. With the previous information, the 

proposed complex is shown in Figure 28. In this complex, each diphenylcarbazide is 

complexed to the metal through the oxygen and the nitrogen. 
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Figure 28 

Proposed structure of the cobalt with diphenylcarbazide complex 

Given the fact that the initial salt used for the synthesis had cobalt in oxidation state 2+, 

the complex was first expected to have Co2+.  In these terms, two simulated structures of 

the complex were obtained and their FT-IR and UV-Vis spectra were simulated to 

compare with the experimental ones. The structures and spectra comparison are shown in 

Figures (29-31), respectively. 

 

Figure 29 

Different cobalt with diphenylcarbazide complexes 

1 2 



41 
 

 
Figure 30 

FT-IR spectra of the cobalt with diphenylcarbazide complexes: (a) and (b) simulated and (c) 

experimental 

a) 

b) 

c) 
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Figure 31 

UV-Vis spectra of the cobalt with diphenylcarbazide complexes: (a) and (b) simulated and (c) 

experimental 

On one hand, the FT-IR spectra comparison in Figure 30 shows that in all of the structures 

the peaks at 1600-1400 cm-1 corresponds well to the experimental FT-IR, as well as the 

peaks between 700-800 cm-1 and the peak at 3500 cm-1. However, it is important to 

mention that the peaks between 3200 and 3400 cm-1 are not well represented by the 

simulation, and that some peaks appear in the simulation and are not present in the 

experimental spectrum, such as the peaks at 3300 cm-1 and the peak at 1400 cm-1. 

Therefore, it is possible that the structure is not correctly represented by the simulation. 

On the other hand, none of the UV-Vis spectra shown in Figure 31 corresponds well to 

the experimental spectra, given the fact that the peak observed experimentally around 550 

nm is not present in neither of the structures. These results indicate that there is probably 

a mixture with another cobalt complex in the sample.  

Consequently, one of the Co3+ complex with diphenylcarbazide presented previously was 

used to compare with the experimental results. As it is possible to see in Figure 32, the 

simulated UV-Vis spectrum of the complex shows a peak at around 600 nm.  

 - exp 

a) b) 

c) 
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Figure 32 

Co3+ complex with diphenylcarbazide and the corresponding UV-Vis simulated spectrum with a) 

peak width 1000 and b) peak width 3000  

Since the simulated spectrum shown in Figure 32 is not completely similar to the 

experimental one, a UV-Vis spectrum was created using a linear combination of the UV-

Vis spectra of complex 1 (Figure 31.a) and of the complex with Co3+ (Figure 32.a). The 

resulting UV-Vis spectrum is shown in Figure 33 and it corresponds accurately to the 

experimental UV-Vis spectrum. Therefore, it is possible that the complex obtained has a 

mixture of both Co2+ and Co3+ complexes. This could be possible if the complexation of 

Co2+ with diphenylcarbazide modified it redox potential, making Co2+ it more willing to 

be oxidated to Co3+ by the exposure to air.  

b) a) 
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Figure 33 

 (a) UV-Vis simulated spectrum with 75% of Co2+ complex and 25% of Co3+ complex and (b) 

experimental spectrum 

The presence of Co3+ is confirmed by the value of the effective magnetic moment 

obtained from the complex. Considering the Spin-Orbit Coupling contributions, 4 values 

of effective magnetic moment are expected for the following species: (Co2+ HS: 4.79 

BM), (Co2+ LS: 3.31 BM), (Co3+ HS: 5.65 BM) and (Co3+ LS: 0 BM). Moreover, in the 

literature, 11 tetracoordinate Co2+ complexes of the type L2CoX2 showing an effective 

magnetic moment between 4.39 and 4.76 NM, while a Co3+ complex formed with 

polyanonic chelating agents showing an effective magnetic moment of 5.1 BM were 

reported (35,36). Therefore, given the fact that the experimental magnetic moment of the 

complex obtained was 5.78 BM, this value couldn’t have been obtained if only Co2+ was 

present in the sample.  

It is also important to mention that in the proposed structure shown in Figure 28, 

diphenylcarbazide is complexed by the oxygen and the nitrogen to the metal, so, it would 

have a charge of 2-. For the two possible oxidation states of cobalt, a charged complex 

will be obtained, which is confirmed by the results of the conductivity study.  

Finally, it is noteworthy that the Co3+ complex with diphenylcarbazide has a peak in the 

UV-Vis spectrum that increases its intensity due to SOC effects (Figure 32.a). As shown 

in the solid UV-Vis spectrum of the complex (Figure 34), a small peak at around 700 nm 

is observed. Therefore, the peak that appears due to SOC effects expected 

computationally is observed experimentally, confirming the presence of the Co3+ 

complex. 

 - exp 

a) b) 
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Figure 34 

Solid UV-Vis spectrum of the cobalt complex 

4.3 Strategies to enhance Spin-Orbit Coupling effect in the metallic complexes 

with diphenylcarbazide 

4.3.1 Study of metallic-diphenylcarbazide complexes 

Due to the fact that SOC effect increases with the atomic number of the metal, it will be 

useful to study complexes of the same ligands with different metals, in order to determine 

how SOC effect changes. Therefore, complexes of diphenylcarbazide with Cu+ (lower 

atomic number) and Pt4+ (higher atomic number) are studied. It is important to mention 

that these oxidation numbers were chosen due to the fact that their respective electronic 

configurations allow singlet-to-triplet transitions. Also, this study will be useful to 

understand the ligand contribution to the SOC effect and to prove if in this case the heavy-

atom effect is fulfilled.  

4.3.1.1 Cu+ complex with diphenylcarbazide 

4.3.1.1.1 Configuration 1 

 
Figure 35 

Optimized structure of [Cu(DPC)2]3-, configuration 1 
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Figure 36 

UV-Vis and SOC spectra of [Cu(DPC)2]3-, configuration 1 

There are two peaks observed in the UV-Vis spectra (Figure 35) at 339 and 344 nm. 

However, copper is a d10 species, so, no d-d transitions are expected. Therefore, the 

transitions observed might be due to Charge Transfer (46).  

Table 19 

Description of the UV-Vis spectrum transitions of [Cu(DPC)2]3-, configuration 1 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

5 3.652 339.5 HOMO → LUMO (48.05%) 

HOMO-1 → LUMO (18.41%) 

[Metal to ligand] 

0.01636 

1 3.602 344.2 HOMO → LUMO+4 (66.92%) 

HOMO-1 → LUMO+5 (25.76%) 

[Metal to ligand] 

0.05129 
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Table 20 

Description of the SOC spectra transitions of [Cu(DPC)2]3-, configuration 1 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

48 3.746 331.0 S5 (Ms:0) 99.98% 0.01869 

41 3.620 342.4 T9 (Ms:-1) 41.83% 

T9 (Ms:1) 41.83% 

S2(Ms:0) 12.79% 

0.00014 

37 3.604 344.0 S1 (Ms:0) 99.91% 0.05121 

State Major Contributions 

S1 HOMO → LUMO+4 (67.04%) 

HOMO-1 → LUMO+5 (26.06%) 

S2 HOMO → LUMO+5 (57.89%) 

HOMO-1 → LUMO+4 (35.37%) 

[Metal to ligand] 

S5 HOMO → LUMO (40.04%) 

HOMO → LUMO+1 (19.68%) 

T9 HOMO→ LUMO+6  (81.99%) 

[Ligand to metal or d-d] 

Table 21 

Orbitals involved in the transitions of [Cu(DPC)2]3-, configuration 1 

HOMO-1 

 

HOMO 

 

LUMO 

 

LUMO+1 

LUMO+4 

 

 

LUMO+5 
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LUMO+6  

The peak at 344 nm in the SOC spectrum is mainly the peak at 344 nm in the UV-Vis 

spectrum, due to the fact that the same transitions contribute in a similar percentage to 

these peaks. On the other hand, the peaks at 331 and 342 nm in the SOC spectrum are 

different to the peak at 339 in the UV-Vis spectrum, so, they seem to be result of SOC 

effect, principally the peak at 342 nm, that has an important triplet contribution. 

4.3.1.1.2 Configuration 2 

 
Figure 37 

Optimized structure of [Cu(DPC)2]3-, configuration 2 
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Figure 38 

UV-Vis and SOC spectra of [Cu(DPC)2]3-, configuration 2 

There are two peaks observed in the UV-Vis spectra (Figure 38) at 325 and 341 nm. As 

expected for Cu(I), no d-d transitions are observed, so, the transitions observed might be 

due to Charge Transfer.  

Table 22 

Description of the UV-Vis spectrum transitions of [Cu(DPC)2]3-, configuration 2 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

5 3.807 325.6 HOMO → LUMO (29.13%) 

HOMO → LUMO+1 (27.42%) 

[Metal to ligand] 

0.02123 

1 3.631 341.4 HOMO → LUMO+4 (64.28%) 

HOMO-1 → LUMO+5 (25.61%) 

[Metal to ligand or ligand to ligand] 

0.04569 

Table 23 

Description of the SOC spectra transitions of [Cu(DPC)2]3-, configuration 2 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

46 3.808 325.6 S5 (Ms:0) 99.90% 0.02141 

43 3.631 341.4 S1 (Ms:0) 80.10% 0.04566 

State Major Contributions 

S1 HOMO → LUMO+4 (64.29%) 

HOMO-1 → LUMO+5 (25.63%) 

S5 HOMO → LUMO (29.32%) 

HOMO → LUMO+1 (27.24%) 
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Table 24 

Orbitals involved in the transitions of [Cu(DPC)2]3-, configuration 2 

HOMO-1 

 
 

HOMO 

 

LUMO 

 

LUMO+1 

 

LUMO+4 

 

LUMO+5 

The peaks at 325 and 341 nm in the SOC spectrum are mainly the peaks at 325 and 341 

nm in the UV-Vis spectrum, due to the fact that the same transitions contribute in a similar 

percentage to these peaks. Therefore, as no additional peaks are observed, nor an increase 

in intensity, no SOC effect is observed in this case. 

4.3.1.2 Pt4+ complex with diphenylcarbazide 

The complex [Pt(DPC)2] was simulated and one optimized structure was obtained (Figure 

9) considering the singlet multiplicity as the ground state. The complex has a square-plane 

structure and the metal is complexed to the ligands by the nitrogen and the oxygen. 

However, the results indicated that the complex is more stable in triplet state rather than 

in singlet state. Therefore, it was not possible to study the singlet-triplet transitions. 
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Figure 39 

Optimized structure of [Pt(DPC)2] 

4.3.2 Study the complex with aromatic ring substitutions 

It was proposed previously that attaching chemical substituents to a system in different 

positions lead to substantially different optoelectronic properties, such as shifts in the UV-

Vis absorption spectra (37). Therefore, it is expected that SOC effects are also affected 

by aromatic ring substitutions. Then, the configuration 1 of the optimized complex 

[Co(DPC)2]
- was used to determine if of the ring substitutions with different functional 

groups can enhance SOC effect. The functional groups studied are strongly activating 

(hydroxyl and amine groups), strongly deactivating (cyanide and nitro groups) and not 

activating nor deactivating (methyl group).  

In all of the cases, the complex was simulated and one optimized structure was obtained, 

considering the singlet multiplicity as the ground state. The resulting complex in all cases 

shows a square plane geometry. With the optimized structure, the corresponding UV-Vis 

spectrum was calculated, as well as the SOC spectrum. These spectra as well as the 

optimized structure for each substitution are shown in Figure 40-44. Also, the peaks that 

show singlet-to-triplet transitions are indicated in each case. The complete description of 

the transitions associated with the bands in the spectra (between 300 and 850 nm) and the 

orbitals involved in these transitions are showed in Annexes I.  
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Figure 40 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 nitro groups 

   

 

 

  
Figure 41 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 cyanide groups 

    

 

  
Figure 42 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 methyl groups 
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Figure 43 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 hydroxyl groups 

    

 

  
Figure 44 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 amine groups 

4.3.3 Study the complex in different solvents 

Solvent-solute interaction can tune the wavelength of absorption and emission spectra, 

and also, it can have a large impact on the rates or mechanisms of nonradiative transitions, 

such as intersystem crossing (21). This phenomenon depends strongly on the magnitude 

and the orientation of the solute’s static dipole moments in the ground and excited states 

(21). Therefore, the solvent-solute interaction can stabilize a state over the other, for 

instance, solvent reorganization can stabilize the charge distribution in the excited state, 

destabilizing the ground state (21). The favorable or non-favorable interaction in polar 

solvents can cause bathochromic or hypsochromic shifts respectively (21). If solvent can 

interact with the excited states, it is expected that it can modify the SOC effects. 

Consequently, study the [Co(DPC)2]
- complex in different polar and non-polar solvents 

is useful to understand how solvents affect SOC effect. In this case, three solvents were 

studied: water, methanol and hexane, which are very polar, less polar and non-polar 

respectively.  

In all of the cases the complex was simulated using implicit solvent models, and one 

optimized structure was obtained considering the singlet multiplicity as the ground state. 

The resulting complex in all cases shows a square plane geometry. With the optimized 

structure, the corresponding UV-Vis spectra was calculated, as well as the SOC spectrum. 
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These spectra as well as the optimized structure for each substitution are shown in Figure 

44-46. Also, the peaks that show singlet-to-triplet transitions are signaled in each case, 

and each of these contributions are described in Table 25. The complete description of the 

transitions associated with the bands in the spectra (between 300 and 850 nm) and the 

orbitals involved in these transitions are shown in Annexes II.  

 

 

  
Figure 45 

UV-Vis and SOC spectra of [Co(DPC)2]- in water 

 

 

  
Figure 46 

UV-Vis and SOC spectra of [Co(DPC)2]- in methanol 

 

 

  
Figure 47 

UV-Vis and SOC spectra of [Co(DPC)2]- in hexane 

a b 

a 
b 

a b c 
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Table 25 

Description of the peaks that show singlet-to-triplet contributions with different solvents 

Solvent Peak Wavelength (nm) Major Contributions 

 

Water 

a 433.2 S6 (Ms:0) 93.72% 

T9 (Ms:-1) 2.99% 

T9 (Ms:1) 2.99% 

b 699.8 S3 (Ms:0) 97.50% 

T8 (Ms:0) 1.86% 

 

Methanol 

a 433.3 S6 (Ms:0) 93.44% 

T9 (Ms:-1) 3.12% 

T9 (Ms:1) 3.12% 

b 700.2 S3 (Ms:0) 97.53% 

T8 (Ms:0) 1.83% 

 

 

Hexane 

c 345.8 S9 (Ms:0) 97.43% 

T12 (Ms:-1) 1.21% 

T12 (Ms:1) 1.21% 

a 434.9 S6 (Ms:0) 86.16% 

T9 (Ms:-1) 6.59% 

T9 (Ms:1) 6.59% 

b 708.4 S3 (Ms:0) 97.98% 

T8 (Ms:0) 1.41% 

4.4 Addition of leaving ligands to the Co3+ complex with diphenylcarbazide 

Given the fact that it appears that the complex has a SOC effect that increases its 

absorbance around 700 nm, it is important to know what would happen if azide ligands 

are added to the complex, in order to determine if the light absorption of the complex in 

this range will also favor the release of azide cytotoxic species. Therefore, the complex 

[Co(DPC)2(N3)2]
3- was simulated and one optimized structure was obtained (Figure 56), 

considering the singlet multiplicity as the ground state. The resulting complex shows a 

octahedral geometry. With the optimized structure, the corresponding UV-Vis spectra was 

calculated, as well as the SOC spectrum (Figure 57). Also, the transitions associated with 

the bands in the spectra (between 300 and 850 nm) and the orbitals involved in these 

transitions will be shown in Tables 26-28. 

 
Figure 48 

Optimized structure of [Co(DPC)2(N3)2]3- 
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Figure 49 

UV-Vis and SOC spectra of [Co(DPC)2(N3)2]3- 
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There are three big peaks observed in the UV-Vis spectra (Figure 57) at 327, 357 and 658 

nm. Also, other small peaks are observed. 

Table 26 

Description of the UV-Vis spectrum transitions of [Co(DPC)2(N3)2]3- 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

12 3.797 326.5 HOMO → LUMO+7 (25.55%) 

HOMO → LUMO+6 (17.56%) 

[Metal to ligand [aromatic rings] 

0.1226 

10 3.445 359.9 HOMO-4 → LUMO (42.33%) 

HOMO-5 →LUMO (12.99%) 

[Ligand (azide) to metal] 

0.0130 

7 2.657 466.7 HOMO-1 → LUMO+1 (48.40%) 

HOMO-20 → LUMO+1 (28.21%) 

[d-d] 

0.0010 

6 2.487 498.4 HOMO → LUMO (23.30%) 

HOMO-5 → LUMO (16.61%) 

[d-d] 

0.0013 

5 2.157 574.8 HOMO-1 → LUMO+1 (41.65%) 

HOMO-20 → LUMO+1 (16.04%) 

[d-d] 

0.0020 

3 1.882 658.6 HOMO-1 → LUMO (92.04%) 

[Ligand (DPC) to metal] 

0.0090 

Table 27 

Description of the UV-Vis spectrum transitions of [Co(DPC)2(N3)2]3- 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

72 3.813 325.1 S12 (Ms:0) 100% 0.1215 

58 3.463 358.0 S10 (Ms:0) 67.12% 

T16 (Ms:0) 24.66% 

T16 (Ms:1) 4.07% 

T16 (Ms:-1) 4.07% 

0.0083 

34 2.672 463.9 S7 (Ms:0) 98.22% 0.0010 

33 2.504 495.0 S6 (Ms:0) 99.50% 0.0013 

26 2.174 570.3 S5 (Ms:0) 98.38% 0.0020 

21 1.898 653.0 S3 (Ms:0) 99.97% 0.0090 

16 1.639 756.2 T5 (Ms:0) 84.45% 

T5 (Ms:-1) 7.46% 

T5 (Ms:1) 7.46% 

0.0001 

State Major Contributions 

S3 HOMO-1 → LUMO (92.04%) 

S5 HOMO-1 → LUMO+1 (41.65%) 

HOMO-20 → LUMO+1 (16.04%) 

S6 HOMO → LUMO (23.30%) 

HOMO-5 → LUMO (16.61%) 

S7 HOMO-1 → LUMO+1 (48.40%) 

HOMO-20 → LUMO+1 (28.21%) 

S10 HOMO-4 → LUMO (42.34%) 
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HOMO-5 →LUMO (12.99%) 

S12 HOMO → LUMO+7 (25.55%) 

HOMO → LUMO+6 (17.56%) 

T5 HOMO-1 → LUMO (28.26%) 

HOMO-20 → LUMO+1 (19.42%) 

T16 HOMO-6 → LUMO (31.12%) 

HOMO-8 → LUMO (30.05%) 

Table 28 

Orbitals involved in the transitions of [Co(DPC)2(N3)2]3- 

HOMO-20 

 

 

HOMO-8 

 

HOMO-6 

 

 

HOMO-5 

 

HOMO-4 

 

 

HOMO-1 

 

HOMO 

 

 
 

LUMO 
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LUMO+1 

 

LUMO+6 

 
LUMO+7 

 
 

 

The peaks at 325, 358 and 653 nm in the SOC spectrum are mainly the peaks at 327, 357 

and 658 nm in the UV-Vis spectrum, due to the fact that the same transitions contribute 

in a similar percentage to these peaks. No significant differences are observed between 

both spectra, which mean that there are no important SOC effects in this case. However, 

there are some singlet-to-triplet contributions to the peaks and it is also important to 

mention that a very small peak appears in the SOC spectrum at around 756 nm. 

4.5 Discussion 

4.5.1 Obtention of a Co3+ complex with SOC effects 

The three studied complexes with Co3+ show totally different UV-Vis spectra. For the case 

of the complex with CN-, no transitions in the UV-Vis are observed. In the case of the 

complex with the same ligands as a known platinum complex, no evident SOC effect is 

observed but a significant decrease on the singlet-to-singlet transition of one of the peaks. 

Besides this, the spectrum and the transitions responsible for these peaks are the same. 

Finally, for the complex of Co3+ with diphenylcarbazide, in the 2 configurations it is 

observed a significant decrease on the singlet-to-singlet transition of one of the peaks 

when SOC effect is considered. Furthermore, the most important SOC effect is the 

increase in the intensity of a peak around 700 nm, which also shows a small decrease in 

the singlet-to-singlet transition as well. In conclusion: 

i. Although Co3+ is expected to show a SOC effect, this effect is also highly 

ligand dependent 

ii. Two complexes with the same ligands but different metal do not necessarily 

have the same SOC effect, this effect is also highly metal dependent, as 

demonstrated with the [Co(N3)2(OH)2(Py)(MA)]- complex. 

iii. The SOC effect depends on both the metal and the ligands and the synergy 

between them. 
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The Co3+ complex with diphenylcarbazide showed the most promising SOC effect for 

photoactivation purposes: an increase in the intensity of an absorption peak in the specific 

wavelength of activation (620-850 nm). Finally, it is noteworthy that even though the 

experimentally obtained sample has a mixture Co2+ and Co3+ species, the Co3+ complex 

with diphenylcarbazide is present in the obtained sample and the peak at around 700 nm 

is observed experimentally as well. Therefore, this complex can be synthesized, and the 

peak that appears due to SOC effects, expected computationally, is observed 

experimentally as well.  Consequently, relying on computational calculations to predict if 

a complex has SOC effect is an efficient strategy. 

4.5.2 Strategies to enhance SOC effects in the Co3+ complex with 

diphenylcarbazide 

4.5.2.1 Use of different metals 

The analysis of Cu+, Co3+ and Pt4+ complexed to two diphenylcarbazide had different 

results. In the case of Pt4+, the most stable structure gave a triplet electronic configuration, 

so, it wasn’t possible to determine the singlet-to-triplet transitions. In the case of Co3+, as 

analyzed before, the SOC effect observed was an increase in the intensity of a peak at 700 

nm, the appearance of a singlet-to-triplet contribution in a peak and a small decrease in 

the singlet-to-singlet transitions. In the case of Cu+, a new peak that has mainly singlet-

to-triplet contributions is observed in one of the configurations, and, a small decrease in 

the singlet-to-singlet transitions was observed. Analyzing the orbitals involved in the 

transitions, it was possible to determine that in the Co3+ complex, the triplet contribution 

that appears is a ligand-to-ligand or ligand-to-metal transition, whereas in the Cu+ 

complex, the triplet contribution is a ligand-to-metal or d-d transition. Both occur in peaks 

that are around 315-345 nm in their respective UV-Vis spectrum. In conclusion, for the 

case of the same ligand with different metals: 

i. In the Cu+ and Co3+ complexes, a singlet-to-triplet contribution appears in 

peaks that are around the same wavelength (~300 nm), which seems to be 

ligand-to-metal transitions. Probably, the ligand favors the appearance of 

singlet-to-triplets transitions in the same range. It is noteworthy that the 

singlet-to-triplet transitions are not always d-d transitions. 

ii. SOC effects are observed at different wavelengths; for Co3+: 300-700 nm and 

for Cu+: ~300 nm. Therefore, it seems that the SOC effects in the Cu+ complex 

appear due to the ligand while in the Co3+ complex they appear due to the 

ligand and the metal. 

iii. SOC effect is metal dependent. 

The Co3+ complex with diphenylcarbazide shows SOC effects at higher frequencies (~700 

nm), so, it is more useful for photoactivation purposes given that it absorbs in the desired 

wavelength. 

4.5.2.2 Use of different aromatic ring substitutions 

The analysis of the Co3+complex with diphenylcarbazide with different ring substitutions 

showed different UV-Vis spectra for each case. In all of the cases, the 4 peaks of the 

original complex were maintained (~340, ~440, ~550 and ~717 nm). Also, in some cases 
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a peak at ~300 nm appeared. These peaks are result of transitions between other orbitals 

different to the original complex, and different between each substituent used, except for 

the peak at ~550 nm, that is always result of a HOMO→LUMO transition. The peaks 

showed a shift in the UV-Vis spectra, and in some cases, an important increase in the 

intensity was observed. For example, for the substituents: nitro, cyanide, amine and 

hydroxyl, the peak at ~730 nm showed wavelengths of 758, 734, 690 and 700 nm, and 

intensities of 0.1, 0.06, 0.013 and 0.011 respectively, compared to the intensity of this 

peak in the original complex of 717 nm and 0.006. Also, it is important to mention that in 

the case of the nitro substituents, two peaks appeared at 357 and 368 nm instead of the 

single peak observed in the original complex at 340 nm with an important increase in 

intensity (0.15 and 0.39 vs. 0.03). These peaks are the result of ligand-to-ligand transitions 

concentrated on the nitro groups. Finally, in all of the cases, the SOC effect observed was 

a small decrease in the singlet-to-singlet transitions and the appearance of a small singlet-

to-triplet contribution in different peaks for deactivating and activating substituents. For 

instance, this singlet-to-triplet transition appeared in the peak at ~400 nm in the complex 

with nitro (T11), cyanide and methyl (T9) and in the peak at ~700 nm in the complex with 

hydroxyl and amine (T8) with different contribution percentage: 8.74%, 11.88%, 3.32%, 

2.47% and 2.22% respectively. No new peaks nor increase of intensity was observed in 

any case. In conclusion, taking into account that the substituents hydroxyl and amine are 

the most activating and cyanide and nitro are the most deactivating: 

i. The aromatic ring substitutions show significant changes in the UV-Vis 

spectrum with respect to the UV-Vis spectrum of the original complex, 

showing shifts and increase of intensity of the peaks. 

ii. SOC effects increase slightly with the addition of aromatic ring substituents. 

It is probable that the effect is more significant if the aromatic ring is directly 

coordinated to the metal.  

iii. The effect caused by the addition of the substituents happens only when they 

are in the aromatic ring, not when they are directly complexed to the metal, as 

it was possible to see in the complex [Co(CN)6]
3-. 

iv. The total percentage of singlet-to-triplet transitions increases as the substituent 

is more deactivating (11.88% for nitro and 2.22% for amine) as shown in 

Figure 58. 
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Figure 50 

Plot of the Hammett Sigma Constants of the aromatic substituents vs. the triplet contribution 

v. The singlet-to-triplet transitions appear at different peaks depending on the 

nature of the substituent: around ~700 nm for activating and around ~400 nm 

for deactivating substituents. 

vi. The singlet-to-triplet transitions in the peaks around ~700 nm have a spin 

multiplicity (Ms) of 0, whereas the transitions in the peaks around ~400 nm 

have Ms=1,-1 as shown in Annexes (Annexes I). Moreover, the singlet-to-

triplet transitions with Ms=1,-1 have higher contribution percentage to the 

peak than the transitions with Ms=0. 

vii. The different SOC effect observed with the substituents can be explained by 

analyzing the orbitals involved in the singlet-to-triplet transitions (Annexes I). 

In all of the cases, the HOMO is localized in the metal and in the atoms to 

which it is complexed. On the contrary, the LUMO changes depending on the 

substituent: in deactivating substituents the LUMO is more localized in the 

metal whereas in activating substituents the LUMO is delocalized in the metal 

and in the aromatic rings (Figure 51). Therefore, the substituents affect the 

LUMO delocalization.  

viii. For photoactivation purposes it is more useful to favor singlet-to-triplet 

contributions with Ms=0 using activating substituents (that delocalize the 

LUMO), given the fact that they appear at peaks around ~700 nm, which is in 

the specific wavelength of activation (620-850 nm).  

NH2 
OH 

CH3 

NO2 

CN 
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Deactivating 

aromatic 

substituent 

                   HOMO-1                                           LUMO+9 

  

 

 

 

Activating 

aromatic 

substituent 

                   HOMO-12                                         LUMO+5 

 
Figure 51 

Orbitals involved in the singlet-to-triplet transitions of aromatic substituents: a) cyanide and b) 

hydroxyl. 

 

4.5.2.3 Use of different solvents 

The study of the Co3+ complex with diphenylcarbazide with different solvents showed 

similar UV-Vis spectra compared to the original complex (studied in ethanol). In all of 

the cases, 4 of the peaks present in the original spectra are maintained, but the orbitals 

involved in the transitions responsible for these peaks change depending on the solvent. 

The change in the orbitals involved in the transitions is more significant for apolar 

solvents (hexane). Also, the SOC effects observed with the change of solvents are a little 

shift in the peaks’ wavelengths, a decrease in the singlet-to-singlet contribution to the 

peaks and the appearance of a singlet-to-triplet transition in different peaks depending on 

the solvent. In water, a singlet-to-triplet transition appears in the peak at ~700 nm (1.86%). 

In methanol, singlet-to-triplet transitions appear in the peak at ~700 nm (1.83%) and in 

the peak at ~433 nm (6.24%). In hexane, singlet-to-triplet transitions appear in the peak 

at ~700 nm (1.41%), in the peak at ~433 nm (13.18%) and in the peak at ~345 nm (2.42%). 

It is also important to mention that the transitions are mostly d-d, except for the singlet-

to-triplet transition for the peak at ~345 nm with hexane, which appears to be metal to 

ligand. In conclusion, for the case of the Co3+ complex with different solvents: 

i. The change of the solvent modifies the orbitals involved in the transitions 

responsible for the peaks observed. 

a) 

b) 
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ii. Even though no new peaks nor a change in intensity is observed in the SOC 

spectra with different solvents, singlet-to-triplet transitions appear in the peaks 

that are maintained. 

iii. The total percentage of singlet-to-triplet transitions increases with the 

apolarity of the solvent. 

iv. The singlet-to-triplet transitions appear at different peaks depending on the 

solvent: for water and methanol these transitions appear in the peaks at around 

~700 and 400 nm, whereas for hexane they appear in the peaks at around ~700, 

400 and 300 nm. 

v. The singlet-to-triplet transitions appear at different percentage in the peaks 

depending on the solvent. The singlet-to-triplet transitions in the peaks around 

~700 nm have Ms=0, whereas the transitions in the peaks around ~400 and 300 

nm have Ms=1,-1 as shown in Annexes I. The percentage of the transitions 

with Ms=0 increases with polarity, whereas the percentage of the transitions 

with Ms=1,-1 increase with apolarity. 

vi. For photoactivation purposes it is more useful to favor singlet-to-triplet 

contributions with Ms=0 using polar solvents, given the fact that they appear 

at peaks around ~700 nm, which is in the specific wavelength of activation 

(620-850 nm).  

4.5.3 Addition of a leaving ligand to the Co3+ complex with diphenylcarbazide  

The addition of the azide ligands into the complex [Co(DPC)2(N3)2]
3-  cause significant 

changes in the UV-Vis spectrum. Three peaks with considerable intensity are observed at 

different values (326, 359 and 658 nm) and with different orbitals involved. It is important 

to mention that an important singlet-to-triplet transition appears in the peak at 359 nm 

(32.8%). Also, a new very small peak appears in the SOC spectrum at around 756 nm that 

is the result of singlet-to-triplet transitions. Therefore, the complex shows important SOC 

effects. 

Regarding the dissociation of the azide ligand, it is useful to refer to the study of the 

platinum complex trans,trans,trans-[Pt(N3)2(OH)2(Py)(MA)]. This prodrug for 

photoactivation has 3 important peaks in the SOC spectrum: 1 peak is maintained from 

the UV-Vis spectrum while the other 2 are mainly of singlet-to-triplet transitions (348, 

384 and 415 nm respectively). The transitions responsible for these 3 peaks favor the 

dissociation of the azide ligands. Therefore, SOC effects in this case contribute by making 

more dissociation channels available for this complex. However, it is important to 

mention that the absorption peaks for this complex are not in the specific wavelength of 

activation (620-850 nm). The complete description of the electronic transitions and the 

orbitals involved in them is shown in Annexes (Annexes III). 

On the other hand, the study of the [Co(DPC)2(N3)2]
3- complex showed that two of the 

most intense peaks have transitions involved that favor the azide ligand dissociation (359 

and 658 nm). The SOC effect contributes with an important singlet-to-triplet contribution 

to one of these peaks (359 nm), which also favors the azide dissociation. In addition, a 

very small new peak appears around 750 nm, which also favors the azide dissociation. 

Therefore, SOC effects contribute with more dissociation channels for this ligand. It is 

noteworthy that two peaks that favor the azide dissociation (the peaks at 658 and 750 nm) 
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are in the correct and desired range for photoactivation. Therefore, this complex could be 

a potential prodrug for photoactivation. 
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Chapter 5: Conclusions 

1. The Co3+ complex with diphenylcarbazide [Co(DPC)2]
- shows a SOC effect in the 

desired range for photoactivation: an increase in the intensity of an absorbance 

peak at around 700 nm. It is noteworthy that this complex can be synthesized and 

that the peak at 700 nm is observed experimentally. 

 

2. The SOC effects in [Co(DPC)2]
- change by varying the metal, ligands, aromatic 

substituents and the solvent. From this study, the following can be stated on the 

strategies to enhance SOC effect for photoactivation purposes in metallic 

complexes (in order of importance on SOC effect):  

i. Metals present specific SOC effects depending on the ligand to which they are 

complexed 

ii. The ligands present specific SOC effects depending on the metal to which they 

are complexed, but they are always present at low wavelengths. 

iii. The use of activating aromatic ring substituents favor singlet-to-triplet 

transitions with Ms=0, which occur in peaks at around ~700 nm. 

iv. The use of polar solvents favor singlet-to-triplet transitions with Ms=0, which 

occur in peaks at around ~700 nm. 

 

3. The addition of azide ligands to the [Co(DPC)2]
- complex with diphenylcarbazide 

gives a potential prodrug for photoactivation, since one of the absorption peaks 

that favor the azide dissociation is in the accepted range for photoactivation. 

Moreover, the presence of singlet-to-triplet transitions that favors the azide 

dissociation contributes with more dissociation channels. Therefore, the complex 

[Co(DPC)2(N3)2]
3- shows promising photoactivation potential. 

Finally, based on this study, a general strategy for the construction of metallic prodrugs 

for photoactivation is presented: 

1) Choose a metal that is expected to have SOC effects. 

2) Choose a ligand that favors absorption of the complex in the desired range and 

that has SOC effect when complexed to the metal. 

3) Add a ligand that can dissociate to form cytotoxic radicals. 

4) If aromatic rings are present, add activating substituents on them to increase SOC 

effects in the desired wavelength of activation and increase the available 

dissociation channels. 

5) Use a polar solvent to favor the singlet-to-triplet transitions in the desired 

wavelength of activation and increase the available dissociation channels. 
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ANNEXES 

I. Computational study of [Co(DPC)2]- with different ring substitutions 

In all of the cases the complex was simulated and one optimized structure was obtained, 

considering the singlet multiplicity as the ground state. The resulting complex in all cases 

shows a square plane geometry. With the optimized structure, the corresponding UV-Vis 

spectra was calculated, as well as the SOC spectrum. The transitions of the spectra 

(between 300 and 850 nm) will be described in detail and the orbitals involved in these 

transitions will be shown as well. 

I.1 Nitro-DPC 

 
Figure 1 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 nitro groups 

There are five peaks observed in the UV-Vis spectra (Figure 1) at 347, 369, 450, 685 and 

760 nm.  

Table 1 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- with 4 nitro groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

18 4.038 307.1 HOMO-7 → LUMO (29.81%) 

[Ligand to metal] 

HOMO-3 → LUMO+2 (19.10%) 

[Ligand to ligand] 

1.1514 

12 3.465 357.8 HOMO → LUMO+2 (35.63%) 

[Ligand to ligand] 

HOMO-1 → LUMO+9 (24.39%) 

[d-d] 

0.1538 

9 3.361 368.9 HOMO → LUMO+2 (57.56%) 

[Ligand to ligand] 

HOMO → LUMO+4 (26.27%)  

[Ligand to metal]  

0.3980 

6 2.765 448.3 HOMO-4 → LUMO+9 (32.27%) 

HOMO-12 → LUMO (26.94%) 

0.0071 
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[d-d] 

4 1.810 685.0 HOMO → LUMO (74.87%) 

[Ligand to metal] 

0.5936 

3 1.635 758.3 HOMO-12 → LUMO (29.94%) 

HOMO-4 → LUMO+9 (16.15%) 

[d-d] 

0.1058 

Table 2 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  with 4 nitro groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

114 4.063 305.1 S18 (Ms:0) 99.64% 1.0525 

60 3.490 355.2 S12 (Ms:0) 99.79% 0.1431 

48 3.386 366.2 S9 (Ms:0) 99.78% 0.3641 

36 2.787 444.7 S6 (Ms:0) 90.79% 

T11 (Ms:-1) 4.37% 

T11 (Ms:1) 4.37% 

0.0061 

25 1.835 675.5 S4 (Ms:0) 99.48% 0.5474 

24 1.661 746.3 S3 (Ms:0) 98.93% 0.0987 

State Major Contributions 

S3 HOMO-12 → LUMO (29.94%) 

HOMO-4 → LUMO+9 (16.15%) 

S4 HOMO → LUMO (74.87%) 

S6 HOMO-4 → LUMO+9 (32.27%) 

HOMO-12 → LUMO (26.94%) 

S9 HOMO → LUMO+2 (57.56%) 

HOMO → LUMO+4 (26.27%)  

S12 HOMO → LUMO+2 (35.63%) 

HOMO-1 → LUMO+9 (24.39%) 

S18 HOMO-7 → LUMO (29.81%) 

HOMO-3 → LUMO+2 (19.10%) 

T11 HOMO-1 → LUMO+9 (58.27%) 

[d-d] 

Table 31 

Orbitals involved in the transitions of [Co(DPC)2]-  with 4 nitro groups 

HOMO-12 

 
 

 

 

HOMO-7 
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HOMO-4 

 

HOMO-3 

 
HOMO-1 

 

HOMO 

 
LUMO 

 

LUMO+2 

 

LUMO+4 

 

 

 

 

 

 

 

 

 

 

 

LUMO+9 
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I.2 Cyanide-DPC 

  
Figure 2 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 cyanide groups 

There are four peaks observed in the UV-Vis spectra (Figure 2) at 342, 445, 636 and 747 

nm.  

Table 4 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- with 4 cyanide groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

9 3.610 343.4 HOMO-1 → LUMO+9 (47.47%) 

HOMO-1 → LUMO+10 (11.03%) 

[d-d] 

0.0323 

6 2.813 440.7 HOMO-12 → LUMO (30.23%) 

HOMO-4 → LUMO+9 (28.69%) 

[d-d] 

0.0177 

4 1.951 635.3 HOMO → LUMO (80.49%) 

[Ligand to metal or d-d] 

0.5579 

3 1.665 744.5 HOMO-12 → LUMO (37.77%) 

HOMO-4 → LUMO+9 (14.72%) 

[d-d] 

0.0631 

Table 5 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  with 4 cyanide groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

51 3.632 341.3 S9 (Ms:0) 99.87% 0.0305 

30 2.830 438.0 S6 (Ms:0) 87.56% 

T9 (Ms:-1) 5.94% 

T9 (Ms:1) 5.94% 

0.0152 

25 1.971 628.8 S4 (Ms:0) 97.31% 0.5205 

24 1.687 734.7 S3 (Ms:0) 98.75% 0.0603 

State Major Contributions 

S3 HOMO-12 → LUMO (37.77%) 

HOMO-4 → LUMO+9 (14.72%) 



5 
 

S4 HOMO → LUMO (80.49%) 

S6 HOMO-12 → LUMO (30.23%) 

HOMO-4 → LUMO+9 (28.69%) 

S9 HOMO-1 → LUMO+9 (47.47%) 

HOMO-1 → LUMO+10 (11.03%) 

T9 HOMO-1 → LUMO+9 (45.03%) 

HOMO-1 → LUMO+10 (11.23%) 

[d-d] 

Table 6 

Orbitals involved in the transitions of [Co(DPC)2]-  with 4 cyanide groups 

HOMO-12 

 
 

HOMO-4 

 

HOMO-1 

 
 

HOMO 

 

LUMO 

 

 

LUMO+9 
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LUMO+10 

 

 

 

 

 

I.3 Methyl-DPC 

 
Figure 3 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 methyl groups 

There are five peaks observed in the UV-Vis spectra (Figure 3) at 350, 436, 595 and 704 

nm.  

Table 7 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- with 4 methyl groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

14 4.127 300.4 HOMO-6 → LUMO (82.59%) 

[d-d or ligand to metal] 

0.4676 

9 3.548 349.5 HOMO-1 → LUMO+3 (20.51%) 

HOMO-3 → LUMO+3 (12.58%) 

[d-d] 

0.0407 

6 2.842 436.3 HOMO-12 → LUMO (40.42%) 

HOMO-4 → LUMO+3 (14.62%) 

[d-d] 

0.0042 

4 2.080 596.2 HOMO → LUMO (89.23%) 

[Ligand to metal or d-d] 

0.5814 

3 1.760 704.6 HOMO-12 → LUMO (41.83%) 

HOMO-4 → LUMO+3 (11.28%) 

[d-d] 

0.0073 
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Table 8 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  with 4 methyl groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

77 4.144 299.1 S14 (Ms:0) 99.96% 0.4545 

45 3.565 347.7 S9 (Ms:0) 99.78% 0.0397 

33 2.862 433.2 S6 (Ms:0) 96.44% 

T9 (Ms:-1) 1.66% 

T9 (Ms:1) 1.66% 

0.0039 

28 2.096 591.3 S4 (Ms:0) 99.79% 0.5666 

24 1.775 698.4 S3 (Ms:0) 97.56% 0.0070 

State Major Contributions 

S3 HOMO-12 → LUMO (41.83%) 

HOMO-4 → LUMO+3 (11.28%) 

S4 HOMO → LUMO (89.23%) 

S6 HOMO-12 → LUMO (40.42%) 

HOMO-4 → LUMO+3 (14.62%) 

S14 HOMO-6 → LUMO (82.59%) 

S9 HOMO-1 → LUMO+3 (20.51%) 

HOMO-3 → LUMO+3 (12.58%) 

T9 HOMO-1 → LUMO+3 (19.14%) 

HOMO-1 → LUMO+10 (12.29%) 

[d-d] 

Table 9 

Orbitals involved in the transitions of [Co(DPC)2]-  with 4 methyl groups 

HOMO-12 

 
 

HOMO-6 

 

HOMO-4 

 
 

 

HOMO-3 
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HOMO-1 

 
 

HOMO 

 

LUMO 

 

LUMO+3 

 

LUMO+10 

 
 

 

The peaks at 299, 347, 433, 591 and 698 nm in the SOC spectrum are mainly the peaks 

at 300, 350, 436, 595 and 704 nm in the UV-Vis spectrum, due to the fact that the same 

transitions contribute in a similar percentage to these peaks. No significant differences 

are observed between both spectra, which mean that there are not important SOC effects 

in this case. 
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I.4 Hydroxyl-DPC 

  
Figure 4 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 hydroxyl groups 

There are five peaks observed in the UV-Vis spectra (Figure 4) at 355, 439, 492, 598 and 

706 nm.  

Table 10 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- with 4 hydroxyl groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

15 4.057 305.6 HOMO-6  → LUMO (19.01%) 

[d-d] 

0.2270 

9 3.507 353.6 HOMO-1 → LUMO+5 (29.25%) 

HOMO-3 → LUMO+5 (22.61%) 

[d-d] 

0.0420 

6 2.832 437.8 HOMO-12 → LUMO (37.07%) 

HOMO-4 → LUMO+5 (23.43%) 

[d-d] 

0.0057 

4 2.076 597.2 HOMO → LUMO (87.20%) 

[ligand to metal or d-d] 

0.5696 

3 1.757 705.7 HOMO-12 → LUMO (34.53%) 

HOMO-4 → LUMO+5 (20.20%) 

[d-d] 

0.0118 

Table 11 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  with 4 hydroxyl groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

78 4.073 304.3 S15 (Ms:0) 99.99% 0.2212 

48 3.524 351.8 S9 (Ms:0) 99.87% 0.0410 

33 2.851 434.8 S6 (Ms:0) 93.38% 0.0054 

28 2.092 592.4 S4 (Ms:0) 99.81% 0.5561 

24 1.771 700.00 S3 (Ms:0) 96.82% 

T8 (Ms:0) 2.47% 

0.0112 

State Major Contributions 
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S3 HOMO-12 → LUMO (34.53%) 

HOMO-4 → LUMO+5 (20.20%) 

S4 HOMO → LUMO (87.20%) 

S6 HOMO-12 → LUMO (37.07%) 

HOMO-4 → LUMO+5 (23.43%) 

S9 HOMO-1 → LUMO+5 (29.25%) 

HOMO-3 → LUMO+5 (22.61%) 

S15 HOMO-6  → LUMO (19.01%) 

T8 HOMO-12 → LUMO+5 (39.84%) 

HOMO-12 → LUMO+10 (14.33%) 

[d-d] 

Table 12 

Orbitals involved in the transitions of [Co(DPC)2]-  with 4 hydroxyl groups 

HOMO-12 

 
 

HOMO-6 

 

HOMO-4 

 
 

HOMO-3 

 

HOMO-1 

 

HOMO 

 



11 
 

LUMO 

 

 

 

 

 

 

 

 

 

LUMO+5 

 

LUMO+10 

 

 

I.5 Amine-DPC 

 
Figure 5 

UV-Vis and SOC spectra of [Co(DPC)2]- with 4 amine groups 

There are five peaks observed in the UV-Vis spectra (Figure 5) at 322, 350, 432, 589 and 

693 nm.  

Table 13 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- with 4 amine groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

13 3.890 318.8 HOMO-4 → LUMO (61.78%) 

HOMO-2 → LUMO (27.27 %) 

[Ligand to metal] 

0.2507 

9 3.542 350.0 HOMO-1 → LUMO+5 (21.40 %) 

HOMO-3 → LUMO+5 (19.28%) 

[d-d] 

0.0607 
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6 2.864 432.9 HOMO-12 → LUMO (42.78%) 

HOMO-5 → LUMO+5 (17.64%) 

[d-d] 

0.0104 

4 2.099 590.6 HOMO → LUMO (86.83%) 

[Ligand to metal or d-d] 

0.5904 

3 1.782 695.9 HOMO-12 → LUMO (40.69%) 

HOMO-5 → LUMO+5 (14.91%) 

[d-d] 

0.0142 

Table 14 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  with 4 amine groups 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

76 3.175 3.905 S13 (Ms:0) 99.42% 0.2448 

57 3.558 348.4 S9 (Ms:0) 99.90% 0.0595 

33 2.882 430.2 S6 (Ms:0) 98.64% 0.0099 

28 2.115 586.2 S4 (Ms:0) 99.75% 0.5781 

24 1.795 690.6 S3 (Ms:0) 97.13% 

T8 (Ms:0) 2.22% 

0.0136 

State Major Contributions 

S3 HOMO-12 → LUMO (40.69%) 

HOMO-5 → LUMO+5 (14.91%) 

S4 HOMO → LUMO (86.83%) 

S6 HOMO-12 → LUMO (42.78%) 

HOMO-5 → LUMO+5 (17.64%) 

S9 HOMO-1 → LUMO+5 (21.40 %) 

HOMO-3 → LUMO+5 (19.28%) 

S13 HOMO-4 → LUMO (61.78%) 

HOMO-2 → LUMO (27.27 %) 

T8 HOMO-12 → LUMO+5 (42.09%) 

HOMO-12 → LUMO+12 (13.95%) 

[d-d] 

Table 15 

Orbitals involved in the transitions of [Co(DPC)2]-  with 4 amine groups 

HOMO-12 

 
 

 

 

 

 

HOMO-5 
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HOMO-4 

 
 

HOMO-3 

 

HOMO-2 

 
 

HOMO-1 
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LUMO 
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LUMO+12 

 

II. Computational study of [Co(DPC)2]- with different solvents 

In all of the cases the complex was simulated and one optimized structure was obtained, 

considering the singlet multiplicity as the ground state. The resulting complex in all cases 

shows a square plane geometry. With the optimized structure, the corresponding UV-Vis 

spectra was calculated, as well as the SOC spectrum. Also, the transitions of the spectra 

(between 300 and 850 nm) will be described in detail and the orbitals involved in these 

transitions will be shown as well. 
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II.2 Water 

 
Figure 6 

UV-Vis and SOC spectra of [Co(DPC)2]- in water 

There are four peaks observed in the UV-Vis spectra (Figure 6) at 347, 436, 585 and 705 

nm.  

Table 16 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- in water 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

9 3.564 347.9 HOMO-1 → LUMO+3 (29.39%) 

HOMO-1 → LUMO+10 (14.24%) 

[d-d] 

0.0294 

6 2.840 436.5 HOMO-12 → LUMO (41.08%) 

HOMO-4 → LUMO+3 (18.20%) 

[d-d] 

0.0054 

4 2.144 586.4 HOMO → LUMO (90.28%) 

[Ligand to metal or d-d] 

0.5562 

3 1.756 706.0 HOMO-12 → LUMO (41.58%) 

HOMO-4 → LUMO+3 (14.72%) 

[d-d] 

0.0066 

Table 17 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  in water 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

42 3.582 346.1 S9 (Ms:0) 98.54% 0.0286 

33 2.862 433.2 S6 (Ms:0) 93.72% 

T9 (Ms:-1) 2.99% 

T9 (Ms:1) 2.99% 

0.0048 

28 2.131 581.8 S4 (Ms:0) 99.88% 0.5432 

24 1.771 699.8 S3 (Ms:0) 97.50% 

T8 (Ms:0) 1.86% 

0.0063 

State Major Contributions 

S3 HOMO-12 → LUMO (41.58%) 
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HOMO-4 → LUMO+3 (14.72%) 

S4 HOMO → LUMO (90.28%) 

S6 HOMO-12 → LUMO (41.08%) 

HOMO-4 → LUMO+3 (18.20%) 

S9 HOMO-1 → LUMO+3 (29.39%) 

HOMO-1 → LUMO+10 (14.24%) 

T8 HOMO-12 → LUMO+3 (28.75%) 

HOMO-12 → LUMO+10 (22.18%) 

[d-d] 

T9 HOMO-1 → LUMO+3 (27.51%) 

HOMO-1 → LUMO+10 (15.39%) 

[d-d] 

Table 18 

Orbitals involved in the transitions of [Co(DPC)2]-  in water 

HOMO-12 

 

HOMO-4 

 
HOMO-1 

 

HOMO 

 
LUMO 

 
 

 

 

LUMO+3 
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LUMO+10 

 
 

 

II.2 Methanol 

 
Figure 7 

UV-Vis and SOC spectra of [Co(DPC)2]- in methanol 

There are four peaks observed in the UV-Vis spectra (Figure 7) at 347, 436, 585 and 705 

nm.  

Table 19 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- in water 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

9 3.564 347.8 HOMO-1 → LUMO+3 (31.84%) 

HOMO-1 → LUMO+10 (15.79%) 

[d-d] 

0.0294 

6 2.840 436.6 HOMO-12 → LUMO (40.95%) 

HOMO-4 → LUMO+3 (17.89%) 

[d-d] 

0.0053 

4 2.113 586.7 HOMO → LUMO (90.32%) 

[Ligand to metal or d-d] 

0.5564 

3 1.755 706.4 HOMO-12 → LUMO (41.63%) 

HOMO-4 → LUMO+3 (14.38%) 

[d-d] 

0.0065 
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Table 20 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  in methanol 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

42 3.582 346.1 S9 (Ms:0) 99.00% 0.0287 

33 2.861 433.3 S6 (Ms:0) 93.44% 

T9 (Ms:-1) 3.12% 

T9 (Ms:1) 3.12% 

0.0047 

28 2.130 582.0 S4 (Ms:0) 99.88% 0.5431 

24 1.770 700.2 S3 (Ms:0) 97.53% 

T8 (Ms:0) 1.83% 

0.0062 

State Major Contributions 

S3 HOMO-12 → LUMO (41.63%) 

HOMO-4 → LUMO+3 (14.38%) 

S4 HOMO → LUMO (90.32%) 

S6 HOMO-12 → LUMO (40.95%) 

HOMO-4 → LUMO+3 (17.89%) 

S9 HOMO-1 → LUMO+3 (31.84%) 

HOMO-1 → LUMO+10 (15.79%) 

T8 HOMO-12 → LUMO+3 (28.29%) 

HOMO-12 → LUMO+10 (22.30%) 

[d-d] 

T9 HOMO-1 → LUMO+3 (29.80%) 

HOMO-1 → LUMO+10 (17.04%) 

[d-d] 

Table 21 

Orbitals involved in the transitions of [Co(DPC)2]-  in methanol 

HOMO-12 

 

HOMO-4 

 
 

HOMO-1 

 
 

HOMO 
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LUMO 

 

LUMO+3 

 
 

LUMO+10 

 
 

 

II.3 Hexane 

 

Figure 8 

UV-Vis and SOC spectra of [Co(DPC)2]- in hexane 

There are four peaks observed in the UV-Vis spectra (Figure 8) at 347, 436, 598 and 715 

nm.  
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Table 22 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]- in hexane 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

9 3.565 347.8 HOMO-1 → LUMO+5 (41.81%) 

HOMO-1 → LUMO+10 (18.35%) 

[d-d] 

0.0301 

6 2.825 438.8 HOMO-10 → LUMO (38.46%) 

HOMO-2 → LUMO+5 (13.28%) 

[d-d] 

0.0042 

4 2.070 599.0 HOMO → LUMO (90.59%) 

[Ligand to metal or d-d] 

0.5649 

3 1.732 715.8 HOMO-10 → LUMO (41.77%) 

HOMO-2 → LUMO+5 (10.21%) 

[d-d] 

0.0074 

Table 23 

Description of the UV-Vis spectrum transitions of [Co(DPC)2]-  in hexane 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

42 3.584 345.8 S9 (Ms:0) 97.43% 

T12 (Ms:-1) 1.21% 

T12 (Ms:1) 1.21% 

0.0284 

33 2.851 434.9 S6 (Ms:0) 86.16% 

T9 (Ms:-1) 6.59% 

T9 (Ms:1) 6.59% 

0.0033 

28 2.809 593.5 S4 (Ms:0) 99.76% 0.5457 

24 1.750 708.4 S3 (Ms:0) 97.98% 

T8 (Ms:0) 1.41% 

0.0071 

State Major Contributions 

S3 HOMO-10 → LUMO (41.77%) 

HOMO-2 → LUMO+5 (10.21%) 

S4 HOMO → LUMO (90.59%) 

S6 HOMO-10 → LUMO (38.46%) 

HOMO-2 → LUMO+5 (13.28%) 

S9 HOMO-1 → LUMO+5 (41.81%) 

HOMO-1 → LUMO+10 (18.35%) 

T8 HOMO-10 → LUMO+5 (29.06%) 

HOMO-10 → LUMO+10 (18.21%) 

T9 HOMO-1 → LUMO+5 (39.61%) 

HOMO-1 → LUMO+10 (19.26%) 

[d-d] 

T12 HOMO-6 → LUMO (51.36%) 

[Ligand to metal or d-d] 

HOMO → LUMO+9 (19.61%) 

[Ligand to ligand or d-d] 
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Table 24 

Orbitals involved in the transitions of [Co(DPC)2]-  in hexane 

HOMO-10 

 
 

HOMO-6 

 

HOMO-2 

 

HOMO-1 

 
 

HOMO 

 

LUMO 

 
 

LUMO+5 

 
 

LUMO+9 
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LUMO+10 

 
 

 

III. Computational study of trans,trans,trans-[Pt(N3)2(OH)2(Py)(MA)] 

The complex [Pt(N3)2(OH)2(Py)(MA)] was simulated and one optimized structure was 

obtained, considering the singlet multiplicity as the ground state. In the complex, 

Platinum has an oxidation state of 4+, the azide ligand has a charge -1 as well as the 

hydroxyl groups, and the pyridine as well as the methylamine don’t have charge. The 

complex has an octahedral geometry. In the complex, the pyridine is bonded to the 

complex by the nitrogen, as well as the methylamine. With the optimized structure, the 

corresponding UV-Vis spectra was calculated, as well as the SOC spectrum. The 

optimized structures as well as their corresponding spectra are shown in Figures 9-10. 

Also, the transitions of the spectra (between 300 and 850 nm) will be described in detail 

and the orbitals involved in these transitions will be shown as well (Tables 25-27).  

 
Figure 9 

Optimized structure of [Pt(N3)2(OH)2(Py)(MA)] 
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Figure 10 

UV-Vis and SOC spectra of [Pt(N3)2(OH)2(Py)(MA)] 

There is 1 peak in the UV-Vis spectrum (Figure 10) at 371 nm. The fact that there is 1 

peak suggests that Pt3+ (d6 species) favors high spin (1 transition expected).  

Table 25 

Description of the UV-Vis spectrum transitions of [Pt(N3)2(OH)2(Py)(MA)] 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

2 3.351 370 HOMO-1 → LUMO (73.65%) 

HOMO →  LUMO (14.58%) 

[d-d] 

0.00511 

Table 26 

Description of the SOC spectrum transitions of [Pt(N3)2(OH)2(Py)(MA)] 

State Energy 

(eV) 

Wavelength 

(nm) 

Major Contributions Oscillator 

Strength 

13 3.558 348.5 S1 (Ms:0) 59.64% 

 

0.00285 

6 3.226 384.2 T2 (Ms:0) 40.15% 0.00104 
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T1 (Ms:-1) 15.26% 

T1 (Ms:-1) 15.26%  

2 2.986 415.1 T2 (Ms:0) 27.18% 

T1 (Ms:-1) 26.78% 

T1 (Ms:1) 26.78%  

0.00089 

State Major Contributions 

S1 
HOMO → LUMO (74.42%) 

HOMO-1 →  LUMO (15.14%)   

T1 HOMO →  LUMO (84.47%) 

[d-d] 

T2 HOMO-1 → LUMO (84.10%) 

[d-d] 

Table 27 

Orbitals involved in the transitions of [Pt(N3)2(OH)2(Py)(MA)] 

HOMO-1 

 

HOMO 

 
 

LUMO 

 
 

 

 


