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ABSTRACT 

Neurodegenerative diseases are incurable and highly incapacitating 

diseases characterized by the progressive degeneration and death of neural 

tissues. According to World Health Organization, it is estimated that almost 

50 million people have dementia worldwide and it is expected that this 

number triple by 2050. One of the main problems associated with this type 

of pathologies, is the late stage of detection implying a less effective 

treatment options. In this context, Magnetic resonance imaging (MRI) has 

gained greater attention in the most recent years. Several studies have been 

carried out to find new molecules with the ability to increase the contrast 

between tissues allowing a more accurate and early diagnosis of these 

diseases. Also, new molecules have been designed over the years to find 

new compounds that could elucidate β-amyloid aggregation through 

luminescent methodologies. The main goals of this thesis are focused on the 

development of new magnetic organic salts with potential application as MRI 

contrast agents. Biocompatible magnetic and luminescent Ionic Liquids (ILs) 

or organic salts based on the combination between choline derivative cations 

and Mn(II), Gd(III) or Tb(III) anion complexes were prepared. Some selected 

analogues of these compounds were functionalized in Mesoporous Silica 

Nanoparticles (MSNs) to evaluate the impact of this immobilization in their 

toxicity profile. Magnetic salts and MSN materials were characterized by 

spectroscopy (NMR, FTIR, UV-Vis, Emission); elemental analysis; ICP-MS; 

magnetic susceptibility; thermal properties; and about their toxicity. Finally, 

relaxation studies were performed to evaluate their applicability as contrast 

agents for MRI technique. In parallel, new ionic fluorescent probes based on 

Thioflavin T and Congo Red were prepared. These new materials were 

characterized by spectroscopy (NMR, FTIR); elemental analysis; and about 
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their thermal properties. Specifically, for ThT salts, UV-Vis and Emission 

studies were carried out and birefringence studies for Congo Red salts. 

It is expected to explore in the future some of the prepared magnetic and 

luminescent salts for application as efficient and non-toxic MRI contrast 

agents. 
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RESUMO 

As doenças neurodegenerativas são doenças incuráveis e altamente 

incapacitantes que são normalmente caracterizadas pela progressiva 

degeneração e consequente morte dos tecidos neurais. Segundo a 

Organização Mundial de Saúde, estima-se que quase 50 milhões de 

pessoas sofram atualmente de algum tipo de demência em todo o mundo e 

que este número triplique até 2050. Uma das principais limitações 

associadas a este tipo de patologias é a sua deteção tardia cuja 

consequência é um menor número de opções de tratamentos possíveis bem 

como uma menor eficácia dos mesmos. Devido às suas enormes vantagens 

relativamente a outros métodos atualmente usados, a Ressonância 

Magnética á Imagem (MRI) tem atraído um maior interesse nos últimos 

anos. Têm sido realizados diversos estudos de forma a encontrar novas 

moléculas com a capacidade de aumentar o contraste entre os tecidos 

permitindo um diagnóstico mais preciso e precoce das doenças 

neurodegenerativas. Adicionalmente, têm também sido feitos muitos 

estudos no sentido de encontrar novas moléculas que permitam, através de 

metodologias espectroscópicas (nomeadamente de Luminescência), á 

comunidade científica obter um maior conhecimento sobre o mecanismo de 

agregação da β-amiloide. Os objetivos principais desta tese baseiam-se no 

desenvolvimento de novos sais orgânicos magnéticos com potencial 

aplicação como agentes de contraste para ressonância magnética á 

imagem. Foram preparados líquidos iónicos ou sais orgânicos magnéticos e 

luminescentes biocompatíveis com base na combinação entre catiões 

derivados da colina e complexos metálicos de Mn (II), Gd (III) e Tb (III). 

Foram posteriormente selecionadas algumas estruturas cujos análogos 

foram funcionalizados em Nanopartículas de Sílica Mesoporosa (MSNs) 



 
 

com o objetivo de avaliar o impacto dessa imobilização na toxicidade dos 

sais. Tanto os sais magnéticos como os nanomateriais foram caracterizados 

por espectroscopia (RMN, FTIR, UV-Vis, Emissão); análise elementar; ICP-

MS; suscetibilidade magnética; quanto às suas propriedades térmicas; e 

toxicidade. Por fim, foram realizados estudos de relaxação de forma a avaliar 

a aplicabilidade destes novos compostos e materiais como agentes de 

contraste para ressonância magnética á imagem. Numa segunda parte do 

trabalho foram também preparados novos compostos iónicos baseados nas 

estruturas da Tioflavina T e Vermelho do Congo que possam ser usados 

como sondas fluorescentes. Esses novos materiais foram caracterizados 

por espectroscopia (NMR, FTIR); análise elementar; e quanto às suas 

propriedades térmicas. Especificamente, os sais baseados na Tioflavina T 

foram ainda avaliados quanto às suas propriedades de luminescência e 

foram efetuados estudos de birrefringência para os sais preparados a partir 

do Vermelho do Congo.  

No futuro espera-se que alguns dos sais magnéticos e luminescentes 

preparados possam ser aplicados como agentes de contraste de MRI mais 

eficientes e não tóxicos. 
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1.  Neurodegenerative Diseases 

Neurodegenerative diseases (ND) are incurable and highly incapacitating 

disorders that affect the human central nervous system (CNS). These 

pathologies are characterized by the progressive degeneration and death of 

nerve cells, more commonly called neurons.1,2 These are specialized cells 

that act, along with glia cells, as one of the basic building block of the CNS 

and communicates with other cells through connections called synapses.3–5 

Once damaged or destroyed, neurons do not have the capacity to regenerate 

nor can be replaced. Therefore, the neuronal loss event lead to severe 

damages to CNS structure and function in specific areas and, consequently, 

to the appearance of symptoms that depends on the affected area and 

whose severity increases with time.2,5,6 Alzheimer’s, Parkinson's or 

Huntington's diseases, amyotrophic lateral sclerosis and so many other 

pathologies are examples of neurodegenerative disorders. According to 

World Health Organization (WHO), it is estimated that almost 50 million 

people have dementia worldwide. Also, Alzheimer’s Disease (AD) arises as 

the most common form of dementia representing 60 to 70% of the people 

that suffer with this kind of illness.7 Usually, the first symptom related with AD 

is the short-term memory loss, i.e., the increased difficulty in retaining recent 

memories. Also, poor judgment, repeating questions and increased anxiety 

can be included in the first symptoms that patients may suffer. With time, 

these and many other symptoms appear, and the severity increases greatly. 

In more advanced stages of the disease, the patient can feel disorientation 

and confusion, depression, lack of ability to perform the normal daily tasks 

as well as the loss of the ability to recognize family and friends. In late stages, 

the patients lose many important and vital body functions which leads, 

eventually, to death.8  



Introductory concepts 

6 
 

Most of AD cases are age-related with the first clinical symptoms appearing 

at mid-60s, however, a small percentage of patients (2 to 10%) with this 

illness show an early onset form of the disease.9 In addition to age, being 

female, possessing a poor education level, have a family history with AD 

cases, severe head trauma, race and an inheritance of a specific 

apolipoprotein allele (APO e4) are examples of risk factors that increases the 

chance of develop AD.8,10 Also, rare autosomal dominant forms of AD with 

an approximate incidence smaller than 1% can be found between the 

patients.9 

Despite all neurodegenerative disorders showed similar common 

pathological features (e.g. cell loss, gliosis, atrophy, and pathological protein 

inclusions) they can be distinguished by some details such as (i) which 

neuronal populations are lost (e.g. brain, spinal cord) and (ii) which proteins 

are found in inclusions and their subcellular localization.  Specifically, AD is 

neuropathologically characterized by the formation and deposition of two 

different protein aggregates associated to tau and β-amyloid proteins and 

more commonly known as neurofibrillary tangles and amyloid plaques, 

respectively.11,12 Amyloid aggregates can be found mostly within the 

parenchyma and in the vicinity of small vessels walls and comprises the 

deposition of fibrillar forms of β-amyloid (Aβ) protein.12,13 These Aβ peptides 

are formed through the proteolytic cleavage from a larger protein, amyloid 

precursor protein or APP through two possible pathways as can be seen in 

Figure 1. 1.  
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Figure 1. 1 | Scheme of APP proteolysis process. adapted from 14 

 

Non-amyloidogenic route leads to the formation of a soluble and innocuous 

fragment called p3 while amyloidogenic path conducts to the formation of a 

fragment of β-Amyloid. This fragment presents several isoforms according to 

the APP cleavage site. 15–18 Although harmless to health, the most frequently 

Aβ form is composed by 40 (Aβ40) amino acids. With an incidence of less 

than 10% of the produced isoforms, Aβ42 arises as the main responsible for 

the formation of neurotoxic protein aggregates. This form of β-Amyloid 

peptide presents hydrophobic properties which leads to higher predisposition 

to aggregate. 19–23 According to amyloid cascade hypothesis, aggregation 

and, consequent deposition of β-amyloid peptide in the brain, is one of the 

most important causes for Alzheimer's disease. Aβ formation and its 

precursor structures distort synaptic neurotransmitter levels and prevent the 

communication between neurons which leads to a dysfunction of the synaptic 

process.24–27 Neurotransmitters normally associated to AD are acetylcholine, 

glutamate, serotonin, dopamine, γ-aminobutyric acid (GABA) and 

noradrenaline. Because of this modification, a progressive loss of cognitive 

functions is observed. 
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1.1. 𝛽-Amyloid fibrils formation 

Amyloid fibrillogenesis, i.e., the process or Aβ aggregates formation is 

carried out through a multiple step’s evolution where, at each stage, an 

increasingly complex structure is formed (Figure 1. 2). The rearrangement of 

a native protein structure with a formation of a misfolded intermediate is the 

first step. This protein reorganization leads to an unstable β-sheet rich fibrillar 

intermediate with a high probability to aggregate with other β-strands into 

higher-order oligomers to find stability. Oligomers scaffolds act as monomers 

and its formation is followed by more aggregation steps where more complex 

intermediate structures are attained until the insoluble species named fibrils 

are observed. 28–32 

 

 

Figure 1. 2 | Process of amyloid fibrils formation. Adapted from 28,33 

 

Recent studies suggested that synaptic process is affected before amyloid 

fibrils formation. Although this report is still very recent, some authors has 
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been attributing the synaptic process dysfunction to earlier stages of AD, i.e., 

to the formation and action of oligomers.34–36 According to the literature, 

amyloid fibrils formation can be inhibited through oligomers stabilization via 

hydrogen bond between carboxylic group and the protein backbone. By 

using some ionic compounds, more specifically ionic liquids (ILs), it is 

possible to observe some differences in the fibril’s formation process. In the 

presence of task-specific ionic liquids, it was possible to consider important 

observations: i) different amount and morphology of fibril aggregates; ii) 

smaller protein β-sheet content; iii) higher stability of folded protein 

conformation; iv) some oligomers species were not converted into structures 

that are more complex. 37 

1.2. Neurotransmitters and pharmacological drugs 

Until 2021, none of the prescribed therapeutic drugs used for this kind of 

illness could stop the disease progress. It is important to note that the 

approved pharmacological therapies are based on the reduction of the 

symptoms evolution as well as to preserve the patient's mental and cognitive 

abilities as long as possible giving to them some life quality. From 2003, Food 

and Drugs Administration (FDA) approved only two drugs for therapy. Table 

1. 1 presents the approved drugs used to treat AD patients. Being associated 

to altered neurotransmitter levels in the brain, AD symptomatic treatment 

was, until this year, focused on two different classes of drugs, 

acetylcholinesterase inhibitors (IAChE) and one antagonist of the N-methyl-

D-aspartate receptor (NMDAR). IAChE and NMDAR mainly act on the 

cholinergic and glutamatergic systems.38–41 In contrast, the new drugs called 

Aduhelm® and Leqembi®, contained as main target one of the AD 

pathological hallmark, β-amyloid. Patients that received these new drugs 
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showed a significant reduction of Aβ plaques. On the other hand, patients 

treated with placebo, did not present any difference in Aβ plaques content.42  

 

Table 1. 1 | Drugs used for the symptomatic treatment of Alzheimer’s disease.41 

 

1.2.1. The cholinergic system 

AD patients present smaller amounts of choline acetyltransferase. This 

enzyme is responsible for the synthesis of ACh neurotransmitter and, 

because of its reduced concentration, a decrease in ACh production can be 

observed. ACh neurotransmitter is involved in the learning and memory and 

generally, the patients experienced a cognitive decline according to their 

cholinergic function loss. IAChE compounds act for inhibition of 

acetylcholinesterase (AchE) enzyme and, thus, avoid the acetylcholine 

degradation in the synaptic cleft.38,39 A significant improvement of the 

characteristic symptoms of AD disease using IAChE have been observed.40 

Drug Class Indication 
Date of 

Introduction 

Tacrine (a) 

IAChE 

Mild to moderate dementia of the 
Alzheimer’s type 

1993 

Donepezil Dementia of the Alzheimer’s type 1997 

Rivastigmine 
Mild to moderate dementia of the 

Alzheimer’s type 
2000 (Oral) 
2008 (patch) 

Galantamine 
Mild to moderate Alzheimer’s 

disease 
2001 

Memantine 
NMDA 

antagonist 

Moderate to severe dementia of 
the Alzheimer’s type in adult 

patients 
2003 

Aduhelm 
Aβ- directed 

antibody 
- 2021 

Leqembi 
monoclonal 

antibody 
- 2023 

(a) Tacrine was the first IAChE approved for clinical use and showed an improvement in the 
cognitive function of the patients, however, today it is no longer used due to their high 
incidence secondary effects (hepatotoxicity). 
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1.2.2. The Glutamatergic System 

Glutamate excitatory neurotransmitter, presented in  high levels in AD 

patients, binds to NMDA receptor when the synaptic process is ongoing. In 

a mechanism of excitotoxicity, the presence of high levels of Glutamate leads 

to the introduction of high amounts of calcium in the nerve cells and, as a 

consequence, also results in the cell death by excessive stimulation. 

Memantine, the only non-competitive antagonist of NMDAR prescribed for 

AD disorder, acts making the connection Glutamate-NMDA receptor more 

difficult and, thus, reduces the calcium introduced in the cells. This 

mechanism allows to avoid the cell damage and consequent death.11,38,40 

Due to the small affinity to NMDAR, Memantine has no effect in healthy 

people. This drug is only activated in specific cases such as when an 

increase of NMDAR is observed or when the neurons are being too overly 

stimulated. With an increase in the disease severity (later stages), 

memantine shows greater efficiency since the phenomenon of excitotoxicity 

is also higher. Thus, this drug seems to be more effective in severe AD 

cases. 39,40 

1.3. Diagnosis Techniques 

Currently, it is not available an efficient method to perform AD diagnosis. 

Pathological analysis performed during the patient's autopsy is, still today, 

the only method that can give a definitive diagnosis of this disorder.43 

Therefore, AD diagnosis can be made by differential analysis considering 

different hypotheses, which are gradually eliminated until, ideally, only one 

option is obtained. This differential analysis is carried out through physical 

examinations and cognitive assessment in order to eliminate other 

hypothetical diseases. Currently, three exams that can be more focused to 

this pathology (although it cannot serve as a definitive diagnostic method) 
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are being used in the clinical practice: analysis of biomarkers in the 

cerebrospinal fluid (CSF), positron emission tomography (PET) and 

magnetic resonance imaging (MRI). These techniques are important to 

evaluate the presence and deposition of amyloid protein, the presence of 

pathological tau protein as well as the brain cortical atrophy. Additionally 

other differential diagnosis methods such as by using glucose metabolism 

measurement through fluorodeoxyglucose-PET (FDG-PET) technique and 

brain perfusion by single-photon emission computed tomography (SPECT) 

can be used.44 In Table 1. 2 these techniques are summarized according to 

objectives. 

 

Table 1. 2 | Techniques used in differential diagnosis of Alzheimer’s disease. 

Technique Biomarker How it works 

MRI Brain cortical 
atrophy 

Give images from brain atrophy, i.e., brain 
tissue loss. This information is correlated with 
characteristic cognitive deficits of AD patients. 

45,46 

PET Aβ42 plaques 18F tracers (a) is used to detect brain amyloidosis 
due to high affinity of tracers to amyloid 
plaques. 44,47 
 

CSF 
Biomarkers 

T-tau 
Aβ42 level 

Measurement of total T-tau level and β-amyloid 
1-42 for quantification of the protein 
concentration present in the brain. 48 

FDG-PET Glucose 
metabolism (b) 

Detects glucose metabolism changes in the 
brain that is correlated with synapse disfunction 
(direct method). 49 

SPECT Brain 
perfusion (b) 

Synaptic activity is dependent with glucose 
metabolism, which it can be correlated with 
cerebral blood flow to the brain (cerebral 
perfusion, indirect method). 43 

(a) PET tracers used in clinical practice: Florbetapir F-18 (Amyvid), Florbetaben (Neuraceq, 
Piramal 
Imaging) and [18F]-flutemetamol (Vizamyl ®) 
(b) Radiopharmaceutical compounds used: technetium-99m-hexamethyl propylene amine 
oxime 
(99mTc-HMPAO) or technetium-99m-ethyl cysteinate diethylester (99mTc-ECD) 
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All these diagnosis techniques give us different valuable clues facilitating the 

differential diagnosis along with patient’s cognitive analysis.  Specifically for 

this work, we are interested in the study of MRI technique. In the last years, 

this diagnosis method has been gained greater attention as an alternative to 

PET technique. MRI is based on nuclear magnetic resonance spectroscopy 

and allows collecting images from internal structures of human body. It 

presents several important advantages such as its higher spatial resolution, 

the ability to differentiate soft tissues, it is a cheaper diagnosis method 

comparing to PET and no ionizing radiation is needed. In addition, it is a non-

invasive method and considered harmless to the patients despite the use of 

high magnetic fields. However, MRI sometimes possesses a low sensitivity 

problem, which may lead to a poor image contrast and resolution, as well as 

the need to apply higher times scan. To overcome this problem, MRI can be 

used in combination with contrast agents. These pharmaceutical compounds 

are applied in order to increase the contrast enhancement.50,51  

 

2. Magnetic Resonance Imaging 

NMR spectroscopy, and so, Magnetic Resonance Imaging (MRI), are based 

on the interaction phenomenon between an external magnetic field and a 

particle with associated spin and charge.52–54 Due to their inherent angular 

momentum and being positively charged, MRI-active nuclei has a net 

electrical charge. According to Faraday’s law, rotating nucleus with a positive 

charge, i.e., a moving electric field, generates a local magnetic field usually 

called magnetic moment.55,56 The proton nucleus, 1H, is the most used 

hydrogen isotope in magnetic resonance technique. Its single proton gives 

to this nucleus a relatively large magnetic moment which, together with the 

high percentage of hydrogen in human body, allow it to be the better choice 
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for MRI applications.57,58 Thus, this diagnosis method takes advantage of the 

high-water percentage and also the presence of fat in human tissues to 

obtain images of anatomic structures and physiological processes of human 

body.53,57,59 The MRI technique is accomplished with the relaxation detection 

of water protons spins when these are under the influence of a strong 

magnetic field and excited by radiofrequency (RF) energy, applied in short 

pulses. The RF pulses, as a low-energy radiation (non-ionizing), is the 

reason why MRI is considered a safe imaging technique and one of the main 

advantages comparing to other diagnostic methods (Figure 1. 3). This 

process is complemented with magnetic field gradients, i.e., with linear 

variations in the magnetic field intensity. These gradients allow to: (1) 

selectively excite (focus) the anatomical area of interest and (2) encode the 

position of the resonating spins, which enables the construction of a three-

dimension image. Regarding to the process of spins relaxation, this concerns 

to the return of protons spins to equilibrium state (low-energy state).58,60–62 

These mechanisms are going to be detailed in the next section.  

 

 

Figure 1. 3 | The electromagnetic spectrum. (adapted from 63) 
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2.1. MRI image contrast parameters 

Image contrast in MRI experiments is affected by several factors. Some of 

these can be changed by the technique operator (extrinsic parameters), 

however, others are inherent to the body tissues and cannot be changed 

(intrinsic parameters).52,58 T1 recovery, T2 decay and proton density (PD) are 

the three main intrinsic parameters responsible for the image contrast. PD is 

related with the number of protons available in a tissue per unit volume. 

Therefore, higher values of PD lead to a larger signal.53,64 T1 recovery and T2 

decay (longitudinal and transverse relaxation, respectively) concern to spin 

relaxation mechanisms. These relaxation processes emerge from protons 

spins excitation. In the absence of an external magnetic field, none of the 

protons spins orientation is preferential and they have the same energy 

(Figure 1. 4 (A)). However, in the presence of a strong magnetic field (B0), 

an interaction between the nucleus and the applied field is established and 

the magnetic moments line up with B0 in parallel and antiparallel alignments 

(Figure 1. 4 (B)). These two alignments have different energy levels 

according to the spin vector direction. When the magnetic moment and B0 

are aligned (in the same direction), a low-energy state is obtained. On the 

other hand, when they have opposite directions, the energy of this state 

increases.53,65 
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Figure 1. 4 | Hydrogen protons alignment in (A) the absence and (B) presence of an 

external magnetic field; (C) The net magnetization vector. (adapted from 52) 

 

When this condition is achieved, even in small amount, there is a larger 

population in the low-energy state comparing to antiparallel state. This small 

excess of low-energy spins generates a net magnetic moment illustrated in 

Figure 1. 4 (C) by a vector aligned in the same direction with the external 

magnetic field called net magnetization vector (NMV).58,62,64 Protons spins 

can be excited under the influence of the static magnetic field B0 by the 

application of an additional radiofrequency (RF) magnetic field applied in 

short duration pulses. When the RF field is removed, specific relaxation 

processes are initiated and the protons spins return to their low-energy state 

at the same time that the NMV vector realign with B0.61 These relaxation 

mechanisms are characterized by relaxation times T1 and T2 whose variation 

on tissues (hydrogen atom environment) are the basis of MRI image 

contrast.53,65  

2.1.1. T1 recovery 

T1 recovery mechanism is characterized by the loss of energy from hydrogen 

nuclei to the neighbouring environment. This energy loss causes the return 

of protons magnetic moments to longitudinal plane, i.e., allows to recover 
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their longitudinal magnetization (Figure 1. 5 (A)). This mechanism can be 

expressed by an exponential curve (Figure 1. 5 (B)) and it is characterized 

by a longitudinal relaxation time constant (T1) that corresponds to the 

required time to longitudinal magnetization recovers 63% in a tissue. Time 

evolution of this process is described in Equation 1. 1.53,65,66 

 

(A) (B) 

 𝐌𝐳𝝉
= 𝐌𝟎. (𝟏 − 𝐞

−
𝛕

𝐓𝟏)     (Equation 1. 1) 

 
 

Figure 1. 5 | (A) Longitudinal relaxation process; (B) T1 recovery curve. 𝑴𝒛𝝉
 is the 

longitudinal magnetization at time τ after removing the excitation pulse; 𝑴𝟎 is the 

longitudinal equilibrium magnetization; and T1 corresponds to T1 recovery time and 

is the time required to increase longitudinal magnetization by a factor of e.(adapted from 

58,65) 

2.1.2. T2 decay 

T2 decay, or spin-spin relaxation, is characterized by the interaction of nearby 

proton magnetic fields with each other and the consequent loss of coherent 

transverse magnetization (Figure 1. 6 (A)). As longitudinal relaxation, also T2 

decay rate is an exponential process (Figure 1. 6 (B)), and it is characterized 

by a transversal relaxation constant (T2). This constant corresponds to the 
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required time to obtain 63% of coherence loss in the transverse plane. Time 

evolution of this process is described in Equation 1. 2.53,65,66  

 

(A)  (B) 

 
𝐌𝐱𝐲 = 𝐌𝟎. 𝐞

−
𝛕

𝐓𝟐     (Equation 1. 2) 

 

 

Figure 1. 6 | (A) Transverse relaxation process; (B) T2 decay curve. 𝑴𝒙𝒚𝝉
 is the 

transverse magnetization at time τ after removing the excitation pulse; 𝑴𝟎 is the 

transverse equilibrium magnetization; and T2 corresponds to T2 decay and is the 

time required to reduce transverse magnetization by a factor of e.(adapted from 58,65) 

 

2.2. Contrast agents 

As described in section 1.3, MRI possesses several important advantages 

over other diagnostic techniques. However, one of its major disadvantages 

is the reduced image contrast observed in some situations. Thus, the use of 

contrast agents can be relevant in order to support this technique. The 

function of contrast agents is focused in their ability to increase the image 

contrast between the target tissue, organ or structure and the surrounding 

tissues. There is some divergences about the classification of contrast 
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agents, but in general, they can be classified according to Scheme 1. 1.51,67–

70  

 

Scheme 1. 1 | General classification of the Contrast Agents  

 

In this context, it is important to analyse in more detail the Paramagnetic CAs, 

in particular, their effect on image contrast as well as their role and function. 

Paramagnetic agents are typically correlated to metal chelates whose 

formulation comprise the presence of a ligand coordinated with a metal ion 

with a permanent magnetic moment (as a result of the presence of at least 

one unpaired electron). The most widely used paramagnetic commercial 

CAs are usually based on gadolinium (III) complexes. Although there are 

already reported two examples of CAs based on the manganese (II) 

transition metal  (Mn-DPDP and a liposome encapsulation system named on 
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LumenHance), gadolinium (III) remains as the primordial choice with a higher 

success rate within commercial CAs.69 Gadolinium (Gd) is a lanthanide 

element from f-block with important properties, such as its 7 unpaired 

electrons in the 4f orbital, the high magnetic moment and coordination 

efficiency with water molecules; and, also, the fact that their complexes 

induce a reduction of longitudinal and transversal relaxation times of water 

protons closer to the metal.69,71 Nevertheless, Gd (III) has a high toxic level 

for the human body in its free state. This metal toxicity has been associated 

to several mechanisms of action including calcium channel inhibition. In the 

free state, Gd (III) presents a similar atomic radius as divalent calcium (Ca2+). 

Although the mechanism by which gadolinium inhibits calcium channels is 

still unknown, it is recognized that Gd acts as an analogue of Ca2+ and inhibits 

its normal functioning.72–75 With an important role as an activator in the 

release of the neurotransmitters during the synaptic process, blocking this 

mechanism as a result of its inhibition by gadolinium can induce severe 

biological consequences.73,76–78 In order to avoid this gadolinium-associated 

toxicity, a ligand or chelate is selected to trap the free metal.74,77 This carrier 

molecule and the coordination with the metal has to respect some 

parameters to be adequate as MRI contrast agents. One of the most 

important features is the ligand ability to form a thermodynamically stable 

metal complex to prevent the dissociation of metal-ligand bond and, 

consequently, the release of free metal. The thermodynamic balance 

between Gd3+ and ionic ligand species as well as the metal complex 

determines the final stability. Moreover, the required time for this equilibrium 

attainment, i.e., the kinetic stability, is an important parameter. Thus, the 

ligand chemical properties and its ability to stablish a well-coordinated 

chelate allows to predict the dissociation probability and the rate of the 

process. Several studies to develop new ligands with a design that allows to 
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reduce gadolinium (III) complexes toxicity have been made. 74,79 Some 

commercial contrast agents organized by the nature of their ligands 

(macrocyclic or linear) and complexes (ionic or non-ionic) are presented in 

Figure 1. 7. 

 

 

Figure 1. 7 | Commercial contrast agents structures80 

 

In addition to stability, other properties such as relaxivity, biodistribution, 

toxicity, clearance, osmolality and viscosity must be also considered.81 The 

efficiency of the contrast agent is initially evaluated or quantified by the 

determination of its relaxivity (r).This CAs property is associated to the ability 
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of a paramagnetic compound to enhance the relaxation rate, and 

consequently reduce relaxation times of water molecules in its vicinity in 

order to increase the tissue contrast.82–84 The relaxation rate observed 

(1/Ti,obs) for this phenomena can be described by the Equation 1. 3 as a sum 

of the relaxation rates associated to the system in the absence (1/Ti,d) and 

in the presence (1/Ti,p) of the paramagnetic ion (contrast agent). Due to the 

linear dependency on contrast agent concentration ([CA]), the parameter 

associated to the paramagnetic ion can be rewritten and the Equation 1. 4 is 

obtained.  

 

𝟏

𝑻𝒊,𝒐𝒃𝒔
=

𝟏

𝑻𝒊,𝒅
+

𝟏

𝑻𝒊,𝒑
          (Equation 1. 3) 

 

𝟏

𝑻𝒊,𝒐𝒃𝒔
=

𝟏

𝑻𝒊,𝒅
+ 𝒓𝒊[𝑪𝑨]          (Equation 1. 4) 

 

where 𝑟𝑖 (𝑖 = 1,2) is the relaxivity, the specific concentration independent factor that 

characterizes the paramagnetic agent. 

 

Therefore, the relaxivity associated to a system with the presence of a CA 

corresponds to the slope of the plot described by Equation 1. 4 (1/𝑇𝑖,𝑜𝑏𝑠 vs 

[CA]).85,86 

CAs can be classified according to their effect on the contrast image, i.e., to 

its greatest tendency to affect T1 or T2 relaxation times. Compounds with the 

ability to decrease T1 recovery (longitudinal relaxation) are usually called T1 

agents. On the other hand, if their presence affects the T2 decay process 

(transverse relaxation), they are called T2 agents. Most compounds used as 

CAs for MRI are T1 agents with a typical formulation based on Gd (III) 

complexes. In fact, it is important to highlight that these Gd (III)-based CAs 

can increase both longitudinal and transverse relaxation rates, however, its 
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major effect in the tissues relies in the reduction of T1 relaxation time. T2 

contrast agents are usually based on superparamagnetic iron oxide 

nanoparticles.87,88 Specifically, for T1 agents, as illustrated in Figure 1. 8, the 

efficient relaxation effect associated to CAs is chemically related to the water 

molecules directly coordinated with the metal chelate (inner sphere) or in its 

surrounding (second and outer sphere).85 Inner-sphere mechanism 

encompasses the direct coordination between the water molecules and the 

contrast agent (i.e., with the paramagnetic center). A greater number of 

coordinated water molecules, as well as their rapidly exchange with the bulk 

water protons, can be useful to increase the influence of the CA on the 

relaxation enhancement.84,88 However, although the major influence being 

related with the water molecules directly connected to the metal, the 

influence of the contrast agents over the relaxation rate comprises also all 

the different water molecules contributions. Thus, the outer-sphere 

mechanism concerns to the water molecules that, despite not having an 

effective connection with the contrast agent, can also be affected by the 

relaxation enhancement as a result from the CA presence. This effect results 

from the dipolar interaction that occurs through the diffusion of the solvent 

molecules (water protons) that are in the vicinity of the paramagnetic center. 

Additionally, a second coordination shell located between the inner and the 

outer-sphere space can also affect the relaxivity associated to the outer-

sphere process. The so-called second-sphere mechanism comprises the 

water molecules that do not have a direct dative covalent bond with the 

paramagnetic center but are confined to a second sphere of coordination 

through hydrogen bonds with the polar groups of the ligand.85,89–91 
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Figure 1. 8 | Scheme of different water molecules contributions to relaxation rate 

change (adapted from  85) 

 

The inspiration of this NMR relaxation model that postulates a dependency 

relationship between the relaxation phenomenon and the water molecules in 

the paramagnetic ion vicinity can be essentially based on Solomon-

Bloembergen-Morgan (SBM) and Hwang and Freed (HF) theories.92 SBM 

hypothesizes that the relaxation has a dependency relation with the 

Brownian motion of water molecules around the paramagnetic species. SBM 

concept assumes a rigid dipolar interaction between the electron magnetic 

moment of the paramagnetic species (e.g., Gd3+) and the nuclear magnetic 

moment of the water protons (1H) resulting in a mono-exponential decay 

according to Debye theory. Inspired by Bloembergen, Purcell, and Pound 

(BPP) model where only proton-proton interactions were considered, SBM 

model allowed to extend the theory to include proton-electron 

interactions.92,93 This reformulation allowed to consider the greater impact 

that interactions between the water molecules and the paramagnetic ions 

have in protons relaxation. This effect is related with the higher dipole 

magnetic moment of the electron spin associated to the paramagnetic ion 
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when compared with the proton spin. Since the electron spin presents a 

higher dipole magnetic moment and smaller mass compared to proton spin, 

the interactions proton-electron (e.g., 1H-Gd3+) are much stronger and 

present a greater impact in protons relaxation than proton-proton 

interactions.90,93 Therefore, SBM model agrees that protons relaxation 

phenomena depend on the random motion of water molecules around the 

paramagnetic species creating an inner-sphere space already mentioned 

before. According to this concept and considering as the main goal the 

increase of CAs efficiency, it is predictable that contrast agents composed 

by ligands that allow to coordinate a greater number of water molecules, 

present higher relaxivity values. Also, other parameters such as the 

residence time of the coordinated water, and the molecule tumbling rate can 

be relevant and influence the CAs relaxivity.84 The relaxation of water 

molecules presented in the outer-sphere can be explained by HF 

intermolecular relaxation model. This model concerns to the translational 

diffusion and rotational motion of non-coordinated water molecules when 

they are in close proximity with the contrast agent. The HF model arises as 

an improvement to Torrey theory through the introduction of a boundary 

condition correction previously neglected by this and other authors. This 

modification allowed to take into account a boundary problem related to the 

diffusion of water molecules and paramagnetic ion species and a distance of 

minimum approach, i.e. takes into account a minimum distance value 

between particles in order to prevent them from getting too close. Thus, the 

improvement prevents the diffusion of spins within a sphere whose radius is 

centered on the paramagnetic ion. According to HF theory, a multi-

exponential decay can be obtained as a result of the assumption that the 

paramagnetic center (Gd3+) and water molecules are two force-free hard-

spheres experiencing a translational diffusion movement. 90,92–96 
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3. Amyloid Probes and their Optical Properties 

As mentioned in section 1.1. β-amyloid protein starts to aggregate when Aβ 

monomers are formed. These monomers have a β-sheet conformation and 

seem to provide a good scaffold for protein self-assembly. The monomers 

start to interact with each other and a more insoluble, β-sheet repetitive and 

complex structure - Aβ senile plaques or fibrils - is formed.97 Due to β-sheet-

repetitive conformation, small molecules have been shown a particular high 

affinity to interact with amyloid plaques. Thus, several studies in order to 

develop specific molecules for selective staining and imaging of Aβ 

aggregates have been made.98,99 The discovery of new probes as efficient 

tools to detect these aggregates formation can be specially relevant to 

elucidate the molecular mechanisms associated to protein aggregation as 

well as to obtain an earlier and accurate clinical diagnosis and therapeutics 

of neurodegenerative disorders. Over the last years, some conventional dyes 

for protein aggregation detection have been tested. The probes most studied 

are based on two organic scaffolds such as Thioflavin T (ThT) and Congo 

Red (CR) whose chemical structures are presented in Figure 1. 9.100  

 

(A) 

 

(B) 

 

Figure 1. 9 | Scheme of some commercial probes used to detect amyloid aggregates 

formation: (A) Thioflavin T; (B) Congo Red. 
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Discovered in 1959 by Vassar and Culling, ThT is a positively charged 

benzothiazole-based dye. This heterobicyclic organic compound belongs to 

an important class of pharmaceutical drugs that presents an attractive set of 

biological activities, such as antitumor, antimicrobial, antifungal among 

others.100,101 The detection method of this probe is focused on its intrinsic 

fluorescence when bounded to Aβ fibrils. In the free state, the bond between 

benzothiazole and aniline rings shows an ultrafast rotation (Figure 1. 10) 

which cause the self-quenching of the excited state and, consequently, the 

low emission of this compound. However, when this dye is bounded to the 

Aβ fibrils, this rotation movement is blocked, the excited state is preserved 

and ThT fluorescence increases.100,102 

 

 

Figure 1. 10 | Thioflavin T structure and its two planer segments whose mutual 

rotation defines its chirality adapted from 102 

 

The key structural feature of Congo Red is related with its two carboxylic 

acids groups and the space between them. Like in the case of ThT, CR is 

also a positive indicator of the presence of amyloid aggregates, however, the 

method is not based on dye fluorescence. When bounded to Aβ fibrils, CR 

displays a specific colour under polarized light due to its characteristic 

birefringence.100,103 Thus, in the presence of amyloid aggregates, CR places 

between the parallel fibrils and non-polar hydrogen bonds are formed. In this 
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context, under the polarized light, an apple green colour associated to CR 

birefringence is visible allowing to positively identify amyloid aggregates.104  

The major problem of these classic probes is related with their poor 

selectivity. Thus, the development or discovery of compounds to overcome 

this drawback can be important to understand amyloid mechanism and its 

function in neurodegenerative disorders. Therefore, several authors propose 

other alternative probes to most conventional ones. Figure 1. 11 illustrated 

examples of ThT-based derivatives probes such as Benzothiazole aniline 

(BTA), thienoquinoxaline and styryl-quinoxaline (SQ) possessing higher 

affinity to amyloid than ThT original structure.105 On the other hand, K114 

((trans,trans)-1-bromo-2,5-bis(4-hydroxy)styrylbenzene, arises as one of the  

first CR derivatives dyes. This probe as well as others such as BSB 

((trans,trans)-1bromo-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene 

and Chrysamine G (Figure 1. 11) are examples of CR derivatives with a high 

affinity to amyloid and, thus, with the ability to identify this protein aggregates. 

Also, these probes present a higher fluorescence behaviour comparing to 

CR original structure.105 
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Figure 1. 11 | Structures of ThT and CR-based derivatives probes 

 

In addition to the probes based on ThT and CR scaffolds, alternative 

structures such as stilbene, curcumin, perylene and thiophenes derivatives 

have been developed (Figure 1. 12). These probes are self-quenched in their 

free state but highly fluorescent when bound to Aβ.99,106,107 
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Figure 1. 12 | Strutures of probes tested for amyloid assay in vitro 

 

Recently, can be highlighted some strategies such as 

(i) the use of drugs in order to reduce the formation of Aβ fibrils 

(e.g.apomorphime, a morphine derivative used in Parkinson treatment); 

(ii) the use of natural products to prevent the protein misfolding and, 

consequently, the Aβ formation (e.g. Gallic acid, a grape seed extract that 

have been shown good results in the case of amyloid fibrils formation; and 

arginine, a hydrophilic aminoacid that increases the solubility of Aβ in 

aqueous medium) and; 

(iii) task-specific ionic liquids in order to inhibit the Aβ fibrils have been 

reported.108–110 

It is important to note that this inhibitory effect is associated with the 

stabilization of earlier stages of the amyloid aggregation by the ionic liquids 

and its charge.37 Examples of intrinsically fluorescent ionic liquids based on 

ruthenium, europium, rhodium and other metal complexes as well as 8-

anilinonaphthalene-1-sulfonate (ANS) as fluorescent anions have been 

reported. In addition, quantum dots and metal nanoparticles have been also 

explored as alternative strategies.105,111,112 

 



Chapter 1 

31 
 

3.1. Luminescence 

According to quantum mechanics, a molecule is organized through energy 

levels. The most important, and also the best known, are the electronic 

levels. They are related to the spatial electron’s distribution and subdivided 

in two levels: the vibrational levels, associated to molecule vibration 

modes; and the rotational levels that comprise the rotational motions of the 

molecule. The lower energy level where the electronic, vibrational, and 

rotational energies are smaller is called ground state (S0). In general, the 

molecules are in the ground state, however, when the light absorption by the 

molecule occur, an electron is promoted from the lower energy state S0 to a 

higher energy excited state S1. According to the Franck Condon principle, 

the promotion of the electron from one electronic level to another is made 

through a vertical transition, i.e. when the electron is promoted to the excited 

state does not go to the zero vibrational state but to a more energetic 

vibrational level (Figure 1. 13, A).113,114 Then, through vibrational movements, 

the electron decays to the zero vibrational level of the excited state (Figure 

1. 13, B) and, finally, returns to the ground state through, for example, a 

fluorescence process (Figure 1. 13, C).115 
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Figure 1. 13 | Potential curves diagram that shows a s0 → s1 electronic transition 

according to Franck Condon principle (adapted from 116) 

 

The energy of the absorbed photon by the molecule that allow the electron 

excitation must be equal to the energy difference between S0-S1 states, 

however, this transition can only be made keeping the initial spin state, i.e., 

between two electronic states with the same electronic spin multiplicity 

(singlet → singlet).114 The decay of the excited state to ground state can be 

done by several paths (Figure 1. 14). When the electron returns to the ground 

state through a S1 → S0 transition with the emission of a photon, a 

fluorescence phenomenon is observed. This transition is highly allowed by 

spin. If the decay is made by the same type of transition but without the 

emission of a photon, it is an internal conversion (non-radioactive transition) 

where the electronic energy of the molecule is converted into vibrational 

energy that is then transferred to the medium as heat. The decay to the 

ground state can also be done through an intermediate state of different 

multiplicity, i.e., through a transition S1 → T1 → S0. In this case we have an 

intersystem crossing (non-radioactive transition) where the singlet state is 

converted into a triplet state. This triplet in turn goes into the ground state 
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without the emission of any photon. Finally, if the transition is T1 → S0 with 

photon emission, a phosphorescence phenomenon is accomplished. This 

transition is highly forbidden by spin which leads to a much slower process 

and longer lifetime excited states comparing to fluorescence.115 The 

mechanism of photon emission associated to a spontaneous fluorescence 

decay has a time period in nanoseconds scale. On the other hand, a 

phosphorescence decay process is several orders of magnitude slower than 

fluorescence, usually in a time scale of seconds or fractions of seconds. This 

seems to be related with a storage phenomenon where the energy is slowly 

released.117  

 

 

Figure 1. 14 | Jablonski diagram describing molecules electronic and vibrational 

levels and their transitions (adapted from 118) 

 

Photoluminescent molecules can be described as a function of specific 

features such as the maximum value of absorption and emission spectra, 

quantum yield, lifetime, Stokes shift, brightness, and molar extinction 

coefficient.  
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For this thesis, it is important to define some of these parameters:  

 

Quantum yield: Corresponds to one of the most important parameters of a 

luminescent molecule or material, it is a measure for the probe efficiency and 

can be defined as the ratio between the emitted and absorbed photons 

(Equation 1. 5).115  

 

Φ= 
photons emitted

photons absorbed
           (Equation 1. 5) 

 

Specifically, fluorescence quantum yield equation can be also written as a 

function of rate constants associated to the deactivation mechanisms of the 

excited state (Equation 1. 6).119 

 

𝚽𝐅 =  
𝐤𝐫

𝐬

𝐤𝐫
𝐬+𝐤𝐢𝐜

𝐬 +𝐤𝐢𝐬𝐜
=

𝐤𝐫
𝐬

𝐤𝐫
𝐬+𝐤𝐧𝐫

𝐬           (Equation 1. 6) 

 

where 𝑘𝑟
𝑆 is the rate constant for radiative decay (transition  𝑆1 → 𝑆0), 𝑘𝑖𝑐

𝑆  is the rate constant 

for internal conversion (𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑆1 → 𝑆0) and 𝑘𝑖𝑠𝑐 is the constant for intersystem crossing. 

𝑘𝑖𝑐
𝑆  𝑎𝑛𝑑 𝑘𝑖𝑠𝑐 are constants associated to non-radiative deactivation mechanisms (𝑘𝑛𝑟

𝑠 ). 

 

Lifetime: This parameter concerns to the average time that a luminescent 

molecule or material spends in the excited state before returning 

spontaneously to the ground state. This return step is made through the 

emission of a photon as already explained.119 

 

Stokes shift: It concerns to the difference between the highest value of the 

absorption and emission spectra (Figure 1. 15). This difference between the 

absorption and emission spectra is typically due to the loss of some energy 

from the fluorophore when present in the excited state. This energy loss 
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occurs through molecular vibrations, and it is dissipated as heat. Thus, due 

to this, the emission always occurs at lower energy than absorption. It is 

important to acquire information about the excited state and the magnitude 

of this parameter is a direct method to evaluate the distortion level between 

the ground and the excited state of a molecule or material.120  

 

 

Figure 1. 15 | Stokes shift illustration (adapted from 121) 

 

3.2. Birefringence 

Refractive index of a sample is defined as the ratio between the light 

propagation speed in vacuum and the light propagation speed on that 

sample. The direction of a beam of light changes when it passes from a 

medium to another, both with different refractive indices.122 Birefringence as 

a double refraction of light phenomenon occur in anisotropic materials, i.e., 

materials where the refractive index depends on the linear polarization 

direction of the light regarding to its crystalline lattice orientation.123 This 

specific property of these materials is related with the phenomenon where a 

polarized light beam is refracted and divided into two components (waves) 

when focuses on a birefringent sample (Figure 1. 16). The two waves 

(usually called by “ordinary” no and “extraordinary” ne rays) exhibit 
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perpendicular vibration directions to each other and travel with different 

velocities generating a difference phase between them. This phase 

difference leads to an interference colours phenomenon that is the basis of 

birefringence imaging.123–125 

 

 

Figure 1. 16 | Scheme of birefringence phenomenon in an anisotropic material126 

 

It is important to emphasize that birefringence is an important property 

inherent to the material and results from the difference between the two 

refraction indices. 

 

4. Ionic Systems 

4.1. Ionic liquids 

Ionic liquids (ILs), defined as low melting organic salts (<100°C), have been 

shown an enormous potential of application in several areas of research. 

Back in the history, it is interesting to mention that the first synthesis of an IL, 

ethylammonium nitrate, was reported by Walden in 1914.101,127–129 Since 

then, and mostly in the last 20 years, the publications and citations related 

with this class of organic salts have exponentially increased as can be seen 

in Figure 1. 17.  
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Figure 1. 17  | Publications and citations evolution over the last 30 years.121 

 

Known by their peculiar properties, ionic liquids exhibit a negligible vapor 

pressure that allows their use in a wide range of temperatures and largely 

contributes to lower environmental pollution by reducing the emission of 

gases into the atmosphere.130–136 In addition, many other important features 

such as high thermal and chemical stability, a wide electrochemical window, 

and a high ionic conductivity can be highlight.137,138 The IL structure is 

composed by large organic cations, feature that distinguishes them from the 

inorganic salts, and by organic or inorganic anions. The large number of 

possible cation/anion combinations can tune the physical, chemical, and 

thermal properties of ILs. According to the desired applications, properties 

such as hydrophobicity, solvation capacity, polarity, viscosity, and density 

can be modulated. This ability allowed to increase the range of different ILs 

structures as well as their applications over the years.127,139 Within the wide 

range of possible organic cation structures (Figure 1. 18), the most common 
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are based on alkylmethylimidazolium (a), tetra-alkylammonium (b), tetra-

alkylphosphonium (c), alkylpyridinium (d), dialkylpyrrolidinium (e), 

trialkylsulfonium (f), alkylpyrazolium (g), alkylthiazolium (h) and 

alkylguanidinium (i) families.129 

Room Temperature Ionic Liquids (RTILs) are described as a sub-class of ILs 

characterized by its liquid state at room temperature.134,137 In order to obtain 

RTILs it is important to design cation/anion combinations possessing 

asymmetric ions as well as the charge displacement. In general, RTILs are 

particularly interesting for applications in several research areas including 

pharmaceutical industry.129  

 

 

Figure 1. 18 | Common organic cations structures used in ILs design. 11 

 

Nowadays, the evolution of ILs and its peculiar properties allowed its 

organization in three different generations as indicated in Figure 1. 19. In the 

first generation, ILs were developed taking in account their physical 

properties such as melting point, density, viscosity, thermal stability, 

conductivity among others. Later, a second generation of ILs were 

considered according to physical and chemical properties including chemical 

reactivity, solvation, and electrochemical window, among others to the 1st 
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generation. More recent, a third generation of ILs have been reported by the 

combination of the previous chemical and physical properties with biological 

properties. This new generation arises from the incorporation of active 

pharmaceutical ingredient (API) structures in the IL formulation.134 One of the 

main advantages of API-ILs are related with the possibility to improve the 

original drug solubility and bioavailability, drug delivery as well as biological 

activities. Moreover, the possibility to reduce the melting point associated to 

the pharmaceutical ingredient can transform crystalline drugs into 

amorphous and lead to the reduction of polymorphism phenomenon.140 

 

 

Figure 1. 19 | Ionic liquids generations. (adapted from 134) 
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Nevertheless, the potential application of ILs in pharmaceutical field it is not 

restricted to the development of API-ILs. It is also possible to use ILs as 

alternative solvents for the synthesis of APIs and for the discovery of new 

polymorphs according to the capability to promote a selective crystallization 

of APIs. Recent works reported the potential application of biocompatible ILs 

for API formulations (simple mixture of API and ILs) and to facilitate the drug 

delivery and specific administration to the body. Thus, ILs allied to 

pharmaceutical several development stages allows to overcome common 

problems associated to many drugs.140–144 

4.1.1. Choline-based ILs 

Discovered in 1862 by Adolph Strecker, this quaternary ammonium cation is 

classified as an essential nutrient for human health with important functions 

in human body such as being responsible for the correct maintenance of 

several organs or metabolic functions.145–148 Choline intake from food was 

underestimated since it can be synthesized endogenously through the liver 

through a transferase enzyme (phosphatidylethanolamine N-

methyltransferase), however, it was found that its biosynthesis did not 

produce an adequate amount for healthy maintenance of human 

metabolism. Thus, considering the gender and age of the population, in 1998 

an adequate intake of choline was established by the Institute of Medicine 

Food and Nutrition Board.149,150 This important nutrient can be found in two 

possible forms in the food (Figure 1. 20). The water-soluble structures 

include choline itself, a phosphorylated choline form (phosphocholine) and 

glycerophosphocholine scaffolds. Between lipid-soluble units, it is possible 

to find the two major components of cellular membranes, 

phosphatidylcholine and sphingomyelin which present distinct absorption 

and metabolism associated.151 
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(A) Water-soluble forms 

 

(B) Lipid-soluble forms 

 

Figure 1. 20 | Structures of choline forms already found in food(adapted from 151) 

 

Choline functions can be divided into four distinct synthetic pathways that 

leads to the formation of different important compounds as can be observed 

in Figure 1. 21. Through the formation of betaine, choline act as a source of 

methyl groups used in methionine cycle, an important step for several 

biochemical processes such as amino acids metabolism and cellular 

methylation.152,153 Choline is one of the precursors of membrane 

phospholipids (phosphatidylcholine and sphingomyelin), the structural 

components of cell membranes involved in signal transduction between 

neurons. Moreover, it is essential for the synthesis of lipoproteins which are 

proteins responsible for lipids transport.154  More specifically and in the 

context of this thesis, this nutrient can be used as a precursor to the synthesis 

of acetylcholine (ACh), a neurotransmitter with a broad range of important 

functions in the human body. Being essential for normal brain and muscles 

functioning, ACh is a signalling compound synthesized from two precursors, 

choline and acetyl-coenzyme A (acetyl-CoA), in the nerve cells by the 

enzyme choline acetyltransferase (ChAT). After the complete synthesis, this 
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chemical messenger is stored in vesicles and released from the terminal of 

a nerve cell to bind to a specific receptor present in another neuron surface. 

This process, called synapse, allows the change of information between the 

two neurons and it is essential to a healthy brain function. The loss of 

communication between neurons due to the degeneration of functional 

synaptic process contributes to the loss of important cognitive functions. 

Therefore, this neuronal network failure is one of the key points of 

Alzheimer’s disease and cholinergic drugs (pharmaceutical compounds with 

a direct action on the receptor for acetylcholine, see section 1.2) are reported 

as one of the therapeutic strategies currently used in this disorder.152,155–157 

Additionally, Choline can be also metabolized to produce trimethylamine 

(TMA) and, subsequently, trimethylamine-N-oxide (TMAO) by flavin 

monooxygenases in the liver.158,159  

 

 

Figure 1. 21 | Synthetic pathways of choline metabolism. (adapted from 160) 

 

Considering choline biological functions, it is evident that this nutrient plays 

an important role in human metabolism maintenance. Examples of choline 

sources in the food include eggs, liver, milk, and peanuts. It is well-
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documented that choline deficiency in the human body can have serious 

biochemical consequences and, also, can result in several diseases such as 

fatty liver disease, liver and muscle damages and neurological 

disorders.151,161 Taking into account the biological properties of choline, their 

use as organic cation in IL formulations has been largely explored. The 

reduced toxicity, low-cost and commercial availability of choline are 

additional factors for the interest to be considered. One of the major 

disadvantages of choline-based ILs is related to the tendency for 

crystallization.162 The toxicity associated to this nutrient-based organic salts 

is highly dependent on cholinium cation structural modifications. The 

chemical changes including the introduction of alkyl substituents and the type 

of counter-ion mainly contribute for the intrinsic toxicity.163 

4.1.2. Magnetic Ionic liquids 

Magnetic Ionic Liquids (MILs) as a sub-class of low melting organic salts are 

composed by high-spin transition metals (d and f-blocks of the periodic table) 

and rare earth metals used as anions of the IL structure. These compounds 

combine the peculiar properties of ILs with the ability to respond to an 

external magnetic field. MILs were firstly described in 2004 by Hayashi and 

Hamaguchi by the synthesis of 1-Butyl-3-methylimidazolium 

tetrachloroferrate ([BMIM][FeCl4]). After this first report, MILs have been 

attracting greater attention from the scientific community over the years due 

to their paramagnetic properties. Applications of MILs include their use in 

fluid-fluid separations, catalysis (with easy separation of MIL by magnetic 

manipulation and further recycling of the material), in desulfurization or 

microextraction processes, as probes for vesicles, in polymer chemistry, in 

microemulsions formulation, in CO2 separation/capture procedures, in 

electrochemical devices and biological studies.164–177 Also, due to their 
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paramagnetic properties, MILs as well as other systems such as magnetic 

nanoparticles, have been recently studied as potential contrast agents for 

Magnetic Resonance imaging (MRI) technique.165 It is well-known that the 

higher toxicity associated to Gd (III) complexes is one of the major drawback 

of their application as contrast agents. In this context, the potential use of 

MILs can be a good alternative to the commercially available systems. The 

possibility to tune their properties and intrinsic toxicity by changing its cation 

and/or anion units is very attractive to be explored. Also, these organic salts 

are easily prepared and present highly chemical and thermal stability.42,171,178 

4.2. Nanomaterials 

Nano-based technology has been attained greater attention in the last few 

decades. This technology is defined “as engineering and manufacturing of 

materials, devices, and systems at an incredibly small scale”.179 The 

distinctive properties mostly associated to their size, shape, charge, and, 

also, to their surface area and reactivity, makes these nanomaterials (NMs) 

one of the most studied and potentially applied technology. The possibility of 

design their physical and chemical properties by changing their composition, 

has been allowing to increase substantially their applications range.180,181 

The industrial applications of nanomaterials include the cosmetics (e.g. hair 

care products, make-up formulation, anti-aging cosmetic products), as 

energy storage materials (e.g. hydrogen storage, lithium-ion batteries) and 

in automobiles production (e.g. surface glass coatings, fuel and oils 

additives). More recently, these materials have been also explored for 

biomedical applications. Figure 1. 22 illustrated some different types of 

nanomaterials used in medicine.182  
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Figure 1. 22 | Different nanomaterials explored for biomedical applications (adapted from 

182) 

 

Nanomaterials are defined by ISO (International Organization for 

Standardization) as “a material with any external dimension in the nanoscale 

or having internal structure or surface structure in the nanoscale; nanoscale 

is defined as the size range from approximately 1 nm to 100 nm”.183 Today, 

there is a wide range of materials that are being used that can be included in 

this definition. Between them it is possible to find the nanospheres, nanorods, 

micelles and liposomes, among many others. In Figure 1. 23 are illustrated 

some of these nanomaterials. 
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Figure 1. 23 | Schematic illustration of different nanomaterials.(adapted from 183) 

 

Specifically, in this work, mesoporous silica nanoparticles are going to be 

more explored.  

4.2.1. Mesoporous Silica Nanoparticles 

Silica is recognized as safe material by FDA with application in cosmetics, 

as dietary supplement and in biomedical field including in the formulation of 

many different drugs and as a drug delivery carrier.184–186 Silica-based 

nanomaterials, according to IUPAC (International Union of Pure and Applied 

Chemistry) can be divided into three classes according to their pore size: 

microporous (with diameters smaller than 2nm), mesoporous (with diameters 

in the range of 2 to 50 nm) and macroporous (with diameters values higher 

than 50 nm).187 Specifically, mesoporous silica nanoparticles (MSNs) has 

received enormous attention as well as being the subject of several studies. 

This fact is mainly due to their unique properties such as high specific surface 

area, surface reactivity and tuneable pore size. It is, in fact, the porous 

structure as well as the possibility of varying the pore size that makes these 

nanoparticles an efficient system for biomedical applications (e.g. drug 
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delivery systems). The porous structure of silica NPs provides cavities that 

can be used to load guest molecules (bioactive compounds, proteins, metal 

complexes, among others) allowing their use as delivery vehicles for a drug-

controlled release. Also, their surface can be functionalized due to the 

presence of silanol groups (Figure 1. 24). This functionalization can be useful 

to improve the accomplishment of nanoparticles functions.188–191  

 

 

Figure 1. 24 | Silanol network of functionalized silica nanoparticles 

 

Mesoporous silica is reported as an amorphous material possessing a more 

chaotic organization comparing to crystalline silica. This lack of organization 

contributes to the lower toxicity as well as easier excretion of this compound 

form. Amorphous silica-based nanoparticles are excreted in the urine after 

their hydrolytic degradation that gives rise to the biocompatible and water-

soluble silicic acid. Also, when inhaled, due to their larger surface area and, 

consequently, to their higher solubility within the lung, this form of silica is 

quickly and easily cleared. Crystalline forms of silica, when inhaled initiate a 

progressive injury mechanism that can, eventually, end with the development 

of fibrosis. Additionally, porous amorphous silica, in opposition to nonporous 

materials, can be more rapidly degraded due to the presence of 

mesopores.186,192  
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Between the mesoporous materials can be distinguished several types of 

nanoparticles (Figure 1. 25), but two families represent the most prepared 

and studied types of nanoparticles: M41S (that includes Mobile Composition 

of Matter type, MCM-41 and MCM-48) and SBA (Santa Barbara Amorphous, 

SBA15).187,193  

 

  

Figure 1. 25 | Examples of different types of nanoparticles (adapted from 194) 

 

MSNs can be prepared by a supramolecular self-assembly mechanism using 

a surfactant in aqueous solution. The preparation process is indicated in 

Figure 1. 26. Surfactant molecules act as a template to generate the 

materials porosity and provides the required “surface” for the polymerization 

process that occurs by electrostatic and hydrogen bonding interactions. 

Polymerization is made through the hydrolysis of silica precursors followed 

by a condensation step at the hydrophilic surfactant interface. Finally, 

surfactant molecules are removed by calcination or solvent extraction and 

amorphous mesoporous silica nanoparticles are obtained. 
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Figure 1. 26 | Illustration of the condensed synthetic procedure of MSNs preparation 

 

Mesoporous materials are usually obtained with a spherical, rod or oval 

shape and large surface areas. Also, uniformly organized mesopores with 

large pore volumes can be attained.193,195–197 Nanoparticles shape and pore 

size can be tuned by changing the synthesis conditions (i.e. stirring rate and 

temperature, among others) and surfactant alkyl chain size, respectively.  

4.2.2. MSNs functionalization and metal complexation 

After the preparation of the mesoporous silica nanoparticles, silanol groups 

presented in all nanoparticle structure (i.e., inside the pores and in the 

external surface) can be functionalized. This functionalization can be 

performed through two methods described in Figure 1. 27: post-synthesis 

anchoring or one-pot co-condensation.189  
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(A)  

 

(B)  

 

Figure 1. 27 | Functionalization methods: (a) Post-synthesis anchoring and (b) One-

pot method (adapted from 198) 

 

Post-synthesis anchoring method is mostly used in order to functionalize 

silica surface with different organic groups. A reaction between silanol groups 

and a trialkoxysilane is the bottom of this process whose advantage relies in 

the possibility of functionalizing either the pore or the external silica surface. 

The disadvantage of this method is related with the limited concentration of 

grafted organic groups and the heterogeneous distribution coverage of silica 

surface. Anchoring process results in a well-defined structure with a 

preserved morphology and, also, as a function of the selected alkoxysilane 

used in the reaction, allows to modulate properties such as the charge, 

hydrophobicity degree and/or textural features of the material. Additionally, 

due to the presence of the anchored functionalities, enables to perform 

secondary reactions and add organic molecules such as ligands or metal 

complexes. In one-pot co-condensation method, the introduction of the 

trialkoxysilane is performed simultaneously with the gel formation. Higher 

loadings percentage of organic functionalities and homogeneous distribution 
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on silica are the major advantages associated to this process. One-pot route 

can influence important properties of the structure of the desired materials 

such as its morphology, particle size and porosity. However, this method can 

lead to the major disadvantage of this functionalization route, the formation 

of materials with less ordered structure. Once the introduction of organic 

functionalities in the external and/or internal surface of silica walls, materials 

mesostructural order can be compromised. 189,194  

Within the mesoporous materials, MCM-41, MCM-48 and SBA family (SBA-

15 and SBA-1), arises as the most used nanoparticles type to design 

nanomaterials that can be used as MRI probes. As already mentioned in 

section 2.2, paramagnetic MRI contrast agents are usually based on 

gadolinium chelates. In addition to the two methods described in Figure 25, 

chelating agents can also be introduced through reactions with functional 

groups previously incorporated into the nanoparticles surface.189 Gadolinium 

can be inserted through a covalent conjugation where the metal is previously 

coordinated with the chelate molecule or by performing the complexation 

reaction after the introduction of chelate structure. 199 
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choline derivative salts incorporating magnetic metallic anions”, Andreia 
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Abstract 

Choline is an important nutrient involved in several essential functions of our 

body. Thus, a set of halogenated organic salts based on choline derivatives 

were developed from three low-cost amines using sustainable 

methodologies. These different choline derivative cations were combined 

with tetrachloroferrate (FeCl4) and trichloromangate (MnCl3) anions as to 

obtain task-specific magnetic ionic liquids and organic salts. All compounds 

were characterized by spectroscopic techniques and different physical or 

thermal properties such as the magnetic susceptibility for metal anion salts 

were evaluated.  Compounds [N1,1,2,C3OH][FeCl4] and [N1,1,4,C3OH][FeCl4] were 

obtained as liquids at room temperature while the other organic salts 

possessed higher melting points. For both selected transition metals, the 

effective magnetic moment (µeff) was lower for long side or branched alkyl 

chains and in the presence of an additional ethanol group on the cation 

scaffold. Cytotoxicity assessment of chloride and manganese-based salts 

was performed to evaluate the biocompatibility of these compounds. Also, 

luminescence of manganese (II)-based salts was evaluated according to 

their, luminescence colour, quantum yield and lifetime decay. A correlation 

with salts structural features was performed.  

 

1. Introduction 

In the last years, Ionic Liquids (ILs) have been applied in many research 

fields due to their peculiar properties such as negligible volatility, high 

chemical and thermal stability, as well as the possibility to tune their physical-

chemical properties by suitable cation-anion combinations. In general, room 

temperature ILs (RTILs) are largely applied as alternative solvents for 
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different research fields, such as organic synthesis, catalysis 1–3, as 

electrolytes for batteries and electrochemistry 3–5, analytical chemistry 6,7 and 

material science as lubricant fluids 8–10. More recently, a third generation of 

ILs have been applied in pharmaceutical area incorporating an active 

principle ingredient (API-ILs) 11–13 as cation or anion. According to good 

solvation properties from ILs, they have been also reported to extract, 

stabilize and dissolve several organic, inorganic and polymeric 

compounds.14 Due to the wide range of ILs applications, it became important 

to extend the toxicity studies of the different classes of ILs. Nowadays, it is 

important to mention that the type of IL cation and the size of their 

substituents has a greater effect in the IL toxicity comparing to the anion 

influence. Frequently the anion structure has a more relevant effect on the 

physical and chemical properties of the salt and even its impact on the 

toxicity is sometimes neglected. 15,16 

Choline is a quaternary ammonium cation with an ethanol group that can be 

synthesized endogenously or ingested through the diet, and it is necessary 

for important functions in the human body. The ethanol group from choline 

allows the reduction of the toxicity associated to tetraalkylammonium cations 

and increases the biocompatibility of these compounds. 17–19 In 2004, 

Hayashi and Hamaguchi reported the first magnetic IL based on 

tetrachloroferrate anion, [BMIM][FeCl4].20 Then, the same authors illustrated 

an unexpected strong response to a magnet at room temperature for two 

magnetic ILs containing tetrachloroferrate (III) ions, [BMIM][FeCl4] and 

[CnMIM][FeCl4]. 21,22 In the last years, different magnetic ILs containing iron 

and other paramagnetic ions such as cobalt (II), manganese (II), cooper (I), 

ruthenium (III), gadolinium (III) and terbium (III) have gained greater 

attention.23–27 These organic salts, as already mentioned in Chapter 1, can 

combine simultaneously ionic liquid properties as well as magnetic 
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properties, in particular their response to strong magnetic fields.28,29 As 

discussed, magnetic IL applications were in the past frequently focused on 

catalysis and separation processes but, more recently, they are also being 

associated to a wider variety of applications such as electrochemical devices, 

as electrolytes and solvents in the polymerization of conducting polymers 

and as carrier liquid to produce magnetic fluids. Moreover, these magnetic 

salts have been investigated about their application in medical area, namely 

as contrast agents for magnetic resonance image (MRI).23,30,31 Although 

being a topic under development, the common structures selected for the 

preparation of magnetic ionic liquids are still based in imidazolium, 

tetraalkylphosphonium and tetraalkylammonium cations. Thus, choline and 

its derivatives comparatively arise as a more biocompatible cation family. As 

an important part of human body metabolism, this nutrient can decrease the 

toxicity associated to the presence of metal anions in the final magnetic 

products and, also, increase the bioavailability of the magnetic organic salt. 

Herein, different choline derivative salts combined with tetrachloroferrate (III) 

and trichloromanganese (II) were prepared and characterized. Physical and 

thermal properties of the prepared ILs and organic salts were performed. 

Furthermore, cytotoxicity of some compounds in vitro assays in four different 

cells was evaluated. Figure 2. 1 illustrates the chemical structure of the 

different prepared choline derivative salts. 
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Figure 2. 1 | General scheme of biocompatible ILs and organic salts based on 

choline derivatives. 

 

Additionally, during this work, it was possible to carry out a preliminary study 

related to manganese (II) salts and their luminescence properties. The use 

of more than one imaging technique simultaneously has been gaining over 

the last few decades an important role between the diagnosis tools studied 

and applied today. These multimodality imaging systems arise as a powerful 

tool that can improve important features such as the detection sensitivity and 

the accuracy of the clinical diagnostic.32 Specifically, the combination of MRI 

with a fluorescence method can be useful to overcome these two techniques 

drawbacks. Although optical methods based on fluorescence properties 

necessarily require the preparation of specific materials and their response 

has a poor tissue penetration, their methodology it is single-cell sensitive and 

is particularly useful to perform fluorescence-guided surgeries.33 Thus, 

fluorescence imaging can allow to overcome an important MRI limitation 

related with its low sensitivity. The combination of these two imaging 

methods can increase MRI sensitivity at cellular and subcellular levels.34 

Also, it is possible to obtain a low-cost combined methodology with non-

radiative properties and an ultra-high spatial resolution.35 Hence, manganese 

(II)-based complexes prepared in this work, were studied according to their 
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luminescence colour, quantum yield and lifetime decay. Also, a correlation 

with salts structural features was performed. 

 

2. Results and Discussion 

2.1. Synthesis and characterization of choline derivatives 

salts 

Optimized alkylation methods from commercial and low-cost tertiary amines 

were performed for the preparation of a set of choline derivatives cations. To 

obtain these compounds, different alkyl chains (C2, C4 and C6) and 

functionalized groups (alcohols) were introduced in the tertiary amines 

structures. The synthesis of these new ammonium salts was accomplished 

in ethanol under reflux for 48 h (Scheme 2. 1). It was used a slight excess of 

the alkyl halide in order to increase the amines quaternization yield. All 

synthesized organic cations were characterized by 1H-NMR, FT-IR, and 

elemental analysis (C, H, N). The new cations structures were obtained in 

moderate to high yields (53-95%) except for [N1,1,4,C3OH][Cl] salt (32%). The 

reduced yield observed in this case can be justified due to the lower reactivity 

of starting chloride alkylating agent as well as the presence of a secondary 

alcohol in the amine scaffold. Generally, these choline derivatives cations 

are hygroscopic and highly soluble in water, acetone and different alcohols. 

On the contrary, due to the presence of an ethanol group conferring a polar 

nature, these compounds show a very low solubility in other organic solvents 

such as dichloromethane, diethyl ether and alkanes. The relative purity 

obtained for the halogenated ammonium salts was evaluated by 1H-NMR 

analysis by comparing the spectra and it revealed a high purity level (≥93%). 

Some physical and thermal properties of these organic salts, such as 
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physical state, melting and decomposition temperatures and densities (in the 

case of room temperature ILs) are indicated in Table 2. 1. The majority of the 

salts were obtained as solids at room temperature but [N1,1,2,C3OH][Cl] arises 

as a RTIL example. Additionally, [N1,1,6,C2OH][Br] and [N1,1,2,C3OH][Br] salts can 

be also included in the ionic liquids definition since they present melting 

points smaller than 100 ºC. For the remaining compounds, the melting 

temperatures were determined, however, in some cases, only decomposition 

temperatures were observed. Transition and decomposition temperatures 

can change according with the structural features of the organic cations. In 

general, the bromo-based salts possess higher melting points than the 

correspondent chloro-based salts. Also, as expected, longer alkyl chains in 

cation unit are associated to a decrease in the melting point or decomposition 

temperatures (e.g. [N2,2,2,C2OH][Br], [N2,2,4,C2OH][Br] and [N2,2,6,C2OH][Br]) except 

for the cases of [N1,1,2,C3OH][Cl] and [N1,1,4,C3OH][Cl]. When an additional 

ethanol group was introduced (e.g. [N1,1,1,C2OH][Cl] and [N1,1,C2OH,C2OH][Cl]), it 

was not possible to determine the melting points of the salts but only its 

decomposition temperatures. 

 

 

Scheme 2. 1 | Synthetic methodology for the preparation of biocompatible choline 

derivatives cations-based ionic liquids. 
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Table 2. 1 | Physical properties of halogen-based ionic liquids and organic salts 

based on Choline derivatives cations. 

Organic Salt PhysicalState 
Yield 
(%) 

Purity (a) 

(%) 
Tm (Td) (b) 

(ºC) 

[N1,1,1,C2OH][Cl] - - - 302 (d) 26 

[N2,2,2,C2OH][Br] Yellow Solid 93 >98 (221) 

[N2,2,2,C2OH][Cl] Brown Solid 77 >99 (211) 

[N2,2,4,C2OH][Br] Yellow Solid 61 99 90 

[N2,2,6,C2OH][Br] Yellow Solid 53 93 55 

[N1,1,2,C2OH][Br] White Solid 79 >99 (285) 

[N1,1,4,C2OH][Cl] White Solid 75 >99 121 

[N1,1,6,C2OH][Br] Yellow Solid 91 96 67 (d) 26 

[N1,1,C2OH,C2OH][Cl] White Solid 56 >99 (222) 

[N1,1,2,C3OH][Br] Brown Solid 85 98 39 

[N1,1,2,C3OH][Cl] (c) Brown Liquid 79 >98 RTIL 

[N1,1,4,C3OH][Cl] Yellow Solid 32 >99 108 

(a) Purity obtained from 1H-NMR spectroscopy. (b) Melting temperature (Tm) and 
decomposition temperature (Td) was determined on Electrothermal Melting Point 
Apparatus. (c) Density measurements were performed using a pycnometer at 20 ºC. The 
value obtained for [N1,1,2,C3OH][Cl] was 0.95g/ml. (d) Value obtained from the literature. 

 

2.2. Synthesis and characterization of choline and derivatives-

based magnetic salts 

Different magnetic organic salts containing tetrachloroferrate (III) and 

trichloromanganese (II) anions and biocompatible choline derivative cations 

were prepared as described in Scheme 2. 2. When the ammonium counter-

ion is chloride anion, the magnetic salt is synthesized through a direct 

complexation reaction with a metal chloride salt (Scheme 2. 2, Method 1). 

However, if the ammonium starting material was bromide-based on, it was 

necessary to change the bromide anion to a chloride anion by using an ionic 

exchange resin (Scheme 2. 2, Method 2) and then perform the complexation 
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reaction. These reactions were made without any additional purification 

steps.  

 

 

 

Scheme 2. 2 | Synthetic methodology from the preparation of magnetic organic salts 

based on Fe (III) and Mn (II). 

 

The synthesized magnetic organic salts and their thermal properties are 

summarized in Table 2. 2. Almost all compounds showed to be solids. As an 

exception we can find [N1,1,2,C3OH][FeCl4] and [N1,1,4,C3OH][FeCl4] which 

resulted in brown liquids. Regarding the solid products, [N1,1,4,C2OH][FeCl4] is 

presented as an example of an IL (melting point lower than 100 ºC). With the 

increase of the carbon atoms number and, with the increase of the structure 

asymmetry, it was possible to see a decrease in the melting point or 

decomposition temperatures. Also, for the majority of these compounds, iron 
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(III) based compounds presented a smaller melting or decomposition 

temperatures when compared with the manganese (II)-based compounds. 

The only exception is related with [N1,1,1,C2OH] cation scaffold. 

 

Table 2. 2 | Physical properties of iron (III) and manganese (II) magnetic ionic liquids 

and organic salts. 

Organic Salt Physical State Tm (Td) (a) (ºC) 

[N1,1,1,C2OH][FeCl4] Brown Solid >250 

[N1,1,1,C2OH][MnCl3] Pink Solid (233) 

[N1,1,4,C2OH][FeCl4] Brown Solid 36 

[N1,1,4,C2OH][MnCl3] Pink Solid (191) 

[N1,1,C2OH,C2OH][FeCl4] Brown Solid 192 

[N1,1,C2OH,C2OH][MnCl3] Pink Solid (205) 

[N1,1,2,C3OH][FeCl4] (b) Brown liquid RTIL 

[N1,1,2,C3OH][MnCl3] Yellow Solid (203) 

[N1,1,4,C3OH][FeCl4] (b) Brown liquid RTIL 

[N1,1,4,C3OH][MnCl3] Yellow Solid 132 

(a) Melting temperature (Tm) and decomposition temperature (Td) was 
determined on Electrothermal Melting Point Apparatus. (b) Density 
measurements were performed using a pycnometer at 20 ºC. The value 
obtained for [N1,1,2,C3OH][FeCl4] and [N1,1,4,C3OH][FeCl4] were 1.23g/mL and  
1.06g/mL, respectively. 

  

2.3. Magnetic moment 

In order to quantify the response of these new magnetic organic salts based 

on Fe (III) and Mn (II) to an applied external magnetic field, the mass 

magnetic susceptibility was measured, and the effective magnetic moment 

(µeff) was determined. The results are summarized in Table 2. 3. Fe (III) and 

Mn (II) are transition metals included in d-block elements of periodic table. 

These can present a distinct tendency to form coordination complexes or 
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complex ions with ligands. If we have a tetrahedral complex and knowing that 

chloride is a weak ligand, we have a smaller splitting between the d-orbitals 

and the electrons fill all orbitals before being paired. Thus, we are in the 

presence of a metal with a paramagnetic behaviour which means that in the 

presence of an external magnetic field these complexes are attracted by the 

field and in the absence of this field, they organize again randomly.23 Fe (III) 

arises in this work as a well-known metal anion, with a more optimized 

synthetic process of organic salts when compared with other metals and as 

a inexpensive starting material. On the other hand, manganese (II) emerged 

as an alternative to Gd (III)-based contrast agents formulation (GdCAs). 

GdCAs advantages such as kinetic inertness, high-speed clearance, and 

satisfactory elimination by via hepatic/renal/hepatobiliary makes them the 

primary choice in diagnosis applications, however, as exposed in Chapter 1, 

Gd (III) presents a toxicity problem associated to its similarity with Ca2+ ionic 

radius. Also, the lower kinetic stability of GdCAs when the metal is 

coordinated with acyclic ligands have been shown to be a problem. Besides 

its essential role in human health maintenance, Mn (II) has several 

advantages that make it capable of enhancing T1 contrast. Between them it 

is possible to highlight its rapid water exchange, a high relaxation time, its 

five unpaired electrons in d orbitals and its efficient elimination from the living 

system. Drawbacks associated to this metal-based CAs are usually related 

with its kinetic lability, the cytotoxic effect when the metal is presented in 

higher concentrations in the human organism and more complex synthetic 

procedures.36,37 Being the magnetic susceptibility an important parameter to 

evaluate the ability of a compound to act as a CAs by enhancing T1 contrast, 

the effective magnetic moments were determined (Table 2. 3) in order to 

evaluate the effect of (1) the interaction between the metal with choline or its 

derivatives cations as well as the effect associated to (2) the introduction of 
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a new chloride ligand after complexation reactions in the magnetic properties 

of these organic salts. The µeff values obtained are close to the range values 

already reported in the literature for other materials based on these two 

metals as can be seen in Figure 2. 2 (red dashed lines).38–49 Specifically, 

comparing choline-based magnetic salt, the value obtained for 

[N1,1,1,C2OH][FeCl4] (5.93MB) is close to the value reported in the literature 

(5.92MB).50 Thus, the metal seems to preserve its magnetic properties when 

compared with already reported materials. In general, Fe (III)-based salts 

showed to have smaller µeff than compounds based on Mn (II).  

 

Table 2. 3 | Magnetic susceptibility and effective magnetic moments of magnetic 

organic salts based on Fe (III) and Mn (II). 

Cation Anion 10-6. 𝜒g (c.g.s) (a) µeff (MB) (b) 

[N1,1,1,C2OH] 
[FeCl4] 49.30 ± 6.06 

5.93 ± 0.37 

5.92 (c) 

[MnCl3] 53.74 ± 0.77 5.82 ± 0.04 

[N1,1,4,C2OH] 
[FeCl4] 36.76 ± 0.26 5.48 ± 0.02 

[MnCl3] 44.81 ± 0.08 5.72 ± 0.01 

[N1,1,C2OH,C2OH] 
[FeCl4] 36.04 ± 0.34 5.55 ± 0.03 

[MnCl3] 40.82 ± 2.15 5.35 ± 0.14 

[N1,1,2,C3OH] 
[FeCl4] 39.12 ± 0.54 5.53 ± 0.04 

[MnCl3] 52.91 ± 0.75 6.07 ± 0.04 

[N1,1,4,C3OH] 
[FeCl4] 34.01 ± 0.22 5.37 ± 0.02 

[MnCl3] 42.19 ± 0.29 5.67 ± 0.02 

(a) Magnetic susceptibility (𝜒g) measure by a Sherwood magnetic susceptibility 
balance. (b) Effective magnetic moment (µeff) obtained using the magnetic 

susceptibility and the equation µ𝑒𝑓𝑓 = 2.828√𝑋𝑔. 𝑇. (c) Value obtained from the 

literature 50. 
 

From results exposed in Table 2. 3, we can set a standard behaviour of μeff 

values obtained that diverge with the structural features of the cation. For 
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both metals, when the side alkyl chain increases, the µeff decreases and the 

same tendency is observed when a branch is introduced in the cation 

structure (Figure 2. 2). Finally, when an additional ethanol group is 

introduced the µeff decreases. 

 

Figure 2. 2 | Variation of μeff with the structural properties of the cation for (A) iron 

(III) and (B) manganese (II) based organic salts.  

 

 

 

(A) 

 

(B) 
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2.4. Cytotoxicity studies 

Cytotoxicity of choline derivative salts based on chloride and manganese 

metal complex anions was evaluated on 3T3 (murine, fibroblasts), 293T 

(human, epithelial cells from kidney) and in two in vitro human tumoral 

cellular models, HepG2 (liver cancer) and Caco-2 (colon cancer), after 

treatment at maximum concentration of 100 µg/ mL for 24 h. The cells 

viability was estimated by the MTT assay and the results presented in Figure 

2. 3 and Figure 2. 4.  

2.4.1. Choline Chloride derivative salts 

The effects of choline derivative salts based on chloride anion on the studied 

cells' viability are shown in Figure 2. 3.  It is possible to observe that the 

majority of the compounds did not induce any cytotoxicity on the 3T3, 293T 

and HepG2 cell lines when compared to the control situation. As an 

exception to this behaviour, it is possible to highlight the compound 

[N2,2,2,C2OH][Cl] that  significantly reduced the viability of HepG2 (79.37% of 

viable cells) without affect the viability of 3T3 and 293T normal cells. In Caco-

2 cells, compounds showed a different cytotoxic effect. Between the six 

compounds, only [N1,1,4,C2OH][Cl] did not significantly reduce the cells viability 

when compared with the control situation. 
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Figure 2. 3 | Cytotoxicity of choline chloride derivative salts (100 µg/mL) on 3T3, 

293T, HepG2 and Caco-2 cells after treatment for 24h. Values represent mean ± 

standard error of the mean (SEM) of at least three independent experiments carried 

out in triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p 

- value < 0.05) when compared to: *control. 
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2.4.2. Manganese (II)-based salts 

The effects of choline derivative salts based on manganese on studied cells' 

viability are shown in Figure 2. 4. Regarding to manganese-based salts, as 

can be seen, it is possible to observe a different behaviour for 3T3 and 293T 

cell lines than for the previous compounds. Almost all compounds 

significantly reduced the viability of normal cells when compared with the 

control treatment. Among all compounds, only [N1,1,4,C2OH][MnCl3] did not 

induce cytotoxicity in 293T cells. Concerning the effect of these magnetic 

salts in HepG2 tumoral cells, as depicted above the [N1,1,C2OH,C2OH][MnCl3] 

and [N2,2,2,C2OH][MnCl3] presented cell viability values of 115.44% and 

118.57%, respectively, which can indicate that these magnetic salts 

enhanced the mitochondrial activity. [N1,1,4,C2OH][Cl] salt was the only example 

that significantly reduced Caco-2 cells’ viability when compared with the 

control situation. Comparing the cytotoxicity effects of these salts in normal 

and tumoral cells, most of these compounds seemed to induce a more 

marked effect on the cell viability of normal cells than in tumoral cells.  
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Figure 2. 4 | Cytotoxicity of manganese-based salts salts (100 µg/mL) on 3T3, 293T, 

HepG2 and Caco-2 cells after treatment for 24h. Values represent mean ± standard 

error of the mean (SEM) of at least three independent experiments carried out in 

triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p - 

value < 0.05) when compared to: *control. 
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2.5. Manganese (II) luminescence properties 

As mentioned above, a set of choline derivative cations were prepared and 

used in further complexation reactions with metal transition manganese (II) 

in order to obtain choline-based magnetic organic salts. Additionally, in the 

present section, the synthesis of magnetic salts based on an example of a 

tetra-alkylammonium ([N2,2,2,2][MnCl3]), and two other cation families is 

reported. All synthesized Mn (II)-based organic salts proved to be efficient 

photoluminescent compounds emitting red and/or green light according to 

the metal coordination.  

Table 2. 4 summarizes the thermal results obtained for [N2,2,2,2][MnCl3] and 

choline derivative salts (previously reported in the present chapter, section 

2.2). All compounds were obtained as solids (pink or yellow) and only for 

[N1,1,4,C3OH][MnCl3] and [N2,2,2,2][MnCl3] it was possible to measure the melting 

point transition. Also, the synthesized powders under ambient and 365nm 

UV light are shown on Table 2. 4. From the ammonium family salts, choline 

derivative compounds display a red photoluminescence (PL). On the other 

hand, tetra-alkylammonium [N2,2,2,2][MnCl3] display a strong green emission. 

From the literature, and previous reported studies from other authors, 

manganese (II) red and green PL are associated to 𝑀𝑛𝑋6
4− octahedral and 

𝑀𝑛𝑋4
2− tetrahedral type coordination, respectively. According to the reactions 

schemes planned for this work (Scheme 2. 3) and their cation:anion 

proportion of the synthetic method, Mn (II)-based complex anions should be 

coordinated with three chloride ligands and, eventually, one water molecule. 

Thus, the coordination number and their correlation with PL compounds must 

be clarified. Another interesting fact is that the only example of this green 

emission was obtained from an oxygen-free cation. Therefore, this feature 

could be one of the assets associated to this phenomenon.   
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Table 2. 4 | Physical, thermal and luminescence results obtained for ammonium 

cation family. 

Compound Physical State 
Tm (Td) (a) 

(ºC) 

Photographs of 

compounds powders 

under (A) ambient and 

(B) UV light (365nm) 

(A) (B) 

[N1,1,1,C2OH][MnCl3] Pink Solid (233) 

  

[N1,1,4,C2OH][MnCl3] Pink Solid (191) 

  

[N1,1,2,C3OH][MnCl3] Yellow Solid (203) 

  

[N1,1,4,C3OH][MnCl3] Yellow Solid 132 

  

[N1,1,C2OH,C2OH][MnCl3] Pink Solid (205) 

  

[N2,2,2,2][MnCl3] Pale Yellow Solid 212 
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Scheme 2. 3 | Reactional scheme of the synthesis of [N1,1,1,C2OH][MnCl3] 

 

In order to obtain organic salts based on other cation families, during this 

work, five examples of phosphonium and imidazolium cations were also used 

to prepare a set of an additional Mn (II)-based magnetic salts. The prepared 

salts and their thermal properties are summarized in Table 2. 5. It was 

observed that these compounds continue to show the same oxygen 

dependence for red light emission than the one verified for choline derivative 

salts. All compounds were again obtained as solids with melting point higher 

than 100 ºC. The single exception was [C2MIM][MnCl3] salt  where the 

transition temperature was 71 ºC. Thus, this is an example of an ionic liquid 

by definition.  
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Table 2. 5 | Luminescence results from phosphonium and imidazolium cations under 

the UV light at 366nm 

 

2.5.1. Single-crystal X-Ray crystallography 

In collaboration with Single Crystal X-ray Crystallography service from FCT 

NOVA, this section shows the obtained crystallographic structures of three 

prepared compounds. In order to confirm the crystalline structure of 

[N1,1,1,C2OH][MnCl3] salt, to determine the complex geometry and to 

understand the origin of the red light emission, crystals were prepared and 

 

Compound 

 

Physical 

State 

Tm (Td) (a) 

(ºC) 

Photographs of 

compounds 

powders under 

(A) ambient and 

(B) UV light 

(365nm) 

(A) (B) 

P
h

o
s
p

h
o

n
iu

m
 

[PC1OH,C1OH,C1OH,C1OH][ MnCl3] 
Pink 

Solid 
195 

  

[P4,4,4,4][MnCl3] 
Yellow 

Solid 
148 

  

Im
id

a
z
o

li
u

m
 

[C2OHMIM][MnCl3] 
Pink 

Solid 
128 

  

[C2OHDMIM][MnCl3] 
Pink 

Solid 
n.d. 

  

[C2MIM][MnCl3] 
Yellow 

Solid 
71 
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single crystal x-ray crystallography performed. The symmetry space group is 

Pna21 with Z=4. With an orthorhombic crystal system, the unit cell dimension 

is a = 16.8451(9) Å, b = 8.3549(4) Å and c = 7.4374(4) Å with α=β=γ=90º. 

The crystallographic image of the asymmetric unit of this magnetic salt 

(Figure 2. 5) confirmed, as suspected, that the oxygen atom influences the 

complex coordination number. In fact, this element act as one of the metal 

ligands as well as the expected chloride atoms.  

.  

 

Figure 2. 5 | Perspective view of the asymmetric unit of the crystal structure of 

[N1,1,1,C2OH][MnCl3] (polymeric structure). 

 

More information about this compound rearrangement can be taken from the 

packing diagram of the polymeric structure of the crystal (Figure 2. 6). From 

this crystallographic image, it is possible to observe that the coordination 

system associated to crystalline structure of this salt is an octahedral 

geometry although a symmetry centre cannot be defined. This is in 

agreement and consistent with the red-light emission and our previous 

knowledge about Mn (II) coordination chemistry. Thus, as can be seen, the 

metal is six coordinated with the expected chloride atoms, the oxygen from 
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cation scaffold and, additionally, it is possible to find chloride bridges 

between two manganese atoms. The polymeric structure is as well supported 

by hydrogen bonds between the hydrogen (from -OH group) and chloride 

atoms (O…Cl 3.0589(2), H…Cl 2.22, O–H…Cl 175º, symmetry operation: -

x,-y,-1/2+z). 

 

 

Figure 2. 6 | Packing diagram viewed down the b axis of the polymeric structure of 

[N1,1,1,C2OH][MnCl3] crystal 

 

Additionally to the previous study, crystals of [N1,1,C2OH,C2OH][MnCl3] were also 

prepared. This compound structure allows to conclude about the effect of the 

presence of an additional ethanol group (and thus, the presence of two 

oxygen atoms) in the cation scaffold. For this magnetic salt, the symmetry 

space group obtained is P21 with Z=2. The crystal system attained in this 

case is monoclinic with the unit cell dimension of a = 8.4105(8) Å, b = 

9.0674(9) Å and c = 22.428(2) Å, α=γ=90º and β=100.576(3)º. Figure 2. 7 

(A) represents the obtained diagram of the title compound and, as can be 

seen, the metal has (similarly to [N1,1,1,C2OH][MnCl3]) an octahedral 
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coordination. Moreover, the coordination between the oxygen atom from the 

cation and the metal is maintained. However, for [N1,1,C2OH,C2OH][MnCl3], the 

crystal structure presents a second oxygen-metal bond. This means that, in 

addition to the chloride ligands, the metal is coordinated with two oxygens 

atoms from two different cations. Similarly to [N1,1,1,C2OH][MnCl3], hydrogen 

bonds stabilizing the crystalline structure of [N1,1,C2OH,C2OH][MnCl3] salt could  

be also identified (Figure 2. 7 (B) and Table SI 10 – supplementary 

information). 

 

(A) 

 

(B) 

 

 

Figure 2. 7 | (A) ORTEP-3 diagram of the compound [N1,1,1,C2OH][MnCl3] using 

50% level ellipsoids; (B) packing diagram showing intramolecular hydrogen bonds 

(represented by dashed light-blue lines). 
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Crystals of [N2,2,2,2][MnCl3] were also prepared. The resolution of this 

compound structure allows to take conclusions about the effect of the 

absence of the ethanol group, namely the absence of the oxygen atom, in 

the cation scaffold. For this magnetic salt, the symmetry space group 

obtained was P21/n with Z=4. The crystal system attained in this case is 

monoclinic with the unit cell dimension of a = 16.5514(10) Å, b = 9.6164(6) 

Å and c = 16.7356(10) Å, α=γ=90º and β=116.967(2)º. Figure 2. 8 (A) and 

(B) represent the obtained diagram of the compound [N2,2,2,2][MnCl3] and the 

packing diagram where can be seen that the molecule structural 

rearrangement is different from the previous structures showed in this 

section. In this crystal structure, unlike the expected, the metal manganese 

(II) is coordinated with four chloride atoms, i.e., shows a tetrahedral 

coordination. Furthermore, according to this structure, since the metal anion 

is coordinated with four ligands, its charge will be -2. Consequently, as can 

be seen, we have two cations’ scaffolds for one metal anion. 
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(A) 

 
(B) 

 
Figure 2. 8 | (A) diagram of the title compound; (B) packing diagram. 

 

2.5.2. Luminescence properties 

For all Mn (II)-based PL compounds, their luminescence quantum yield was 

measured in their powder’s form using the absolute method. The lifetime 

decay was determined through Phosphorescence Decay. In Figure 2. 9, 2D 

spectra for [N2,2,2,2][MnCl3] (Figure 2. 9 A)) and [N1,1,1,C2OH][MnCl3] (Figure 2. 

9 (B)) can be observed. As expected, and taking into account their emission 

light color under the UV lamp, compounds showed a peak emission 

wavelength of 640 nm (red) and 525 nm (green) for [N1,1,1,C2OH][MnCl3] and 
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[N2,2,2,2][MnCl3], respectively. Regarding to the excitation spectra, [N2,2,2,2]-

based compound presented one peak in the visible light range (450 nm) 

while the choline derivative compound showed three peaks at 420, 450 and 

520 nm. This result seems to indicate the presence of crystal polymorphism, 

i.e., the presence of more than one crystalline structure. From the 2D spectra 

it was possible to determine the excitation and emission target wavelengths 

to study the PL salts (supplementary information, Table SI 15). 2D spectra 

of all compounds can be seen in supplementary information (Figure SI 43-

51). 

 

(A) (B) 

  

Figure 2. 9 | 2D spectra of (A) [N2,2,2,2][MnCl3] and (B) [N1,1,1,C2OH][MnCl3]. 

 

Luminescence quantum yield and phosphorescence lifetime decay were 

measured for two excitation wavelengths in choline-derivative compounds 

(420-430nm and 515-540nm). For the tetraalkylammonium salt, only one 

wavelength value was used (450nm). In this chapter, the results related with 
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the first excitation wavelength in visible light range (420-430nm) will be 

analyzed for all compounds.  

Quantum yield and lifetime results obtained for the compounds are 

summarized in Table 2.6. Also, in this table can be found the Stokes shift 

calculated from excitation and emission spectra, as well as the radiative (kr) 

and non-radiative (knr) constants determined through Equation 2. 1 and 

Equation 2. 2. 

 

𝒌𝒓 =
𝜱

𝝉
           (Equation 2. 1) 

 

𝒌𝒏𝒓 =
𝒌𝒓

𝜱
− 𝒌𝒓           (Equation 2. 2) 

 

Where 𝑘𝑟  is the rate constant for radiative decay; 𝑘𝑛𝑟 is the rate constant for non-radiative 

deactivation mechanism; Φ is the quantum yield; and τ is the lifetime decay. 

 

The results obtained for 515-540nm wavelength range, can be found in the 

supplementary information (Table SI 16).  

As will be explained later in this discussion, the mechanism responsible for 

the deactivation of the excited state of the prepared salts is 

phosphorescence, as expected. The quantum yield of a PL compound can 

be defined as the product of quantum yields associated to all internal 

processes included in the pathway of the excited molecule to the ground 

state. 

From choline derivative salts, [N1,1,4,C2OH][MnCl3] showed to have the highest 

quantum yield (12.8%). On the contrary, the magnetic organic salt based on 

[N1,1,2,C3OH] cation, presented the lowest quantum yield. In fact, it was not 

possible to calculate this parameter for this salt since its 2D spectra does not 

show any peak within the range of wavelengths studied (Figure SI 44). Thus, 
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the quantum yield is considered smaller than 0.5%. Tetralkylammoniumm 

salt, [N2,2,2,2][MnCl3], arises as the compound with the highest quantum yield, 

not only from ammonium family but also from all compounds (72.2%). 

Observing the values obtained for each synthesized salt, it is possible to 

establish a possible standard behaviour related with the cation structure and 

its effect on quantum yields. For all compounds, higher alkyl chains can be 

associated to an increase of quantum yields (e.g. [N1,1,1,C2OH][MnCl3] – 4.7% 

and [N1,1,4,C2OH][MnCl3] – 12.8 %). On the contrary, the branch presence tends 

to decrease the luminescence quantum yield of these magnetic salts (e.g. 

[N1,1,4,C2OH][MnCl3] – 12.81% and [N1,1,4,C3OH][MnCl3] – 2.5%. Finally, for 

choline derivative salts, the presence of an additional ethanol group does not 

show a substantial difference in quantum yield values (e.g. [N1,1,1,C2OH][MnCl3] 

– 4.7% and [N1,1,C2OH,C2OH][MnCl3] – 4.7%). Even so, the introduction of a 

second ethanol group slightly reduces the quantum yield. Phosphonium 

cation family results showed an higher value of quantum yield for the 

compound without ethanol groups (e.g. [PC2OH,C2OH,C2OH,C2OH][MnCl3] – 3.6% 

and [P4,4,4,4][MnCl3] – 4.5%). In agreement, for imizadolium cations, the 

presence of an ethanol group results in an decrease of quantum yield (e.g. 

[C2MIM][MnCl3] – 18.5% and [C2OHMIM][MnCl3] – 5.53%). With the 

presence of an acidic proton in the imidazolium ring the quantum yield also 

decreases (e.g. [C2OHMIM][MnCl3] – 5.5% and [C2OHDMIM][MnCl3] – 

2.3%). As a common point between the families of cations, it can be 

highlighted the fact that cations based on alkyl side groups, have higher 

quantum yields when compared to cations of the same families but whose 

structure has at least one side group with oxygen in its constitution. 
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Table 2. 6 | Luminescence properties of manganese (II) ammonium, phosphonium 

and imidazolium salts 

[Cation] 
λ 

(nm) 
ɸ 

(%) 
τ 

(ms) 

kr 
(ms-1) 

knr 
(ms-1) 

Stokes 
shift 
(eV) 

Ammonium 

[N1,1,1,C2OH] 420 4.7 1.16 0.04 0.82 0.48 

[N1,1,4,C2OH] 420 12.8 0.95 0.13 0.2 0.44 

[N1,1,2,C3OH] ̶ <0.5 ̶ ̶ ̶ ̶ 

[N1,1,4,C3OH] 425 2.5 1.0 0.02 0.98 0.42 

[N1,1,C2OH,C2OH] 420 4.7 0.79 0.06 1.21 0.38 

[N2,2,2,2] 450 72.2 2.63 0.27 0.1 0.33 

Phosphonium 

[PC1OH,C1OH,C1OH,C1OH] 420 3.6 0.4 0.09 2.41 0.36 

[P4,4,4,4] 450 4.5 0,.2 0.14 2.99 0.51 

Imidazolium 

[C2OHMIM] 420 5.5 0.95 0.06 0.99 0.52 

[C2OHDMIM] 430 2.3 0.23 0.10 4.25 0.42 

[C2MIM] 450 18.5 0.49 0.38 1.66 0.42 

 

 

Lifetime decays achieved for all compounds are within the order of 

magnitude of milliseconds. These phenomena can indicate that the return to 

the ground state is performed by a slower process, i.e., by a mechanism 

whose excited states have a higher lifetime. This deactivation process is, as 

mentioned in Chapter 1, called by phosphorescence. The determination of 

different decay rate constants (radiative and non-radiative mechanisms) are 

dependent of the lifetimes and quantum yields measurements, as specified 
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in Equation 2. 1 and Equation 2. 2. As can be seen, knr values are much 

higher than kr for almost all compounds. This means that the return of the 

molecule in the excited state to the ground state is made mostly by non-

radiative transitions. As an exception arises [N2,2,2,2][MnCl3] salt where it can 

be observed that kr is higher than knr. Regarding to Stokes shift, the 

difference between the salts excitation and emission spectra is in the range 

of 0.33-0.52 eV. As defined, higher values of Stokes shift imply a more 

distorted geometry of the excited state compared with the ground state. 

Therefore, the set of values achieved in this work indicates that these 

compounds have a significant difference between the geometry of the 

molecule in the excited state (in this case, in the triplet state) regarding to the 

lower energy state (ground state).  

2.5.3. Manganese (II) transitions 

When the metal is in the absence of a magnetic field, all the electron orbitals 

present the same energy levels and are called degenerate orbitals. However, 

when the metal is coordinated with a set of ligands, these orbitals acquire 

different energies, and they separate into two different energy levels. The 

energy difference between the orbitals is often called ligand-field splitting 

parameter (Δ). The magnitude of this value depends on the ligand and metal 

nature. As weak-field ligands according to spectrochemical series, chloride 

(-Cl) and hydroxide (-OH) give rise to low-energy transitions and, thus, a high 

spin system is obtained. With a small ligand-field splitting parameter, the 

system requires lower energy light to perform the transitions and, 

consequently, longer wavelength values associated to those transitions are 

achieved. Specifically, divalent manganese ion has a d5 electronic 

configuration with a 4T1→6A1 transition associated to the crystal field 

strength. This fact and the dependence relation of the crystal field strength 
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with the chemical structure of the ligand and complex coordination number, 

makes manganese (II)-based complexes good candidates to explore their 

photophysical properties. According to Aufbau principle and Hund's rule, the 

orbitals filling is made from lower to higher energy orbitals and in order to 

have the highest number of unpaired electrons. Thus, in this specific case 

where the ligands produce a smaller crystal field splitting, the electrons from 

d5 metal complex can be organized in an octahedral and tetrahedral 

geometry as schematized in Figure 2. 10.  

  

 

Figure 2. 10 | Splitting diagram of the degenerate d-orbitals due to an (A) octahedral 

ligand field and (A) tetrahedral ligand field. 

 

Figure 2. 11 (A) illustrates the excitation and emission spectra of 

[N1,1,1,C2OH][MnCl3] and [N2,2,2,2][MnCl3] at ambient conditions. Crystal field 

transitions associated to Mn (II) in both coordination systems were identified 
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in the spectra. The origin of the green and red light emissions associated to 

tetrahedral and octahedral geometries, respectively, can be observed in 

Tanabe-Sugano diagram for Mn2+ (Figure 2. 11 (B)).  

 

(A) (B) 

 

Figure 2. 11 | (A) Excitation and corresponding emission spectra of  [N2,2,2,2][MnCl3] 

and [N1,1,1,C2OH][MnCl3]; (B) Tanabe-Sugano diagram for Mn (II); (C) Summarized 

luminescence properties results obtained for [N2,2,2,2][MnCl3] and [N1,1,1,C2OH][MnCl3]. 

 

As can be seen, the transition 
4
T

2
(G)→

6
A

1
 is the responsible for the green 

and red luminescence of Mn (II)-based compounds. As expected, 

[N2,2,2,2][MnCl3] presents an emission peak with maximum on 530 nm (2,34 

eV, green light) and 630 nm (1.97eV, red light) for [N1,1,1,C2OH][MnCl3]. This 

difference between the green and red luminescence is mainly caused by the 

(C) 
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weaker crystal field associated to tetrahedral geometry of Mn (II)-based salt. 

As observed in Figure 2. 10, tetrahedral coordination implies a smaller crystal 

field splitting (and thus, lower energy difference) when compared with 

octahedral geometry. [N2,2,2,2][MnCl3] salt presents an higher lifetime decay 

(2.63ms) when compared with choline derivative compound (1.16ms), Figure 

2. 11(C).  This difference seems to indicate the occurrence of more forbidden 

transitions for tetraalkylammonium cation and, consequently, an increase in 

the residence time of the molecule in the excited state. Also, these two salts 

showed to have different prevalence regarding to the type of transitions. 

Although the mechanism of deactivation of the excited state of this molecule 

presents radiative and non-radiative transitions, [N2,2,2,2][MnCl3] presents an 

higher radiative transitions incidence (kr>knr). On the contrary, 

[N1,1,1,C2OH][MnCl3] has  a much higher value of non-radiative transitions. 

Moreover, for this compound, kr value is almost zero. Thus, considering the 

Equation 2. 2 and taking into account the value of kr (kr≈0), it can be 

concluded that the quantum yield for [N1,1,1,C2OH][MnCl3] is mostly dependent 

of the knr constant. Being these two parameters inversely proportional, a 

higher knr value is associated to a smaller quantum yield. This relation is in 

agreement to the results obtained for the two magnetic salts. Even though 

for the salt [N2,2,2,2][MnCl3] the radiative constant is not zero and has some 

weight in relation to the quantum yield, its higher knr value can be related with 

its higher quantum yield.  

Observing the excitation spectra of all compounds organized by their cation 

families (Figure 2. 12), it is possible to conclude that Mn (II) transitions are 

more well-defined for cations with oxygen in their structure. [C2OHDMIM] 

(Figure 2. 12 (C)) arises as an exception. This can be related with the acidic 

proton of this imidazolium scaffold. Specifically, for choline derivative salts 

(Figure 2. 12 (A)), it is possible to identify three transitions (4T2g (G), 4T2g (D), 
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4E (D), 4T1 (P)) whose intensity, shape, and energy value changes with 

cations different structural features. So, the prohibition level associated to 

these transitions seems to be related with the cation structure. 
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Figure 2. 12 | Excitation and emission spectra of (A) ammonium, (B) phosphonium 

and (C) imidazolium-based salts. 

 

(A) 

   

(B) 

(C) 
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An additional preliminary study was also made in order to compare the 

luminescence quantum yield of the same compound in its powder and crystal 

forms (Figure 2. 13). From these results it is possible to see that the spectra 

from the two forms of [N1,1,1,C2OH][MnCl3] salt are identical. The exception 

emerges from 4T2g (D) transition (more allowed in the powder form). Also, the 

quantum yield increases from 4.74% (powder) to 10.95% when the salt is in 

the crystal form. 

 

 

Figure 2. 13 | Excitation and emission spectra of [N1,1,1,C2OH][MnCl3] in its powder 

and crystal forms. 

 

3. Conclusions 

A set of magnetic organic salts based on choline derivative cation family and 

transition metals iron (III) and manganese (II) were synthesized using 

sustainable synthetic methodologies. It was possible to obtain two examples 

of MILs, [N1,1,2,C3OH][FeCl4] and [N1,1,4,C3OH][FeCl4]. Effective magnetic 

moments were determined and a standard behaviour dependent on the 

cation magnetic salt was defined. Choline chloride derivative salts and 
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manganese-based products were also tested for their cytotoxicity in four 

different cells lines. Overall, chloride-based salts, did not induce any 

cytotoxicity in normal and tumoral cells. On the other hand, almost all 

manganese-based compounds seemed to induce cytotoxic effects in normal 

cells. Specifically, all synthesized Mn (II) salts proved in this work to be 

efficient photoluminescent compounds emitting red and/or green light 

according to the metal coordination. In order to confirm the crystalline 

structure, to clarify the metal coordination and the corresponding emission 

colour, some particular salts ([N1,1,1,C2OH][MnCl3], [N1,1,C2OH,C2OH][MnCl3] and 

[N2,2,2,2][MnCl3]) were selected to prepare crystals and perform their 

evaluation by single crystal x-ray crystallography. Also, all compounds were 

studied according to their luminescence colour, quantum yield (absolute 

method) and lifetime decay (phosphorescence decay). From the obtained 

results, it was possible to set a correlation between the salts structural 

features and their luminescence properties. From all the prepared salts, the 

compounds that displayed the highest quantum yield were [N1,1,4,C2OH][MnCl3] 

(from choline-derivative salts - 12.8%) and [N2,2,2,2][MnCl3] (72.2%). Lifetime 

decay results seems to indicate that the deactivation of the excited state of 

all prepared salts is performed through a phosphorescence process.  

Additionally, it was possible to perform a comparison between the quantum 

yield of the same salt in its powder (4.74%) and crystal form (10.95%).  

 

4. Experimental Section 

4.1. General Remarks 

All commercial organic solvents were used as supplied from Sigma-Aldrich 

in analytical purity grade. Commercially available reagents were purchased 
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from different chemical companies and then used as received. 1H and 19F-

NMR were recorded on a Bruker AMX400 spectrometer. Chemical shifts are 

reported downfield in parts per million using D2O, CD3OD and (CD3)2SO as 

deuterated solvents. Fourier transform infrared spectroscopy (FT-IR) spectra 

were carried out on a Bruker Tensor 27. Elemental analysis (C, H, N, 

analyzer) of each synthesized organic salt was performed by Laboratório de 

Análises at LAQV-REQUIMTE. For the salts which were solid at room 

temperature the melting point determination was performed using a Stuart 

Scientific Melting Point SMP1. The density of choline derivatives organic 

salts was determined using a pycnometer. The measurements were 

performed in duplicate and the average value is reported. All measurements 

were taken at 20 ºC.  

4.2. Synthesis and characterization of choline derivatives 

salts 

N,N,N-Triethyl-N-hydroxyethylammonium bromide [N2,2,2,C2OH][Br]: N,N-

Diethyl-N-(2-hydroxyethyl)amine (5.00g, 42.66mmol) and ethanol were 

added to a round-bottomed flask. The resulting solution was placed in an ice 

bath and then slowly was added 1-bromo-ethane (5.12g, 46.95 mmol) under 

constant stirring. The reaction mixture was heated under reflux for 48 h after 

which the solvent was evaporated. The resulting solid was washed with 

diethyl ether and hexane and then dried under vacuum to give the product 

[N2,2,2,C2OH][Br] as a pale yellow solid (8.98g, 93%). 1H NMR (400 MHz, D2O) 

δ(ppm) = 5.27 (t, 1H), 3.77 (m, 2H), 3.30 (m, 8H), 1.18 (t, 3J(H,H)=7.0 Hz, 

9H). FT-IR (NaCl), ῡ = 3416, 2987, 1643, 1485, 1398, 1163, 1081 cm-1. 

Elemental analysis calcd (%) for C8H20BrNO (226.19 g mol-1): C 42.48, N 

6.19, H 8.93; found: C 42.27, N 6.13, H 8.61. 
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N,N,N-Triethyl-N-hydroxyethylammonium chloride [N2,2,2,C2OH][Cl]: 

[N2,2,2,C2OH][Br] (2.5g, 11.05mmol) and methanol were added to a round-

bottomed flask. Ionic exchange resin (IRA 400-Cl) was added to the resulting 

solution. The reaction mixture was under stirring for 30 minutes after which 

the resin was filtered. The solvent was then evaporated and the resulting 

solid was dried under vacuum to give the product [N2,2,2,C2OH][Cl] as a brown 

solid (1.55g, 77%). 1H NMR (400 MHz, D2O δ (ppm) = 3.89 (m, 2H), 3.28 (q, 

3J(H,H)=7.6 Hz, 8H), 1.19 (t, 3J(H,H)=6.8 Hz, 9H). FT-IR (NaCl), ῡ = 3224 , 

2980, 1637, 1487, 1395, 1162, 1062 cm-1. Elemental analysis calcd (%) for 

C8H20ClNO.1.5H2O (208.77 g mol-1): C 46.02, N 6.71, H 11.13; found: C 

45.88, N 6.63, H 11.34 

 

N-butyl-N,N-diethyl-N-hydroxyethylammonium bromide [N2,2,4,C2OH][Br]: 

The same procedure was followed as that described above for 

[N2,2,2,C2OH][Br]: N,N-diethyl-N-(2-hydroxyethyl)amine (4.00g; 34.10mmol) 

and 1-bromo-butane (5.14g; 37.50mmol) were used. The product 

[N2,2,4,C2OH][Br] (5.32g; 61%) was obtained as a yellow solid. 1H NMR (400 

MHz, D2O): δ (ppm) = 3.91 (m, 2H), 3.32 (q, 3J(H,H)= 7.1 Hz, 6H), 3.20 (m, 

2H), 1.61 (m, 2H), 1.31 (m, 2H), 1.21 (t, 3J(H,H)=7.0Hz, 6H), 0.88 (t, 

3J(H,H)=7.4Hz, 3H), FT-IR (KBr), ῡ = 3414, 2965, 1641, 1466, 1396, 1157, 

1083 cm-1. Elemental analysis calcd (%) for C10H24BrNO.0.3H2O (259.66 g 

mol-1): C 46.25, N 5.40, H 9.57; found: C 46.41, N 5.60, H 9.91. 

 

N,N-diethyl-N-hexyl-N-hydroxyethylammonium bromide [N2,2,6,C2OH][Br]: 

The same procedure was followed as that described above for 

[N2,2,2,C2OH][Br]: N,N-diethyl-N-(2-hydroxyethyl)amine (1.00g; 8.53mmol) and 

1-bromo-hexane (1.55g; 9.38mmol) were used. The product [N2,2,6,C2OH][Br] 

(1.80g; 75%) was obtained as a yellow solid. 1H NMR (400MHz, CD3OD): δ 
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(ppm) = 3.96 (m, 2H), 3.85 (t, -OH), 3.47 (m, 6H), 3.17 (m, 2H), 1.74 (m, 2H), 

1.41 (m, 6H), 1.34 (m, 6H), 0.95 (t, 3J(H,H)=7.0 Hz, 3H). FT-IR (KBr), ῡ = 

3316, 2927, 1630, 1465, 1396, 1155, 1082 cm-1. Elemental analysis calcd 

(%) for C12H28BrNO.0.8H2O (296.73 g mol-1): C 48.57, N 4.72, H 10.08; 

found: C 48.55, N 4.95, H 10.71. 

 

N-ethyl-N-hydroxyethyl-N,N-dimethylammonium bromide 

[N1,1,2,C2OH][Br]: The same procedure was followed as that described above 

for [N2,2,2,C2OH][Br]: N-(2-hydroxyethyl)-N,N-dimethylamine (1.00g; 

11.20mmol) and 1-bromo-ethane (1.35g; 12.30mmol) were used. The 

product [N1,1,2,C2OH][Br] (1.76g; 79%) was obtained as a white solid. 1H NMR 

(400MHz, CD3OD): δ (ppm) = 3.99 (m, 2H), 3.50 (q, 3J(H,H)=7.2Hz, 2H), 3.48 

(m, 2H), 3.16 (s, 6H), 1.38 (tt, 3J(H,N)=2.4 Hz, 3J(H,H)=7.2 Hz, 3H). FT-IR 

(KBr), ῡ = 3417, 1639, 1481, 1129, 1082 cm-1. Elemental analysis calcd (%) 

for C6H16BrNO (198.13 g mol-1): C 36.37, N 7.07, H 8.16; found: C 35.97, N 

6.92, H 7.30. 

 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium chloride 

[N1,1,4,C2OH][Cl]: The same procedure was followed as that described above 

for [N2,2,2,C2OH][Br]: N-(2-hydroxyethyl)-N,N-dimethylamine (2.00g, 

22.40mmol) and 1-chloro-butane (2.28g, 24.60mmol) were used. The 

product [N1,1,4,C2OH][Cl] (3.04g, 75%) was obtained as a white solid. 1H NMR 

(400 MHz, (CD3)2SO) δ (ppm) = 5.67 (t, 3J(H,H)=4.8 Hz, 1H), 3.81 (m, 2H), 

3.39 (m, 2H), 3.10 (s, 6H), 1.66 (m, 2H), 1,29 (m, 2H), 0,92 (t, 3J(H,H)=7.6 

Hz, 3H). FT-IR (KBr), ῡ = 3256 (O-H), 2965 (C-Halif), 1634 (O-H), 1488, 1380, 

1124, 1049 cm-1. Elemental analysis calcd (%) forC8H20ClNO.0.2H2O 

(181.74 g mol-1) calcd (%) for C 51.84, N 7.56, H 11.12; found: C 51.52, N 

7.95, H 11.42. 
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N-hexyl-N-hydroxyethyl-N,N-dimethylammonium bromide 

[N1,1,6,C2OH][Br]: The same procedure was followed as that described above 

for [N2,2,2,C2OH][Br]: N-(2-hydroxyethyl)-N,N-dimethylamine (1.00g; 

11.20mmol) and 1-Bromo-hexane (2.03g; 12.30mmol) were used. The 

product [N1,1,6,C2OH][Br] (2.58g; 91%) was obtained as a white gel. 1H NMR 

(400MHz, CD3OD): δ (ppm) = 3.99 (m, 2H), 3.49 (m, 2H), 3.42 (m, 2H, H1), 

3.17 (s, 6H), 1.80 (m, 2H), 1.38 (m, 6H), 0.92 (t, 3J(H,H)=7 Hz, 3H). FT-IR 

(NaCl), ῡ = 3419, 2958, 1639, 1469, 1400, 1132, 1087 cm-1. Elemental 

analysis calcd (%) for C10H24BrNO.H2O (272.27 g mol-1): C 44.11, N 5.15, H 

9.64; found: C 43.94, N 5.27, H 10.60. 

 

N,N-dihydroxyethyl-N,N-dimethylammonium chloride [N1,1,C2OH,C2OH][Cl]: 

The same procedure was followed as that described above for 

[N2,2,2,C2OH][Br]: N-(2-hydroxyethyl)-N,N-dimethylamine (2.00g; 22.44mmol) 

and 1-chloro-ethanol (1,99g; 24.68mmol) were used. The product 

[N1,1,C2OH,C2OH][Cl] (2.12g; 56%) was obtained as a white solid. 1H NMR (400 

MHz, D2O) δ (ppm) = 3.99 (m, 4H), 3.52 (t, 3J(H,H)=5.2Hz, 4H), 3.15 (s, 9H). 

FT-IR (KBr), ῡ = 3356, 2963, 1634, 1478, 1079 cm-1. Elemental analysis 

calcd (%) for C6H18ClNO3 (169.68 g mol-1): C 42.47, N 8.26, H 9.52; found: 

C 42.36, N 8.17, H 10.17. 

 

N-ethyl-N-hydroxypropyl-N,N-dimethylammonium bromide 

[N1,1,2,C3OH][Br]: The same procedure was followed as that described above 

for [N2,2,2,C2OH][Br]: N-(2-hydroxypropyl)-N,N-dimethylamine (1.00g; 

9.69mmol) and 1-bromo-ethane (1.16g; 10.66mmol) were used. The product 

[N1,1,2,C3OH][Br] (1.76g; 85%) was obtained as a brown solid. 1H NMR (400 

MHz, D2O): δ (ppm) =4.32 (m, 1H), 3.38 (m, 2H), 3.23 (d, 3J(H,H)= 5.6 Hz, 

2H), 3.03 (d, 3J(H,H)= 4.8Hz, 6H), 1.26 (t, 3J(H,H)=7.0 Hz, 3H), 1.16 (d, 
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3J(H,H)=6.4 Hz, 3H). FT-IR (KBr), ῡ = 3418, 2981, 1640, 1482, 1147, 1021 

cm-1. Elemental analysis calcd (%) for C7H18BrNO.0.2H2O (215.76 g mol-1): 

C 38.96, N 6.49, H 8.61; found: C 38.83, N 6.70, H 8.89. 

 

N-ethyl-N-hydroxypropyl-N,N-dimethylammonium chloride 

[N1,1,2,C3OH][Cl]: The same procedure was followed as that described above 

for [N2,2,2,C2OH][Cl]: [N1,1,2,C3OH][Br] (2.50g, 11.79mmol) and ionic exchange 

resin (IRA 400-Cl) were used. The product [N1,1,2,C3OH][Cl] (1.56g, 79%) was 

obtained as a brown liquid. 1H NMR (400 MHz, D2O): δ (ppm) = 4.32 (m, 1H), 

3.38 (m, 2H), 3.22 (d, 3J(H,H)=5.6 Hz, 2H), 3.03 (d, 3J(H,H)=4.0 Hz, 6H), 1.26 

(t, 3J(H,H)=6.8 Hz, 3H), 1.16 (d, 3J=6.0 Hz, 3H). FT-IR (KBr), ῡ = 3418, 2979, 

1640, 1487, 1399, 1151, 1073 cm-1. Elemental analysis calcd (%) for 

C7H18ClNO.1.4H2O (192.94 g mol-1): C 43.57, N 7.26, H 10.89; found: C 

43.27, N 7.82, H 10.51. 

 

N-butyl-N-hydroxypropyl-N,N-dimethylammonium chloride 

[N1,1,4,C3OH][Cl]: The same procedure was followed as that described above 

for [N2,2,2,C2OH][Br]: N-(2-hydroxypropyl)-N,N-dimethylamine (2.00g, 

19.4mmol) and 1-chloro-butane (1.97, 21.30mmol) were used. The product 

[N1,1,4,C3OH][Cl] (1.22g, 32%) was obtained as a yellow solid. 1H NMR (400 

MHz, D2O) δ (ppm) = 4.30 (m, 1H), 3.29 (m, 2H), 3.23 (m, 2H), 3.03 (d, 

3J(H,H)=5.2Hz, 6H), 1.65 (m, 2H), 1.27 (m, 2H), 1.15 (d, 3J(H,H)=6.4Hz, 3H), 

0.84 (t, 3J(H,H)=7.4Hz, 3H). FT-IR (KBr), ῡ = 3353, 2967, 1637, 1484, 1377, 

1149, 1076 cm-1. Elemental analysis calcd (%) for C9H22ClNO.0.1H2O 

(197.57 g mol-1): C 54.71, N 7.09, H 11.35; found: C 54.33, N 7.09, H 11.96. 
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4.3. Synthesis and characterization of magnetic complexes salts 

General method: Chloride salt of choline derivative/phosphonium or 

imidazolium and ethanol were added to a round-bottomed flask. After the 

complete dissolution, the selected hydrated lanthanide salt (FeCl3 or MnCl2) 

were added under vigorous magnetic stirring at room temperature. The 

reaction mixture was stirring for 48 h and then the solvent was evaporated, 

and the product was dried under vacuum. 

 

4.3.1. Iron (III)-based organic salts 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachloroferrate (III) 

[N1,1,4,C2OH][FeCl4]: [N1,1,4,C2OH][Cl] (0,50g; 3,42mmol); FeCl3.6H2O (0,92g; 

3.42mmol); Yield: quantitative; brown solid. FT-IR (KBr), ῡ = 3415, 2960, 

1627, 1477, 1379, 1131, 1087 cm-1. Elemental analysis calcd (%) for 

C8H20Cl4FeNO.3H2O (397.99 g mol-1): C 24.14, N 3.52, H 6.59; found: C 

24.27, N 3.38, H 6.14. 

 

N,N-dihydroxyethyl-N,N-dimethylammonium tetrachloroferrate (III) 

[N1,1,C2OH,C2OH][FeCl4]: [N1,1,C2OH,C2OH][Cl] (0,25g; 1.48mmol); FeCl3.6H2O 

(0,39g; 1.48mmol); Yield: quantitative; brown solid. FT-IR (KBr), ῡ = 3386, 

1635, 1474, 1079 cm-1. Elemental analysis calcd (%) for C6H16Cl4FeNO2 

(331.87 g mol-1): C 21.71, N 4.22, H 4.87; found: C 22.18, N 4.23, H 5.13. 

 

N-ethyl-N-hydroxypropyl-N,N-dimethylammonium tetrachloroferrate 

(III) [N1,1,2,C3OH][FeCl4]: [N1,1,2,C3OH][Cl] (0.25g; 1.50mmol); FeCl3.6H2O 

(0,41g; 1.51mmol); Yield: quantitative; brown liquid. FT-IR (KBr), ῡ = 3407, 

2978, 1627, 1482, 1395, 1145, 1018 cm-1. Elemental analysis calcd (%) for 
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C7H18Cl4FeNO.3.5H2O (392.97 g mol-1): C 21.39, N 3.57, H 6.43; found: C 

20.91, N 3.35, H 5.65. 

 

N-butyl-N-hydroxypropyl-N,N-dimethylammonium tetrachloroferrate 

(III) [N1,1,4,C3OH][FeCl4]: [N1,1,4,C3OH][Cl] (0.26g, 1.30mol); FeCl3.6H2O (0.35g, 

1.30mol); Yield: quantitative; brown liquid. FT-IR (KBr), ῡ = 3545, 2971, 1616, 

1476, 1386, 1141, 1071 cm-1. Elemental analysis calcd (%) for 

C9H22Cl4FeNO (357.96 g mol-1): C 30.20, N 3.91, H 6.21; found: C 30.44, N 

3.91, H 6.27. 

 

N,N,N-triethyl-N-hydroxyethylammonium tetrachloroferrate (III) 

[N1,1,1,C2OH][FeCl4]: [N1,1,1,C2OH][Cl] (0.50g, 3.60mol); FeCl3.6H2O (0.97g, 

3.59mol); Yield: quantitative; pink solid. FT-IR (KBr), ῡ = 3556, 2960, 1607, 

1470, 1337, 1131, 1082 cm-1. Elemental analysis calcd (%) for 

C5H14Cl4FeNO (301.84 g mol-1): C 19.89, N 4.64, H 4.68; found: C 19.67, N 

4.50, H 4.64. 

 

4.3.2. Manganese (II)-based organic salts 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium trichloromanganate 

(II) [N1,1,4,C2OH][MnCl3]: [N1,1,4,C2OH][Cl] (0.50g, 3.43mmol); MnCl2.4H2O 

(0.68g, 3.44mmol); Yield: quantitative; pink solid. FT-IR (KBr), ῡ = 3440, 

2964, 1615, 1469, 1383, 1172, 1086 cm-1. Elemental analysis calcd (%) for 

C8H20Cl3MnNO.3H2O (361.64 g mol-1): C 26.57, N 3.87, H 7.26; found: C 

26.40, N 3.73, H 6.68. 

 

N,N-dihydroxyethyl-N,N-dimethylammonium trichloromanganate (II) 

[N1,1,C2OH,C2OH][MnCl3]: [N1,1,C2OH,C2OH][Cl] (0.25g, 1.49mmol); MnCl2.4H2O 

(0.30g, 1.50mmol); Yield: quantitativ; yellow solid. FT-IR (KBr), ῡ = 3366, 
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1627, 1472, 1328, 1126, 1073 cm-1. Elemental analysis calcd (%) for 

C6H16Cl3MnNO2 (295.52 g mol-1): C 24.38, N 4.74, H 5.47; found: C 24.35, N 

4.61, H 5.40. 

 

N-ethyl-N-hydroxypropyl-N,N-dimethylammonium trichloromanganate 

(II) [N1,1,2,C3OH][MnCl3]: [N1,1,2,C3OH][Cl] (0.25g, 1.49mmol); MnCl2.4H2O 

(0.30g, 1.50mmol); Yield: quantitative; yellow solid. FT-IR (KBr), ῡ = 3424, 

2973, 1626, 1484, 1374, 1148, 1021 cm-1. Elemental analysis calcd (%) for 

C7H18Cl3MnNO.2.5H2O (338.60 g mol-1): C 24.83, N 4.14, H 6.86; found: C 

24.78, N 4.04, H 6.09. 

 

N-butyl-N-hydroxypropyl-N,N-dimethylammonium trichloromanganate 

(II) [N1,1,4,C3OH][MnCl3]: [N1,1,4,C3OH][Cl] (0.26g, 1.31mol); MnCl2.4H2O (0.27g, 

1.30mol); Yield: quantitative; yellow solid. FT-IR (KBr), ῡ = 3425, 2967, 1633, 

1485, 1398, 1148, 1011 cm-1. Elemental analysis calcd (%) for 

C9H22Cl3MnNO.0.1H2O (321.61 g mol-1): C 33.61, N 4.36, H 6.91; found: C 

33.25, N 4.45, H 7.36. 

 

N,N,N-triethyl-N-hydroxyethylammonium trichloromanganate (II) 

[N1,1,1,C2OH][MnCl3]: [N1,1,1,C2OH][Cl] (0.51g, 3.62mol); MnCl2.4H2O (0.71g, 

3.61mol); Yield: quantitative; pink solid. FT-IR (KBr), ῡ = 3423, 1474, 1134, 

1081 cm-1. Elemental analysis calcd (%) for C5H14Cl3MnNO (265.49 g mol-1): 

C 22.62, N 5.28, H 5.33; found: C 22.39, N 4.99, H 4.93. 

 

Tetraethylammonium trichloromanganate (II) [N2,2,2,2][MnCl3]: N2,2,2,2][Cl] 

(0.50g, 2.38mmol); MnCl2.4H20 (0.47g, 2.38mmol); Yield: quantitative; 

yellow solid. FTIR (KBr), ῡ = 3415, 2983, 1622, 1474, 1398, 1180, 1040, 880, 
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789 cm-1. Elemental analysis calcd (%) for C8H20Cl3MnN. 2H2O (327.58 g 

mol-1): C 29.33, N 4.28, H 7.38; found: C 29.14, N 4.15, H 6.82. 

 

Tetrahydroxymethylphosphonium trichloromanganate (II) 

[POH,OH,OH,OH][MnCl3]: [POH,OH,OH,OH][Cl] (0.31g, 1.33mmol); MnCl2.4H2O 

(0.26g, 1.33mmol); Yield: quantitative; pink solid; FTIR (KBr), ῡ = 3354, 2909, 

1623, 1416, 1300, 1189, 1044, 920 cm-1. Elemental analysis calcd (%) for 

C4H12Cl3O4MnP (316.42 g.mol-1): C 15.18, H 3.83; found: C 15.70, H 3.80. 

 

Tetrabutylphosphonium trichloromanganate (II) [P4,4,4,4][MnCl3]: 

[P4,4,4,4][Cl] (0.25g, 0.85mmol); MnCl2.4H2O (0.17g, 0.85mmol); Yield: 

quantitative; yellow solid; FTIR (KBr), ῡ = 3448, 2962-2871, 1642, 1463, 

1407, 1382, 1315, 1237, 1099, 1007, 970, 918, 812, 720 cm-1. Elemental 

analysis calcd (%) for C16H36Cl3MnP.2.5H2O (465.83 g.mol-1): C 40.88, H 

8.19; found: C 41.25, H 8.19. 

 

1-(2-hydroxyethyl)-3-methylimidazolium trichloromanganate (II) 

[C2OHMIM][MnCl3]: [C2OHMIM][Cl] (0.26g, 1.57mmol); MnCl2.4H2O (0.31g, 

1.57mmol); Yield: quantitative; pink solid; FTIR (KBr), ῡ = 3385, 1625, 1575, 

1455, 1167, 1060, 832, 749, 650 cm-1. Elemental analysis calcd (%) for 

C6H12Cl3MnN2O (289.49 g.mol-1): C 24.89, N 9.68, H 4.19; found: C 25.34, N 

9.65, H 4.05. 

 

1-(2-hydroxyethyl)-2,3-dimethylimidazolium trichloromanganate (II) 

[C2OHDMIM][MnCl3]: [C2OHDMIM][Cl] (0.25g, 1.43mmol); MnCl2.4H2O 

(0.28g, 1.42mmol); Yield: quantitative; pink solid; FTIR (KBr), ῡ = 3386, 1622, 

1575, 1449, 1167, 1058, 835, 749, 650 cm-1. Elemental analysis calcd (%) 
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for C7H13Cl3MnN2O (302.51 g.mol-1): C 27.79, N 9.26, H 4.34; found: C 27.24, 

N 8.95, H 3.76. 

 

1-ethyl-3-methylimidazolium trichloromanganate (II) [C2MIM][MnCl3]: 

[C2MIM][Cl] (0.25g, 1.71mmol); MnCl2.4H2O (0.34g, 1.70mmol); Yield: 

quantitative; yellow solid; FTIR (KBr), ῡ = 3404, 3113, 2987, 1623, 1587, 

1469, 1336, 1173, 1089, 956, 825, 732, 645, 619 cm-1. Elemental analysis 

calcd (%) for C6H12Cl3MnN2.1.5H2O (300.52 g.mol-1): C 23.98, N 9.32, H 5.04; 

found: C 23.84, N 8.98, H 5.38. 

 

4.4. Magnetic moment determination 

The Mass Susceptibility 𝜒g of compounds was determined using a Magnetic 

Susceptibility Balance at the room temperature (20 ºC), from Sherwood 

Scientific. The effective magnetic moment (μeff) values were obtained by 

using the following Equation 2.3, Equation 2.4 and Equation 2.5. 

 

𝝌𝒈 =
𝑪.𝒍.(𝑹−𝑹𝟎)

𝟏𝟎𝟗.𝒎
           (Equation 2. 3) 

 

Where C is the constant of calibration balance (= 1.14), l is length of the sample (cm), R is the 

reading for the tube with the sample, R0 is the empty tube reading and m is mass of the sample 

(g). 

 

𝝌𝒎 = 𝝌𝒈. 𝑴𝒘          (Equation 2. 4) 

 

Where 𝜒m is the molar susceptibility and Mw is the molecular weight of the compound. 

 

µ𝒆𝒇𝒇 = 𝟐, 𝟖𝟐𝟖√𝝌𝒎. 𝑻           (Equation 2. 5) 
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Where µeff is the effective magnetic moment and T is the measurement temperature (in 

Kelvin, T (°C) + 273). 

 

4.5. Cytotoxicity studies 

Cytotoxic activity of compounds was studied on 3T3, Caco-2, HepG2 and 

293T cells previously acquired from DSMZ biobank. Cells were cultured in 

Dulbecco´s Modified Eagle´s medium: Nutrient Mix F-12 (DMEM/F-12) 

(Merck, Germany), in Minimum Essential Medium (MEM) (Merck, Germany), 

in RPMI medium (Sigma-Aldrich, USA), and in Dulbecco´s Modified Eagle´s 

medium (Merck, Germany), respectively, supplemented with 10% fetal 

bovine serum) (Hyclone, UK), 100 IU/mL penicillin, and 100 μg/mL 

streptomycin (Merck, Germany). For subculture, 3T3 (fibroblasts), Caco-2 

(colon adenocarcinoma), HepG2 (hepatocellular carcinoma) and 293T 

(embryonal kidney) cells were dissociated using trypsin-EDTA (Sigma, 

USA), split in an 1:5, 1:3, 1:3 and 1:6 ratio, respectively, and seeded into 

Petri dishes with 25 cm2 of growth area. Cells were maintained in a 

humidified atmosphere (95%), with 5% CO2, at 37 °C. Cytotoxicity was 

evaluated on 3T3, Caco-2, HepG2 and 293T cells' viability after cells reached 

total confluence on 96-well plates. Cells were treated with samples at 100 

μg/mL for 24 h and their effects were assessed using MTT (Sigma, 

Germany), a colorimetric assay based on the conversion of tetrazolium salts 

to blue formazan products by active mitochondria in viable cells. Results 

were expressed as percentage of control (%). 

Data and statistical analysis was performed using one-way analysis of 

variance (ANOVA) with Dunnett’s multiple comparison of group means to 

determine significant differences relatively to the control treatment. Results 

are presented as mean ± standard error of the mean (SEM). Differences 

were considered significant at a level of 0.05 (p - value < 0.05). Calculations 
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were performed using GraphPad v5.1 (GraphPad Software, La Jolla, CA, 

USA) software. 

 

4.6. Single Crystal X-Ray Cristallography 

A crystal of [N1,1,1,C2OH][MnCl3], [N1,1,C2OH,C2OH][MnCl3] and [N2,2,2,2][MnCl3] 

suitable for single-crystal X-ray analysis was selected, covered with Fomblin 

(polyfluoro ether oil) and mounted on a nylon loop. The data was collected 

at 110(2) K on a Bruker D8 Venture diffractometer equipped with a Photon 

100 CMOS detector and an Oxford Cryostem Cooler, using graphite 

monochromated Mo-Kα radiation (λ= 0.71073 Å). The data was processed 

using the APEX3 suite software package, which includes integration and 

scaling (SAINT), absorption corrections (SADABS 51) and space group 

determination (XPREP). Structure solution and refinement were done using 

direct methods with the programs SHELXT 2018/2 and SHELXL-2018/3 52,53 

inbuilt in APEX and WinGX-Version 2021.3 54 software packages. All non-

hydrogen atoms were refined anisotropically and the hydrogen atoms were 

inserted in idealized positions and allowed to refine riding on the parent 

carbon atom. The molecular diagrams were drawn with ORTEP [3] or 

Mercury 55. Crystal and structure refinement data are given in supplementary 

information. 
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Abstract 

The formulation of Magnetic Ionic Liquids (MILs) or organic salts based on 

lanthanides as anions have been explored in the last few years in order to 

evaluate their use in more bio-applications including imaging for clinical 

diagnosis. Specifically, the application of contrast agents in MRI can be 

useful due to the poor image contrast observed in some situations. Most of 

MRI contrast agents commercially available are formulated with Gd3+, 

however, although its many advantages, this metal presents a high toxicity 

level due to several mechanisms of action including calcium channel 

inhibition. Thus, it has become of utmost importance to find viable and more 

biocompatible alternatives to the contrast agents already used in clinical 

practice. In this chapter, following the key concept of the Chapter 2, a set of 

choline family-based salts and two other different cation families were 

combined with gadolinium (III) and terbium (III) anions. Synthetic 

methodologies used were previously optimized and all organic salts were 

obtained as solids with melting temperatures higher than 100 ºC. Magnetic 

moment obtained for Gd (III) salts were, as expected, smaller than those 

obtained for Tb (III)-based compounds. The µeff attained for Gd (III) and Tb 

(III) magnetic salts are in the range of 6.55-7.30 MB and 8.22-9.34 MB, 

respectively. Also, similarly to the metals from previous chapter, it was 

possible to observe a correlation between the μeff values obtained for 

lanthanides and the structural features of the cation. Cytotoxicity of 

lanthanides-based salts was also evaluated and most of the prepared 

compounds did not induced cytotoxicity on 3T3, 293T, Caco2 and HepG2 

cells.  
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1. Introduction 

In last decades, Ionic liquids (ILs) as low melting organic salts have been 

studied and applied in a growing range of different areas.1 Their negligible 

volatility, high chemical and thermal stability and wide electrochemical range 

can be highlighted but the significant advantage of these salts relies on the 

possibility to tune their physicochemical and/or biological properties by 

changing their formulation, i.e., through the suitable combination of specific 

organic cations and organic or inorganic anions units.2–4 Currently, a new 

subclass of ILs, Magnetic Ionic Liquids (MILs) have attracted greater 

attention. MILs are composed by at least one paramagnetic element in the 

cation or anion and combine the properties of ILs and magnetic materials, in 

particular the response to a strong magnetic field.5  Since their first report in 

2004 by Hayashi and Hamaguchi, MILs have been largely explored in 

different research areas such as catalysis, separation processes and more 

recently in bio-applications.6–9 Specifically, due to their magnetic and 

luminescence properties, metal complexes based on Lanthanides have been 

explored for their use in biomedical field, namely to apply in imaging 

diagnosis techniques. As mentioned in Chapter 1, MRI can provide images 

from the internal structures of human body with a good spatial resolution as 

well as an unlimited tissue penetration level. The image generated by this 

technique is based on proton relaxation rates from water molecules and 

proton densities in different tissues.10 Although in some cases a poor image 

contrast can be observed, the addition of some compounds (contrast agents) 

can improve this limitation through the change of nuclear relaxation rate of 

water molecules.11 MRI T1-shortening agents are mainly composed by a 

paramagnetic metal-chelate structure with a particular focus in the reduction 

of longitudinal relaxation time of water molecules directly coordinated or in 

vicinity of the contrast agent. T1 weighted image is one of the basic pulse 
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sequences used in MRI technique.  This sequence allows to show the 

difference between the T1 relaxation times of tissues.12,13 In the 3D image of 

the longitudinal relaxation time of protons present in the tissues, it is possible 

to observe that short relaxation times appear bright comparing to longer 

relaxation times where the image is darker. Sometimes, this contrast 

difference can be enough to perform an adequate diagnostic, however, in 

some cases it is required the addition of a contrast agent in order to enhance 

this contrast. This compound induces a reduction of T1 relaxation time, an 

hypersignal is attained and, as a consequence, a brighter image can be 

observed.14,15 Most commercially available MRI contrast agents are 

formulated with gadolinium (III), Gd3+. This metal is the preferential choice 

for T1 contrast agents’ formulation due to its seven unpaired electrons (the 

highest number for a metal ion) and its long electronic relaxation time. Owing 

to the combination of these properties, gadolinium ions induce the largest 

effect comparatively to other paramagnetic ions corresponding to the highest 

relaxation efficiency.10,12,16 In general, the Lanthanides (Ln), or rare-earth 

metals, are characterized by the progressive filling of their 4f valence orbitals 

and for being highly paramagnetic due to their unpaired electrons. 

Particularly, in Gd (III) case, a higher magnetic moment, magnetic 

susceptibilities and electronic relaxation times is observed.17–24 The use of 

this metal in the formulation of contrast agents for medical applications has 

its major drawback in Gd (III) toxicity due to several mechanisms of action 

including calcium channel inhibition.12 

Herein, following the key concept of the previous chapter, a series of new 

magnetic organic salts based on different choline derivative cations 

combined with gadolinium (III) and terbium (III) anions were prepared and 

characterized. Additionally, examples of ammonium and phosphonium 
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cations were used for comparison. Figure 3. 1 illustrates the chemical 

structures of the prepared biocompatible magnetic organic salts.  

 

 

Figure 3. 1 | Structure of biocompatible organic salts synthesized in this work. 

 

During this work it was possible to study all the prepared salts regarding to 

their toxicity and, additionally, it was even possible to carry out a relaxometry 

evaluation of two selected magnetic salts in order to assess about their 

applicability as MRI contrast agents.  

 

2. Results and Discussion 

2.1. Synthesis and characterization of magnetic salts 

A set of choline derivative cations described in a previous work [25] were used 

to synthesize new magnetic salts based on two different lanthanides, 

gadolinium (III) and terbium (III). Due to their similar electronic configuration, 

Lanthanide’s series show identical physical-chemical properties. Most of the 

metals from this family are paramagnetic elements due to their unpaired 
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electrons. This feature and their 4f electron configuration, makes them good 

candidates to use in metal complexes formulations. Over the years, the main 

choice to be applied in MRI contrast agents design is focused on trivalent 

cation Gd3+. This metal presents several advantages such as the high 

number of unpaired electrons (seven electrons, the highest between 

lanthanides family), the high magnetic moment associated and the 

predisposition to form metal complexes with high stability.26 Terbium (III) 

arises as an alternative since it possesses an higher magnetic moment than 

gadolinium (III) and it is also a strongly paramagnetic ion.27 

The synthetic methodology used in this work in order to develop these novel 

lanthanide-based magnetic organic salts is summarized in Scheme 3. 1.  

 

 

 

Scheme 3. 1 | Synthetic methodology adopted to develop lanthanides-based 

magnetic salts. 

 

Beyond choline derivative cations, also other organic cations such as tetra-

alkyl ammonium ([N2,2,2,2]) and also two phosphonium cations ([POH,OH,OH,OH] 
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and [P4,4,4,4]) were selected. As already described before, two synthetic 

methods were applied to obtain the metal-based organic salts: for the cases 

where the organic cation had a chloride as counter-ion, only the metal 

complexation reaction was performed but when this anion is bromide, it is 

required a previous step to convert this salt in the correspondent chloride 

ones. This synthetic step is accomplished by using an ionic exchange resin. 

It is important to emphasize that the complexation reactions were made in a 

single step procedure with no additional purification steps. The different 

families of magnetic salts were characterized according to their physical and 

thermal properties. The results are presented in Table 3. 1. All compounds 

were obtained as solids and most of them with transition temperatures 

(melting or decomposition) higher than 100 ºC. Due to their cation scaffold, 

most of the synthesized magnetic salts reveal a high hygroscopic nature. 

Choline derivatives-based salts are highly soluble in water and alcohols but 

present low solubility in apolar organic solvents.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

141 
 

Table 3. 1 | Physical properties of lanthanides-based organic salts. 

Compound Physical State Tm [Td] (a) (ºC) 

Gd (III) 

[N1,1,1,C2OH][GdCl4] White Solid 145 

[N1,1,4,C2OH][GdCl4] White Solid [118] 

[N1,1,C2OH,C2OH][GdCl4] White Solid Hygroscopic 

[N1,1,2,C3OH][GdCl4] Pale Yellow Solid 147 

[N1,1,4,C3OH][GdCl4] Yellow Solid 148 

[N2,2,2,C2OH][GdCl4] White Solid [95] 

[N1,1,1,C2COOCH3][GdCl4] White Solid 152 

[N2,2,2,2][GdCl4] White Solid 114 

[P4,4,4,4][GdCl4] Yellow Solid Hygroscopic 

Tb (III) 

[N1,1,1,C2OH][TbCl4] White Solid [114] 

[N1,1,4,C2OH][TbCl4] White Solid [115] 

[N1,1,C2OH,C2OH][TbCl4] White Solid Hygroscopic 

[N1,1,2,C3OH][TbCl4] Pale Yellow Solid 139 

[N1,1,4,C3OH][TbCl4] Yellow Solid 155 

[POH,OH,OH,OH][TbCl4] White Solid 146 

[N1,1,1,C2COOCH3][TbCl4] White Solid 142 

[N2,2,2,2][TbCl4] White Solid 110 

[P4,4,4,4][TbCl4] Yellow Solid Hygroscopic 

 

One of the basis of lanthanides chemistry and applications is related with 

their luminescence. This important property arises from forbidden 4f-4f 

electronic transitions and results in narrow line widths associated to long 

lifetimes. These properties makes these elements attractive for several 
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optical applications.28 It is expectable that Gd (III) and Tb (III) complexes own 

similar chemical features as well as biodistribution profiles.29 However, the 

visual observation apparently suggest that Tb (III)-based compounds present 

a more intense luminescent behaviour than gadolinium (III) salts. This can 

be useful for further bio-applications. The visual observation of these 

compounds seems to indicate a green light emission that can be explored in 

the future. In Table 3. 2 can be seen some images from prepared Tb (III)-

based organic salts under (A) white light and (B) UV light (366nm).  

 

Table 3. 2 | Images from prepared Tb (III)-based organic salts under (A) white light 

and (B) UV light (366nm). 
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2.2. Magnetic moment 

Since magnetic properties are one of the major important features of contrast 

agents, magnetic susceptibility of the prepared lanthanide-based magnetic 

organic salts was measured. The effective magnetic moment (µeff) of these 

compounds was also determined. All results are summarized in Table 3. 3. 

It is important to note that, as expected, the µeff values found for Gd (III) salts 



Chapter 3 

143 
 

are smaller than correspondent Tb (III) compounds. The µeff obtained for Gd 

(III) magnetic salts are in a range of 6.55-7.30 MB. [N1,1,1,C2OH][GdCl4], 

[N1,1,2,C3OH][GdCl4] and [N1,1,4,C3OH][GdCl4] salts showed the highest magnetic 

moments in the case of Gd (III) series. Regarding to Tb (III)-based salts, the 

values obtained are in a range of 8.22-9.34 MB. In general, the values are 

comparatively lower than those corresponding to the free metal. This 

observation can be justified by metal-ligand coordination as well as the 

possible interaction with the organic cation. Even so, Tb (III)-based salts 

presented very high µeff and, also, these are higher than those obtained for 

Gd (III). Thus, although their magnetic properties can be affected with the 

coordination and salt formulation, Tb (III) seems to maintain higher values of 

magnetic moments.  More recently, the interest in this metal-based 

compounds has increased significantly, however, there are still few studies 

using Tb complexes for magnetic applications 

Regarding to choline derivative salts, the results showed a standard 

behaviour of μeff values that depend on cation structural features. The 

correlation between the organic cation scaffold and the values obtained 

seems to be the same for both metals (Figure 3. 2). Thus, when the side alkyl 

chain increases, the µeff decreases. The same trend is observed when a 

branch is introduced in the cation structure. Finally, when an additional 

ethanol group is introduced, the µeff decreases. This behaviour was already 

found for another two metals, Fe (III) and Mn (II). 
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Table 3. 3 | Magnetic susceptibility and effective magnetic moments of magnetic 

organic salts based on Gd (III) and Tb (III). 

Compound 10-6. 𝜒g 

(c.g.s) (a) 

µeff 

(MB) (b) 

Gd (III) 

Gd (III) free ion - 7.94 30 

[N1,1,1,C2OH] [GdCl4] 55.78 7.30 

[N1,1,4,C2OH] [GdCl4] 45.48 6.93 

[N1,1,C2OH,C2OH] [GdCl4] 45.25 6.82 

[N1,1,2,C3OH] [GdCl4] 51.24 7.24 

[N1,1,4,C3OH] [GdCl4] 47.83 7.22 

[N2,2,2,C2OH] [GdCl4] 40.61 6.55 

[N1,1,1,C2COOCH3][GdCl4] n.d. n.d. 

[N2,2,2,2] [GdCl4] n.d. n.d. 

[P4,4,4,4] [GdCl4] 37.45 7.04 

Tb (III) 

Tb (III) free ion - 9.72 31 

[N1,1,1,C2OH] [TbCl4] 82.41 8.90 

[N1,1,4,C2OH] [TbCl4] 82.23 9.34 

[N1,1,C2OH,C2OH] [TbCl4] 65.59 8.22 

[N1,1,2,C3OH] [TbCl4] 72.21 8.61 

[N1,1,4,C3OH] [TbCl4] 58.45 7.99 

[POH,OH,OH,OH] [TbCl4] 59.29 8.01 

[N1,1,1,C2COOCH3][TbCl4] n.d. n.d. 

[N2,2,2,2] [TbCl4] n.d. n.d. 

[P4,4,4,4] [TbCl4] 56.50 8.66 

(a) Magnetic susceptibility (𝜒g) measure by a Sherwood magnetic 
susceptibility balance. (b) Effective magnetic moment (µeff) obtained 

using the magnetic susceptibility and the equation µeff=2.828√𝐗𝐠𝐓. 

n.d. not determined. 
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Figure 3. 2 | Variation of μeff with the cation structural properties for (A) Gd (III) and 

(B) Tb (III)-based magnetic organic salts. 

 

2.3. Cytotoxicity of lanthanides-based salts 

Cytotoxicity of lanthanides-based prepared salts (100 µg/ mL) was evaluated 

on 3T3, 293T, Caco-2, and HepG2 cells after 24 h treatment. The effects of 

(A) 

 

(B) 
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synthesized organic salts on studied cells’ viability were estimated by the 

MTT assay and the results are displayed in Figure 3. 3 and Figure 3. 4, 

according to the cells´ nature (normal or carcinogenic). From the obtained 

results, can be emphasize that most of the tested compounds did not induced 

cytotoxicity on 3T3, 293T, Caco2 and HepG2 cells. Even so, some 

exceptions can be highlighted: Gd (III) based compounds induced a more 

marked effect in the 3T3 cells’ viability than for the remaining cell lines. 

[N1,1,1,C2OH][GdCl4],  [N1,1,4,C2OH][GdCl4], [N1,1,1,C2COOH][GdCl4], [N2,2,2,2][GdCl4] 

and [P4,4,4,4][GdCl4] salts significantly reduced the cells’ viability in a range of 

16.17 to 32.28% when compared with the control. For the same cellular 

model, Tb (III) based salts [N1,1,4,C2OH][TbCl4], [POH,OH,OH,OH][TbCl4] and 

[P4,4,4,4][TbCl4] also decreased 3T3 cells’ viability in 19.77%, 81.22%, and 

25.08%, respectively. For 293T cells, a different behaviour could be 

observed: from all synthesized magnetic compounds, [N1,1,1,C2OH][TbCl4], 

[N2,2,2,2][GdCl4], [N2,2,2,2][TbCl4], [N1,1,1,C2COOCH3][GdCl4] and 

[N1,1,1,C2COOCH3][TbCl4] presented a percentage of cells’ viability higher than 

100% when compared with the control situation. Thus, these compounds 

seem to increase the mitochondrial activity. 

[POH,OH,OH,OH][TbCl4] was the only example that exhibited a cytotoxic effect in 

293T cells (63.95% of viable cells) when compared to the control situation. 

Regarding to tumoral cells, the prepared compounds revealed a smaller 

cytotoxic effect comparing to normal cells. For Caco-2 cells, only [N1,1,4, 

C3OH][TbCl4] and [POH,OH,OH,OH][TbCl4] induced a significant reduction of 

viability in 19.06% and 57.10%, respectively,  comparing to control situation. 

Finally, [N2,2,2,2][GdCl4], [P4,4,4,4][GdCl4], [N1,1,4, C3OH][TbCl4], [N2,2,2,2][TbCl4] 

and [POH,OH,OH,OH][TbCl4] salts decreased significantly the viability of HepG2 

cells  comparing to control situation. In this case, a cells’ viability range of 

25.80 to 81.96% was observed.  
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Figure 3. 3 | Cytotoxicity of Gd (III) and Tb (III) based organic salts (100 µg/ mL) on 3T3 and 293T cells’ viability after treatment 

for 24 h. Values represent mean ± standard error of the mean (SEM) of at least three independent experiments carried out in 

triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p < 0.05) when compared to: *control. 
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Figure 3. 4 | Cytotoxicity of Gd (III) and Tb (III) based organic salts (100 µg/ mL) on HepG2 and Caco-2 cells’ viability after 

treatment for 24 h. Values represent mean ± standard error of the mean (SEM) of at least three independent experiments carried 

out in triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p < 0.05) when compared to: *control. 
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2.4. T1 and T2 Relaxation studies 

Over the years, several studies have been developed in order to increase 

the magnetic field strength of MRI scanners commercially available while 

maintaining the safety characteristics for the patient. Thus, although the 

standard MRI is equipped with a magnetic field of 1.5T, there are already 

several examples of apparatus whose magnetic field is 3 and 7T.32–34 More 

recently some preliminary results of the first human images obtained at a 

new high-field equipment (9.4T) have been reported. From this study, it was 

possible to confirm the safe applicability of this high magnetic field as a 

diagnostic method to obtain images of the human head.35 Although there are 

some issues to review and overcome, these high field scanners present as 

their main advantage the greater signal-to-noise ratio which results in other 

two important benefits, the higher spatial resolution as well as the possibility 

to operate at reduced acquisition times.33,35 Simultaneously, developing new 

safe contrast agents that can be applied to a wide range of field strengths is 

also important. This allows not only to take greater advantage of the standard 

scanner used in clinical practice but also to be applied in higher field 

scanners. T1 agents prove to be an excellent choice due to some intrinsic 

properties and advantages. Between them can be found their positive image 

contrast, the possibility to reduce the acquisition times as well as the ability 

to remain stable when stored at room temperature.33 Therefore, over the 

years many efforts have been made in order to develop new contrast agents 

for MRI. As mentioned before, these are predominantly based on gadolinium 

(III) chelates structures. Although alternatives to Gd (III) are currently being 

studied, the design of novel compounds is mostly performed through the 

modification of ligands’ structural features.36 Recalling the commercial 

contrast agents’ structures presented in Chapter 1 (section 2.2), they can be 

organized by the nature of their ligands (macrocyclic or linear) and their 



Development of Lanthanides-based ionic systems 

 

 

 

150 
 

charge (ionic or non-ionic). Particularly, most of the ionic structures 

commercially available for MRI have in their formulation the same cation 

scaffold, n-methylglucamine (Figure 3. 5). The exception arises with the now 

discontinued contrast agent, Ablavar®, formulated in the trisodium salt 

monohydrate form.  

 

 

Figure 3. 5 | Structure of the N-methylglucamine cation used in the formulation of 

ionic contrast agents.  

 

Following this idea, the choline family can be applied as an alternative to the 

cations already used in commercial CAs. Thus, as detailed in the previous 

subsections in this chapter, a set of new magnetic organic salts based on the 

cholinium family combined with gadolinium (III) and terbium (III) lanthanides 

were prepared. After the toxicity studies where it was possible to observe a 

set of promising results, the applicability of the prepared salts as MRI 

contrast agents were also evaluated, in collaboration with Drª Marta C. Corvo 

(Cenimat), through relaxometry studies. Hence, from the prepared choline-

based magnetic salts, two of these salts were selected to perform the 

relaxometry analysis. The structures of these salts can be observed in Figure 

3. 6.  
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(A) 

 

(B) 

 

 [N1,1,1,C2OH][GdCl4]  [N1,1,2,C3OH][GdCl4] 

Figure 3. 6 | Structure of selected choline-based organic salts used in relaxometry 

analysis: (A) N-hydroxyethyl-N,N,N-trimethylammonium tetrachlorogadolinate (III) 

[N1,1,1,C2OH][GdCl4] (B) N-ethyl-N-hydroxypropyl-N,N-dimethylammonium 

tetrachlorogadolinate (III), [N1,1,2,C3OH][GdCl4]. 

 

The cationic structure of the first selected compound is basically the well-

known cholinium cation, [N1,1,1,C2OH]. The second compound, 

[N1,1,2,C3OH][GdCl4], despite its similarity to choline, presents two main 

differences that can be highlighted: 1) an ethyl group directly attached to the 

nitrogen atom; and 2) a secondary alcohol as a result of the introduction of 

an additional -CH3 group (branch). Regarding the metal anion, gadolinium 

(III)-based salts were chosen. Keeping in mind our interest in the evaluation 

of choline derivatives-based salts formulated with other metals (terbium (III) 

and, also, Manganese (II) from the previous chapter), since the approved 

MRI commercial CAs are based on gadolinium (III), only examples prepared 

with this metal were selected. Relaxivities r1 and r2 of compounds 

[N1,1,1,C2OH][GdCl4] and [N1,1,2,C3OH][GdCl4] were determined in aqueous 

solutions at 400 MHz (9.4T) and 37 ºC (309 K). The studies were conducted 

using the equipment Bruker Avance III 400 by measuring the effect of five 

different compound concentrations on longitudinal (T1) and transversal (T2) 

relaxation times of water. The concentrations used in this study are in the 

range of 0.05-1.00 mM. Longitudinal and transversal relaxation times were 
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obtained using an inversion recovery and Carr-Purcell-Meiboom-Gill 

sequences, respectively.   

All the relaxation fitting results used to obtain T1 and T2 relaxation times and, 

consequently, the corresponding relaxivities values can be observed in the 

supplementary information (Figures S70-S89). Regarding the T1 data, most 

concentrated solutions showed a mono-exponential behaviour. 

Nevertheless, when the concentration decreases (0.10 and 0.05 mM for 

[N1,1,1,C2OH][GdCl4] and 0.05M for [N1,1,2,C3OH][GdCl4]), this behaviour changes 

and it is possible to observe the presence of a multi-exponential system. This 

variation can be related to the increase of water amount in salt solution and, 

consequently, the possibility of having an ion solvation phenomenon. From 

the obtained results, it is plausible to assume that, due to the low 

concentration of each salt and to the higher amount of the solution solvent, 

the water molecules can interact with the organic salts and stabilize their 

ions. Briefly, when the amount of solvent increases, the structure of the ionic 

liquid or organic salt can suffer an ion dissociation process (Figure 3. 7). 

When the solution has a high salt concentration, the ions are organized in a 

continuous network structure in the salt/solvent mixture (Figure 3. 7 (A)), 

however, when the solvent amount increases, this ordered structure gets 

distorted and collapses forming smaller species. Between these, it can be 

found the presence of ion pairs stabilized by induction, electrostatic and 

dispersion contributions (Figure 3. 7 (C)). 37,38 These structures can co-exist 

in three different forms: 1) as contact ion pairs (CIPs) where the cation and 

the anion share the same solvation shell (Figure 3. 7 (C)); 2) as solvent-

shared ion pairs (SIPs) where the ions are separated by a single layer of 

solvent (Figure 3. 7 (D)); 3) and as solvent-separated ion pairs (2SIPs), the 

most solvated example of ion pair, where the ions are separated by two 

layers of solvent molecules Figure 3. 7 (E)). For sufficient diluted solutions, 
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the solvation effect can stabilize the ions, avoid their proximity and lead, 

eventually, to a situation where the ions can exist as free species with no 

interaction between them (Figure 3. 7 (F)).38,39 Thus, the solvent plays an 

active role in the salt dissociation, and ion pairs formation and/or, also, it can 

present a solvation effect that has an impact in both isolated ions and the 

formed ion pairs, according to the concentration of the IL.39  

 

 

Figure 3. 7 | Schematic illustration of an IL aqueous solution. The ionic liquid is 

displayed in yellow and green (cations and anions, respectively) and the water 

molecules in blue and white (oxygen and hydrogen, respectively). Adapted from 39–41 

 

By the observation of relaxation fitting results, the change of behaviour effect 

seems to be more evident for [N1,1,1,C2OH][GdCl4] salt. Also, it is possible to 

verify that, for this choline cation-based salt, the behaviour seems to change 

at lower concentrations (0.10 mM). The formation of the ion pairs for these 

types of mixtures can be corroborated through several techniques since their 

presence can change the physical and chemical properties of the system. 

The most used method is the application of conductivity measurements, 

however, techniques based on other thermodynamic properties (e.g. 
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viscosity, density, vapor pressure, surface tension, among others), as well 

as spectroscopic measurements, can be applied.38,42  

Regarding the T2 relaxation time, both compounds presented a mono-

exponential behaviour for all salts concentrations. Once obtained T1 and T2 

values (supplementary information, Tables SI 17-19), the corresponding 

relaxivities were determined through application of Equation 3. 1, already 

mentioned in Chapter 1 (section 2.2). Figure 3. 9 (A) and (B) shows the plots 

of the relaxation rates as a function of compounds concentration and 

relaxivities r1 and r2 (indicated in each plot) were extracted from these plots 

through the curve slope. 

 

𝟏

𝑻𝒊,𝒐𝒃𝒔
=

𝟏

𝑻𝒊,𝒅
+ 𝒓𝒊[𝑪𝑨]           (Equation 3. 1) 

 

where 1/Ti,obs is the relaxation rate observed; 1/Ti,d is the relaxation rate in the absence of the 

paramagnetic ion; ri (i=1,2) is the relaxivity, the specific concentration independent factor that 

characterizes the paramagnetic agent; and [CA] the paramagnetic ion/contrast agent 

concentration. 
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(A) 

 

(B) 

 

Figure 3. 8 | Relaxivity measurements of selected compounds at 9.4T: Relaxation 

rates (A) 1/T1 and (B) 1/T2 versus compounds concentration  

As can be observed through the plots, both compounds present a good linear 

relation between salts concentration and relaxation rates with R-squared 

values of ≥0.98. By observation of the curves, this linearity appears to be 

slightly altered for the compound [N1,1,1,C2OH][GdCl4] (1/T1  vs [C]). This can 

be related to the more evident multi-exponential behaviour mentioned above. 
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2.4.1. Choline-based salts vs commercial contrast agents 

As explained in Chapter 1 (section 2.2), the efficiency of an MRI contrast 

agent is defined by its relaxivity. This parameter allows to assess the 

information on how much a contrast agent can enhance the longitudinal 

(r1=1/T1) or transverse (r2=1/T2) water relaxation rate and, consequently, 

increase the tissue contrast. As mentioned, although gadolinium (III)-based 

CAs can increase both longitudinal and transverse relaxation rates, its major 

effect in the tissues relies on the reduction of T1 relaxation time. Thus, it is 

important to evaluate the prepared salts according to their r1 relaxivity. 

Knowing that r1 relaxivity usually has an inverse proportion relation with the 

field strength, it can be assumed that in lower fields (such as those applied 

in clinical practice), the relaxivities can be higher than the ones obtained for 

9.4 T.33 Relaxivities r1 and r2 associated with each MRI commercial CA 

approved today as well as the two studied magnetic salts are presented in 

Table 3. 4. As can be seen, the values obtained with a 3T magnetic field 

strength show a broad range of relaxivities (4.1-19.0 mM-1 s-1 for r1 and 4.6-

34 mM-1 s-1 for r2). Although the relaxometry studies were carried out using 

magnetic fields of different strengths, assuming that, as above explained,  

there is an inverse proportion relation between r1 relaxivity and the field 

strength, it is possible to perform a rough comparison and take some 

conclusions about the r1 relaxivities of both compound’s sets. Comparing the 

results obtained for the salts prepared in this work with some contrast agents 

commercially available, the relaxivities r1 associated with the choline-based 

magnetic salts are higher than the majority of the commercial contrast 

agents. Thus, it is expected that these values increase when subjected to a 

lower magnetic field (3T) and that the difference between choline salts and 

commercial agents also increases and becomes more evident. Considering 
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that MRI contrast agents’ efficiency presents a linear relationship with their 

relaxivity, high relaxivities are correlated with a greater enhancement of the 

image contrast. Thus, from the relaxivities results obtained in this work and 

taking into account the comparison performed with the commercial contrast 

agents, it is possible to assume that the prepared choline-based magnetic 

salts should theoretically provide a high-enhancement effect.  

 

Table 3. 4 | Relaxivity constants r1 and r2 of MRI commercial contrast agents and 

the two studied magnetic salts measured at 3T and 9.4T, respectively. 

Compound r1 (mM-1 s-1) r2 (mM-1 s-1) Ref 

[N1,1,1,C2OH][GdCl4] 7.5 8.4 - 

[N1,1,2,C3OH][GdCl4] 8.1 9.3 - 

Magnevist® 3.7-3.9 5.2 

43 (a) 

Gadovist® 4.5-5.0 6.3-7.1 

ProHance® 3.7 5.7 

Multihance® 5.5-5.9 11.0-17.5 

Omniscan® 4,0 5,6 

Optimark® 4,5 5,9 

Eovist® 6,2 11.0 

Ablavar® 5.3 6.1 

Elucirem® 11.3 13.5 44 (b) 
Relaxivities obtained in water at 37 ºC. 
(a) the concentration range of 0.25-0.50mM. 
(b) the concentration range of 0.5-5mM. 

 

 

3. Conclusions 

A set of Gd (III) and Tb (III)-based magnetic organic salts was prepared and 

characterized. Choline derivatives and other two organic cations were tested 

in metal complexation reactions in order to obtain new and more 

biocompatible magnetic organic salts for potential application as contrast 

agents for MRI. Gd (III) is the most common metal used in contrast agents’ 
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formulation, but the high metal-free associated toxicity is reported as a 

significant limitation. Tb (III) complexes arises at this point as a good 

alternative for Gd (III) complexes due to the nature and magnetic properties 

of the metal. For choline derivative magnetic salts, a standard correlation 

between µeff of compounds and their organic cation structure is observed. 

Cytotoxic effect of the prepared compounds in four different cell lines was 

evaluated and no significant toxicity was observed for the majority of the 

prepared compounds for the studied cells. In order to evaluate the 

applicability of two selected salts as MRI contrast agents, relaxometry 

studies were performed. Results showed for both assessed salts a 

concentration-dependent behaviour for water longitudinal relaxation 

mechanism through the observation of a multi-exponential system in more 

diluted solutions. This phenomenon can be compatible with an ion solvation 

process, and thus, with the formation of ion pairs. On the contrary, for all 

concentrations, transversal relaxation fitting results showed a mono-

exponential system. Relaxivities r1 from prepared salts and from commercial 

contrast agents could be compared. Results indicated that choline-based 

magnetic salts presented higher relaxivities r1 than most of the contrast 

agents applied today in MRI. 

 

4. Experimental Section 

4.1. General remarks 

All commercial organic solvents were used as supplied from Sigma-Aldrich 

in analytical purity grade. Commercially available reagents were purchased 

from different chemical companies and then used as received. Fourier 

transform infrared spectroscopy (FT-IR) spectra were carried out on a Bruker 



Chapter 3 

159 
 

Tensor 27. Elemental analysis (C, H, N, analyzer) of each synthesized 

organic salt was performed by Laboratório de Análises at LAQV-REQUIMTE. 

For the salts which were solid at room temperature the melting point 

determination was performed using a Stuart Scientific Melting Point SMP1.  

4.2. Synthesis of metal-complexed salts 

General method: Choline chloride derivative salt (as indicated in Figure 1) 

and ethanol were added to a round-bottomed flask. After the complete 

dissolution, the selected hydrated lanthanide salt (GdCl3 or TbCl3) were 

added under vigorous magnetic stirring at room temperature. The reaction 

mixture was stirring for 48 h and then the solvent was evaporated, and the 

product was dried under vacuum. 

4.2.1. Gadolinium (III)-based organic salts 

N-hydroxyethyl-N,N,N-trimethylammonium tetrachlorogadolinate (III) 

[N1,1,1,C2OH][GdCl4]: [N1,1,1,C2OH][Cl] (0.21g, 1.50 mmol); GdCl3.6H2O (0.55g, 

1.49mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3355, 1627, 

1476, 1280, 1200, 1132, 1081, 955 cm-1. Elemental analysis calcd (%) for 

C5H14Cl4GdNO.2.8H2O (453.50 g.mol-1): C 13.24, N 3.09, H 4.32; found: C 

12.79, N 2.92, H 4.14. 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachlorogadolinate 

(III) [N1,1,4,C2OH][GdCl4]: [N1,1,4,C2OH][Cl] (0.20g, 1.35mmol); GdCl3.6H2O 

(0.50g, 1.36mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3363, 

2964, 1627, 1468, 1084, 975, 921 cm-1. Elemental analysis calcd (%) for 

C8H20Cl4GdNO.0.5H2O (454.35 g.mol-1): C 21.15, N 3.08, H 4.67; found: C 

21.32, N 3.02, H 5.50. 
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N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachlorogadolinate 

(III) [N1,1,4,C3OH][GdCl4]: [N1,1,4,C3OH][Cl] (0.26g, 1.32mmol); GdCl3.6H2O 

(0.49g, 1.32mmol); Yield: quantitative; yellow solid; FT-IR (KBr), ῡ = 3375, 

2967, 1635, 1508, 1148, 1071, 993, 890 cm-1. Elemental analysis calcd (%) 

for C9H22Cl4GdNO.0.5H2O (468.38 g.mol-1): C 23.08, N 2.99, H 4.96; found: 

C 22.59, N 3.07, H 4.90. 

N-ethyl-N-hydroxypropyl-N,N-dimethylammonium 

tetrachlorogadolinate (III) [N1,1,2,C3OH][GdCl4]: [N1,1,2,C2OH][Cl] (0.17g, 

1.04mmol); GdCl3.6H2O (0.38g, 1.03mmol); Yield: quantitative; yellow solid; 

FT-IR (KBr), ῡ = 3334, 1635, 1476, 1410, 1144, 1083, 1023, 977 cm-1. 

Elemental analysis calcd (%) for C7H18Cl4GdNO.3.5H2O (494.38 g.mol-1): C 

17.01, N 2.83, H 5.11; found: C 16.67, N 2.67, H 4.42. 

N,N-dihydroxyethyl-N,N-dimethylammonium tetrachlorogadolinate (III) 

[N1,1,C2OH,C2OH][GdCl4]: [N1,1,C2OH,C2OH][Cl] (0.25g, 1.48mmol); GdCl3.6H2O 

(0.55g, 1.47mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3357, 

1631, 1477, 1078, 957 cm-1. Elemental analysis calcd (%) for 

C6H16Cl4GdNO2.0.5H2O (442.29 g.mol-1): C 16.29, N 3.17, H 3.88; found: C 

16.30, N 2.80, H 4.33. 

N,N,N-triethyl-N-hydroxyethylammonium tetrachlorogadolinate (III) 

[N2,2,2,C2OH][GdCl4]: [N2,2,2,C2OH][Cl] (0.21g, 1.14mmol); GdCl3.6H2O (0.42g, 

1.13mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3471, 1635, 

1477, 1402, 1156, 1081, 924 cm-1. Elemental analysis calcd (%) for 

C8H20Cl4GdNO.3.5H2O (508.41 g.mol-1): C 18.90, N 2.76, H 5.36; found: C 

18.76, N 2.30, H 4.64. 

(2-Acetoxyethyl)-N,N,N-trimethylammonium tetrachlorogadolinate (III) 

[N1,1,1,C2COOCH3][GdCl4]: [N1,1,1,C2COOCH3][Cl] (0.26g, 1.46mmol); GdCl3.6H2O 
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(0.54g, 1.46mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3384, 

1721, 1637, 1478, 1401, 1254, 1051, 954, 669 cm-1. Elemental analysis calcd 

(%) for C7H16Cl4GdNO.2.5H2O (490.34 g.mol-1): C 17.15, N 2.86, H 4.33; 

found: C 16.95, N 2.76, H 4.8. 

Tetraethylammonium tetrachlorogadolinate (III) [N2,2,2,2][GdCl4]: 

[N2,2,2,2][Cl] (0.26g, 1.41mmol); GdCl3.6H2O (0.53g, 1.42mmol); Yield: 

quantitative; white solid; FT-IR (KBr), ῡ = 3379, 1628, 1488, 1142, 1396, 

1175, 1057, 1002, 787, 635 cm-1. Elemental analysis calcd (%) for 

C8H20Cl4GdN.0.25H2O (433.85 g.mol-1): C 21.15, N 3.23, H 4.77; found: C 

21.66, N 3.07, H 5.14. 

Tetrabutylphosphonium tetrachlorogadolinate (III) [P4,4,4,4][GdCl4]: 

[P4,4,4,4][Cl] (0.25g, 0.85mmol); GdCl3.6H2O (0.32g, 0.85mmol); Yield: 

quantitative; yellow solid; FT-IR (KBr), ῡ = 3375, 2960-2873, 1625, 1464, 

1232, 1095, 1003, 968, 908 cm-1. Elemental analysis calcd (%) for 

C16H36Cl4GdP.4.5H2O (639.63 g.mol-1): C 30.04, H 7.11; found: C 30.34, H 

7.75. 

4.2.2. Terbium (III)-based organic salts 

N-hydroxyethyl-N,N,N-trimethylammonium tetrachloroterbate (III) 

[N1,1,1,C2OH][TbCl4]: [N1,1,1,C2OH][Cl] (0.21g, 1.50 mmol); TbCl3.6H2O (0.57g, 

1.50mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3380, 1628, 

1476, 1081, 1047, 955 cm-1 . Elemental analysis calcd (%) for 

C5H14Cl4NOTb.2.3H2O (446.38 g.mol-1): C 13.45, N 3.14, H 4.21; found: C 

13.14, N 2.99, H 4.67. 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachloroterbate (III) 

[N1,1,4,C2OH][TbCl4]: [N1,1,4,C2OH][Cl] (0.30g, 2.06mmol); TbCl3.6H2O (0.77g, 

2.07 mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3370, 2965-
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2876, 1633, 1486, 1131, 1084, 1051, 976, 920 cm-1. Elemental analysis calcd 

(%) for C8H20Cl4NOTb.2.5H2O (492.07 g.mol-1): C 19.53, N 2.85, H 5.13; 

found: C 19.53, N 2.74, H 5.03. 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachloroterbate (III) 

[N1,1,4,C3OH][TbCl4]: [N1,1,4,C3OH][Cl] (0.26g, 1.32mmol); TbCl3.6H2O (0.49g, 

1.31mmol); Yield: quantitative; yellow solid; FT-IR (KBr), ῡ = 3346, 2967-

2877, 1628, 1485, 1288, 1148, 1072, 993, 891 cm-1. Elemental analysis calcd 

(%) for C9H22Cl4NOTb.2H2O (497.09 g.mol-1): C 21.74, N 2.82, H 5.28; found: 

C 22.15, N 2.85, H 6.00. 

N-ethyl-N-hydroxypropyl-N,N-dimethylammonium tetrachloroterbate 

(III) [N1,1,2,C3OH][TbCl4]: [N1,1,2,C2OH][Cl] (0.25g, 1.49mmol); TbCl3.6H2O 

(0.56g, 1.49mmol); Yield: quantitative; yellow solid; FT-IR (KBr), ῡ = 3357, 

1633, 1485, 1148, 1114, 1088, 1020, 980 cm-1. Elemental analysis calcd (%) 

for C7H18Cl4NOTb.4H2O (505.07 g.mol-1): C 16.65, N 2.77, H 5.20; found: C 

16.60, N 2.70, H 4.43. 

N,N-dihydroxyethyl-N,N-dimethylammonium tetrachloroterbate (III) 

[N1,1,C2OH,C2OH][TbCl4]: [N1,1,C2OH,C2OH][Cl] (0.25g, 1.48mmol); TbCl3.6H2O 

(0.55g, 1.47mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3371, 

1639, 1479, 1076, 959 cm-1. Elemental analysis calcd (%) for C6H16Cl4NO2Tb 

(434.96 g.mol-1): C 16.57, N 3.22, H 3.72; found: C 16.25, N 3.04, H 3.64. 

(2-Acetoxyethyl)-N,N,N-trimethylammonium tetrachloroterbate (III) 

[N1,1,1,C2COOCH3][TbCl4]: [N1,1,1,C2COOCH3][Cl] (0.25g, 1.39mmol); TbCl3.6H2O 

(0.54g, 1.45mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3396, 

1636, 1478, 1401, 1255, 1133, 1083, 1052, 954, 643 cm-1. Elemental 

analysis calcd (%) for C7H16Cl4NOTb.2.5H2O (492.02 g.mol-1): C 17.09, N 

2.85, H 4.31; found: C 17.16, N 3.39, H 4.54. 
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Tetraethylammonium tetrachloroterbate (III) [N2,2,2,2][TbCl4]: [N2,2,2,2][Cl] 

(0.26g, 1.41mmol); TbCl3.6H2O (0.53g, 1.42mmol); Yield: quantitative; white 

solid; FT-IR (KBr), ῡ = 3384, 1636, 1486, 1399, 1175, 1002, 786, 670 cm-1. 

Elemental analysis calcd (%) for C8H20Cl4NTb.H2O (449.04 g.mol-1): C 21.40, 

N 3.12, H 4.95; found: C 21.04, N 2.94, H 4.77. 

Tetrahydroxymethylphosphonium tetrachloroterbate (III) 

[POH,OH,OH,OH][TbCl4]: [POH,OH,OH,OH][Cl] (0.25g, 1.31mmol); TbCl3.6H2O 

(0.50g, 1.31mmol); Yield: quantitative; white solid; FT-IR (KBr), ῡ = 3384, 

1637, 1400, 1048, 670 cm-1. Elemental analysis calcd (%) for 

C4H12Cl4O4PTb.4.5H2O (536.95 g.mol-1): C 8.95, H 3.95; found: C 9.31, H 

4.34. 

Tetrabutylphosphonium tetrachloroterbate (III) [P4,4,4,4][TbCl4]: 

[P4,4,4,4][Cl] (0.25g, 0.86mmol); TbCl3.6H2O  (0.33g, 0.87mmol); Yield: 

quantitative; yellow solid; FT-IR (KBr), ῡ = 3355, 2961-2872, 1629, 1465, 

1408, 1232, 1095, 967, 904 cm-1. Elemental analysis calcd (%) for 

C16H36Cl4PTb.4H2O (632.30 g.mol-1): C 30.39, H 7.03; found: C 31.15, H 

7.58. 

4.3. Magnetic moment determination 

The Mass Susceptibility 𝜒g of compounds was determined using a Magnetic 

Susceptibility Balance at the room temperature (20 ºC), from Sherwood 

Scientific. The effective magnetic moment (μeff) values were obtained by 

using the following Equation 3. 2, Equation 3. 3 and Equation 3. 4. 

 

𝝌𝒈 =
𝑪.𝒍.(𝑹−𝑹𝟎)

𝟏𝟎𝟗.𝒎
          (Equation 3. 2) 
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Where C is the constant of calibration balance (= 1.14), l is length of the sample (cm), R is the 

reading for the tube with the sample, R0 is the empty tube reading and m is mass of the sample 

(g). 

 

𝝌𝒎 = 𝝌𝒈. 𝑴𝒘          (Equation 3. 3) 

 

Where 𝜒m is the molar susceptibility and Mw is the molecular weight of the compound. 

 

µ𝒆𝒇𝒇 = 𝟐, 𝟖𝟐𝟖√𝝌𝒎. 𝑻          (Equation 3. 4) 

 

Where µeff is the effective magnetic moment and T is the measurement temperature (in 

Kelvin, T (°C) + 273). 

 

4.4. Cytotoxicity  

3T3, Caco-2, HepG2 and 293T cell lines were previously acquired from 

DSMZ biobank. Cells were cultured according to the supplier’s instructions. 

3T3 cells were cultured in Dulbecco´s Modified Eagle´s medium: Nutrient Mix 

F-12 (DMEM/F-12) (Merck, Germany), Caco-2 cells were cultivated in 

Minimum Essential Medium (MEM) (Merck, Germany), HepG2 cells were 

grown in RPMI medium (Sigma-Aldrich, USA), and 293T cells were cultivated 

in Dulbecco´s Modified Eagle´s medium (Merck, Germany). All mediums 

were supplemented with 10% serum bovine fetal (Hyclone, UK), 100 IU/mL 

penicillin, and 100 μg/mL streptomycin (Merck, Germany).      

For subculture, 3T3 cells, Caco-2 cells, HepG2 cells, and 293T cells were 

dissociated by the means of trypsin-EDTA treatment (Sigma, USA), split in a 

1:5, 1:3, 1:3, 1:6 ratio, respectively, and seeded into Petri dishes with 25 cm2 



Chapter 3 

165 
 

of growth area. Cells were maintained in humidified atmosphere, 5% CO2 

and 37°C.  

Cytotoxicity of lanthanides-based prepared salts was evaluated on 3T3, 

Caco-2, HepG2 and 293T cells' viability after cells reached total confluence 

on 96-well plates. Cells were treated with salts at 100 μg/ mL for 24 h. Effects 

were estimated by the means of MTT (Sigma, Germany) colorimetric assay 

based on the conversion of tetrazolium salts to blue formazan products by 

active mitochondria. Results were expressed in percentage of control (%). 

Data and statistical analysis: Results are presented as mean ± standard error 

of the mean (SEM). At least three independent experiments were carried out 

in triplicate. Statistical analysis was performed using one-way analysis of 

variance (ANOVA) with Dunnett’s multiple comparison of group means to 

determine significant differences relatively to control treatment. Differences 

were considered statistically significant at a level of 0.05 (p - value < 0.05). 

Calculations were performed using GraphPad v5.1 (GraphPad Software, La 

Jolla, CA, USA) software. 

4.5. Relaxometric measurements 

Longitudinal (T1) and transversal (T2) relaxation times from a set of prepared 

aqueous solutions with a concentration range of 0.05-1.00mM were 

performed at 37 ºC by using a nuclear magnetic resonance spectrometer, 

Bruker Avance III 400, operating at 400.15 MHz for 1H, equipped with a 

diffusion probe Bruker DiffBB. The T1 and T2 values were determined using 

the inversion recovery and the Carr−Purcell−Meiboom−Gill (CPMG) 

sequencies, respectively.  
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Abstract 

Several organic salts based on the combination of two different choline 

derivative cations and MnCl3−, GdCl4− and TbCl4− as anions were immobilized 

in mesoporous silica nanoparticles (MSNs) by a two-step synthetic method. 

Firstly, MSNs were functionalized with choline derivative cations with chloride 

anions and then the metals were incorporated by the reaction of the chloride 

with the respective metal chloride salts. These nanomaterials were fully 

characterized by different characterization techniques such as 1H-NMR, FT-

IR, elemental analysis, TEM, TGA, N2 adsorption, XRD and DLS. These 

characterization data were important to confirm the successful 

functionalization of the nanomaterials and to access their textural properties 

and colloidal stability. The final materials were also characterized by ICP-MS 

that indicated the metal contents. The cytotoxicity profile was evaluated in 

four different cell lines (3T3, 293T, HepG2 and Caco-2), which shows some 

relevant differences between the metal organic salts and their immobilized 

analogues. 

 

1. Introduction 

Nanotechnology has attracted great attention in the last few years due to the  

possibility to produce a wide range of nanomaterials with different properties 

and compositions.1 Among these nano-materials, Mesoporous Silica 

Nanoparticles (MSNs) have been widely explored due to their properties 

such as high chemical stability, high specific surface area, tuneable particle 

and pore sizes, and narrow pore size distribution. The biocompatibility of 

MSNs and the possibility of functionalizing them with specific molecules 

either on the internal surface of their pores or on the external particle surface 
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are their major advantages.2–4 Ionic Liquids (ILs) are a class of compounds 

that has attracted interest from academic and industrial communities in the 

last few years.5 They are usually defined as organic salts completely com-

posed of ions with a melting point below 100 °C. One of the main features of 

these salts is the possibility of tuning their physical-chemical properties by 

applying different combinations of cation and anion scaffolds. This ability can 

create a large variety of IL structures for different applications.6,7 Recently, a 

new class of these task-specific salts known as Magnetic ILs (MILs) has been 

explored. These materials that combine simultaneously ionic liquid 

properties and magnetic properties, in particular, the response to strong 

magnetic fields, were firstly reported by Hayashi and Hamaguchi in 2004.8,9 

MILs have abroad range of applications in chemical reactions and separation 

processes, in electrochemical and medical devices, as solvents in the 

polymerization of conducting polymers and as carrier  liquids to produce 

magnetic fluids.10,11 More recently, these magnetic salts, as well as other 

systems such as magnetic nanoparticles, have been studied as potential 

contrast agents for Magnetic Resonance imaging (MRI) technique.12 MILs 

containing iron as well as other paramagnetic ions including transition 

metals, such as cobalt (II), manganese (II) and some lanthanides, such as 

gadolinium (III)  and  terbium (III),  have  been  reported.10,13–16 However, their 

toxicity is a matter of concern. Several MILs based on choline derivative 

structures as cations and paramagnetic metal based anions have been 

explored to modulate their toxicity.15,17 Choline is a quaternary ammonium 

cation with a hydroxyethyl group that plays a critical role in the human body 

system. This essential nutrient needed for the synthesis of the acetylcholine 

neurotransmitter plays a fundamental role in cell membrane signalling 

among other important functions, and can be synthesized endogenously or 

acquired through diet.18 The hydroxyethyl group present in the choline 
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structure is one of the reasons associated with the low toxicity of these 

compounds.19 In this work, magnetic organic salts immobilized in MSNs, 

based on two different choline derivative structures as cations and [MnCl3]−, 

[GdCl4] − and [TbCl4] − as anions, were prepared.  

 

2. Results and discussion 

2.1. Synthesis of magnetic organic salts based on choline 

derivatives 

Using optimized alkylation methods, a set of choline derivative cations were 

synthesized from three different amines. From these compounds, two 

selected chloride-based organic salts, [N1,1,4,C2OH][Cl] and [N1,1,4,C3OH][Cl], 

were used to carry outmetal complexation reactions with two different 

lanthanides, gadolinium (III) and terbium (III), and one transition metal, 

manganese (II), in order to obtain organic salts, as illustrated in Scheme 4. 

1. 

 

 

 

 

 

 

 

 

 

 

Scheme 4. 1 | Schematic synthetic step of the magnetic organic salts based on 

choline derivative cations. 
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Some physical properties of these metal organic salts such as their physical 

state and thermal properties (melting and decomposition temperatures) were 

evaluated (Table 4. 1). 

 

Table 4. 1 | Physical and thermal properties of magnetic organic salts 

Cation Anion Physical State Tm [Td] (a) (ºC) 

[N1,1,4,C2OH] 

[GdCl4] White Solid [118] 

[TbCl4] White Solid [115] 

[MnCl3] Pink Solid [191] 

[N1,1,4,C3OH] 

[GdCl4] Yellow Solid 148 

[TbCl4] Yellow Solid 155 

[MnCl3] Yellow Solid 132 

(a) Melting temperature (Tm) and decomposition temperature (Td) was 
determined on Electrothermal Melting Point Apparatus 

 

All compounds were obtained as solids materials with transition 

temperatures higher than 100°C. For [N1,1,4,C3OH] based salts, no melting point 

was found and only decomposition temperatures could be measured. 

Typically, organic salts based on biocompatible choline derivatives showed 

low toxicity. However, their combination with metals can increase this 

parameter. When coordinated with a large linear molecule, the metal toxicity 

is reduced since the metal is trapped. In this work, metal organic salts were 

immobilized in MSNs and the impact of this immobilization in their toxicity 

profile was evaluated. 

2.2. Synthesis and functionalization of MSNs 

Two sets of mesoporous silica nanoparticles functionalized with magnetic 

organic salts were developed. The optimized synthetic methodology to 

obtain these materials comprises four major steps as shown in Scheme 4. 2. 
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Alkoxysilane precursors Si-DMAE and Si-DMAP, analogues of [N1,1,4,C2OH] 

and [N1,1,4,C3OH] cations with a small difference of a propyl chain instead of a 

butyl chain (see Scheme 4. 1 and Scheme 4. 2), were synthesized by 

performing two amine alkylation reactions between (3-

chloropropyl)triethoxysilane and two different amines, 2-

dimethylaminoethanol (DMAE) or 1-dimethylamino-2-propanol (DMAP). 

Mesoporous silica nanoparticles precursors, MSN-A and MSN-B, were 

prepared based on a well-established methodology already described in the 

literature.20 The CTAB surfactant was used as a template and its removal 

was performed using acidic ethanol in order to reduce nano-particle 

aggregation. Then, the surface silanol groups were functionalized with 

alkoxysilane derivates to obtain MSN-Si-DMAE and MSN-Si-DMAP 

containing choline derivatives as cations and chloride as anions. Finally, 

MSNs containing [MnCl3]−, [GdCl4]− and [TbCl4]− anions were obtained by the 

reaction of the chloride ions with the corresponding metal chlorides. These 

final materials were characterized by several techniques: 1H-NMR (proton 

nuclear magnetic resonance), FT-IR (Fourier transform infrared), EA 

(elemental analysis), ICP-MS (inductively coupled plasma mass 

spectrometry), XRF (X-Ray Fluorescence), TEM (transmission electron 

microscopy), TGA (thermogravimetric analysis), N2 adsorption, XRD (X-ray 

diffraction) and DLS (dynamic light scattering). 

The successful functionalization of MSNs with choline derivatives was 

confirmed by 1H-NMR (Figure 4. 1), FT-IR (Supplementary Information, 

Figure SI 90-91 and Table SI 20) and elemental analysis. To obtain solution 

1H-NMR spectra of MSN-Si-DMAE  and  MSN-Si-DMAP,  the  silica  matrix  

was destroyed according to a method described in the literature.21 The peaks 

obtained for MSN-Si-DMAE and MSN-Si-DMAP were assigned to the 

protons of organic salts in Figure 4. 1 (A) and (B), respectively. 
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Scheme 4. 2 | Schematic illustration of the silica mesoporous nanoparticles 

preparation process. 
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(A) 

 

(B) 

 

Figure 4. 1 | 1H-NMR spectra for (A) MSN-Si-DMAE and (B) MSN-Si-DMAP 

 

FT-IR spectra of functionalized materials (SI, Figures SI 89-90 and Table SI 

4) clearly show the typical silica absorption bands at 1095 cm−1 for MSN-A 

and 1092 cm−1 for MSN-B and, also, the presence of Si-DMAE and Si-DMAP 

chloride salts could be confirmed by the bands associated with C–H bonding 
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vibrations at 1477 cm−1 and 1400 cm−1 for MSN-Si-DMAE and 1479 cm−1 and 

1400 cm−1 for MSN-Si-DMAP.  

Elemental analysis indicates 1.50 mmol g−1 of cation for MSN-Si-DMAE and 

1.45 mmol g−1 of cation for MSN-Si-DMAP (Table 4. 2). 

  

Table 4. 2 | Cations and metals loadings based on elemental analysis and 

ICP-MS results. 

 Cation (mmol/g) Metal (mmol/g) 

MSN-Si-DMAE 1.50 - 

MSN-Si-DMAE-Gd 1.50 0.07 

MSN-Si-DMAE-Tb 1.35 0.09 

MSN-Si-DMAE-Mn 1.47 0.19 

MSN-Si-DMAP 1.45 - 

MSN-Si-DMAP-Gd 1.42 0.03 

MSN-Si-DMAP-Tb 1.31 0.02 

MSN-Si-DMAP-Mn 1.43 0.04 

 

Metal complexation reactions efficiency of the final materials was evaluated 

by XRF and ICP-MS. From XRF spectra it was possible to identify 

characteristic fluorescent X-rays specific for the three target metals and 

confirm the complexation success (Figure 4. 2, Figures SI 91-93 and Table 

SI 5 in SI). Also, in all spectra it is possible to identify peaks associated to 

silica and chloride elements.  
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(A) 

 
(B) 

 
(C) 

 
  

Figure 4. 2 | μ-EDXRF spectra obtained for (A) MSN-Si-DMEA-Gd and MSN-Si-

DMPA-Gd; (B) MSN-Si-DMEA-Tb and MSN-Si-DMPA-Tb; (C) MSN-Si-DMEA-Mn 

and MSN-Si-DMPA-Mn 

 

ICP-MS results show that metal loadings range from 0.02 mmol g−1 to 0.19 

mmol g−1 (Table 4. 2). Higher metal loadings were achieved for the Si-DMAE 
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cation which can be related steric effects resulting from the presence of a 

secondary alcohol in the Si-DMAP cation. Another important piece of 

information that can be taken from these results is the incomplete 

complexation reactions between the chloride ions and the metal chlorides. 

The metal values in percentage per cation unit are in the range of 2.25–

13.18%, which means that the majority of the cations are in the MSN 

structure with chloride as counter ions. These results are supported by XRF 

results.  

The overall amount of loaded organic cations in nanoparticles, which by 

elemental analysis is around 20% (in mass) for MSN-Si-DMAE and 21% for 

MSN-Si-DMAP, was confirmed by thermogravimetric analysis. TGA curves, 

presented in Figure 4. 3 for all studied materials, indicate a 2 to 4% mass 

loss between 80 and 200 °C, which can be justified by the release of water. 

TGA curves of MSN-Si-DMAE and MSN-Si-DMAP, presented in Figure 4. 3  

(A) and (B) respectively, are similar and show two main mass changes, the 

first between 200 °C and 290 °C that corresponds to 9% mass loss and 

another in the 330–500 °C range. Between 200 °C and 500 °C, 20% mass 

loss for MSN-Si-DMAE and 21.9% for MSN-Si-DMAP were obtained, which 

is consistent with the content of organic cations obtained by elemental 

analysis. Regarding MSN-Si-DMAE-X and MSN-Si-DMAP-X and the first 

step, the same behavior of their precursors could be found for most materials 

and the mass loss is also 9%, although for some materials slightly higher 

temperatures are required to obtain the same mass loss. Considering now 

the second mass change, it occurs at higher temperatures than for MSN-Si-

DMAE and MSN-Si-DMAP materials. The observed displacements to higher 

temperatures are due to the presence of metal complexes and their 

interactions with the organic cations. 
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(A) 

 
(B) 

 
 

Figure 4. 3 | Thermogravimetric analysis of (A) MSN-Si-DMAE and MSN-Si-DMAE-

X; (B) MSN-Si-DMAP and MSN-Si-DMAP-X (mo is the mass at 80oC) 

 

2.3. Characterization by transmission electron microscopy, nitrogen 

adsorption at 77 K and X-ray diffraction 

The prepared nanoparticles were characterized according to their 

morphology and particle size. MSN-A, MSN-B and all metal-based 

nanoparticles were analyzed by transmission electron microscopy (TEM). 

Nanoparticle images and the average diameter values obtained from TEM 

can be seen in Figure 4. 4.  
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(A) 

 

(E) 

 
 45 ± 11nm  45 ± 10nm 

 
(B) 

 

(F) 

 
 45 ± 12nm  44 ± 7nm 

 
(C) 

 

(G) 

 
 49 ± 10nm  48 ± 11nm 

 
(D) 

 

(H) 

 
 45 ± 11nm  45 ± 11nm 

 
Figure 4. 4 | Transmission electron microscopy images and mean diameter 

± SD of (A) MSN-A; (B) MSN-Si-DMAE-Gd; (C) MSN-Si-DMAE-Tb; (D) MSN-

Si-DMAE-Mn; (E) MSN-B; (F) MSN-Si-DMAP-Gd; (G) MSN-Si-DMAP-Tb; 

(H) MSN-Si-DMAP. 
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The images show monodisperse nanoparticles with spherical shapes and 

some aggregation. All nanoparticles presented similar particle average 

diameter values. Even so, it is possible to observe that Si-DMAE-based 

materials have a very slightly larger diameter than Si-DMAP-based materials. 

N2 adsorption–desorption isotherms determined at 77 K on silica 

nanoparticles MSN-A and MSN-B are presented respectively in Figure 4. 5 

(A) and (B), together with the representative adsorption–desorption 

isotherms for each material after functionalization. Considering that no 

differences could be seen in this scale for the functionalized materials, 

adsorption isotherms are shown in another scale in the figures on the right 

for all the functionalized materials. The N2 adsorption–desorption isotherms 

were analysed by the BET method using the criteria recommended by 

Rouquerol et al.22, and subsequently endorsed by IUPAC,23 and by NLDFT 

using the Quantachrome software ASiQwin. The results are summarized in 

Table 4. 3.  
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(A)  
 

  

 

(B)  
 

 
 

 

Figure 4. 5 | Nitrogen adsorption isotherms determined at 77 K on (A) MSN-A and 

MSN-Si-DMAE-X; (B) MSN-B and MSN-Si-DMAP-X. NLDFT pore size distributions 

are inserted into figures on the left 
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Table 4. 3 | Textural characteristics of the mesoporous silica nanoparticles 

obtained by analysis of the N2 adsorption isotherms determined at 77 K. 

Sample ABET (m2 g-1) Dp (nm) Vp (cm3 g-1) 

MSN-A 743 3.54 0.44 

MSN-Si-DMAE-Gd 228 3.54 0.08 

MSN-Si-DMAE-Tb 228 3.54 0.08 

MSN-Si-DMAE-Mn 200 3.78 0.07 

MSN-B 719 3.54 0.39 

MSN-Si-DMAP-Gd 382 3.18 0.14 

MSN-Si-DMAP-Tb 400 3.18 0.15 

MSN-Si-DMAP-Mn 371 3.18 0.13 

ABET – specific surface area obtained by the BET method in the p/po range 
0.045-0.12 for all; Dp  - pore diameter obtained from the NLDFT pore size 
distributions; Vp – cumulative pore volume corresponding to 8 nm obtained 
from the NLDFT pore size distributions 

 

As can be seen in Figure 4. 5, the isotherms obtained on MSN-A and MSN-

B are type IV of the IUPAC classification,23 with a well-defined step 

associated with filling of cylindrical mesopores by capillary condensation. 

The pore size distributions, inserted into the figures on the left, show that the 

pore diameter is reasonably uniform in both silica materials. The nitrogen 

adsorption–desorption isotherms  on  the  nanoparticles are reversible up to 

a high pressure, and values above 0.9 show a hysteresis cycle that is usually 

obtained on materials with small size spherical nanoparticles and is 

associated with capillary condensation in voids between particles. The 

functionalization did not affect the shape of the hysteresis cycle which was 

found to be similar for all materials. Regarding the nitrogen adsorption and 

condensation in the uniform mesopores, a reduction in the adsorbed 

amounts was observed for all the functionalized materials. As expected, 

functionalized materials present smaller values of specific surface areas and 
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pore volumes, and a decrease in the pore size distributions when compared 

to the starting materials MSN-A and MSN-B. For the materials with the same 

organic cation, no significant differences were found for different metals. 

Nevertheless, the nanomaterials with lanthanides have slightly larger specific 

surface areas and pore volumes in both series. When the materials with 

different organic cations and the same metal are compared, larger values 

can be observed for MSN-Si-DMAP-X materials. It is noticeable in the 

nitrogen adsorption isotherms on MSN-Si-DMAP-X that a pore filling step is 

still perceptible and displaced to a lower relative pressure due to the 

decrease of pore size as obtained from NLDFT. Regarding MSN-Si-DMAE-

Gd and MSN-Si-DMAE-Tb, the mean pore size is maintained, while in the 

case of MSN-Si-DMAE-Mn the slightly larger mean pore size results from the 

disappearance of pores of smaller size as found in the pore size distribution. 

All the nitrogen adsorption results are consistent with the smaller 

%metal/cation found, in each series, for lanthanides in comparison with Mn, 

and the smaller %metal/cation for all metals found for MSN-Si-DMAP-X. 

Thus, more space in pores is available since the chloride counterions occupy 

a smaller volume than the metal complexes. As can be seen in Figure 4. 6, 

the X-ray diffraction patterns of MSN-A and MSN-B have a main peak in the 

low-angle region at around 2° (2θ), and another with a much lower intensity 

at around 4° (2θ), indicating some ordering of the pores with a reasonably 

uniform pore size. The main peak is broader, less intense and corresponds 

to ad-spacing larger than those usually obtained for MCM-41 and MCM-48 

silicas with similar average pore diameters, consistent with a less ordered 

arrangement of the pores inside such small nanoparticles. All the 

functionalized materials present a broad peak also at around 2° (2θ), 

although with a lower intensity than those of the starting silica materials, 

indicating that some ordered mesopores remain after functionalization. 
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Consistent with the nitrogen adsorption studies and the smaller 

%metal/cation in MSN-Si-DMAP-X, the peak is slightly better resolved and 

more intense for MSN-Si-DMAP-X materials than for MSN-Si-DMAE-X. 

 

 

2.4. Nanoparticles Colloidal Stability  

The prepared MSNs, before and after functionalization, were suspended in 

water by sonication and their colloidal stability was monitored by dynamic 

light scattering (DLS). Hydrodynamic diameter and zeta potential values 

were measured for all nanomaterials and the results are summarized in 

Table 4. 4. 
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Figure 4. 6 | X-ray diffraction patterns of (A) MSN-A and MSN-Si-DMAE-X; (B) 

MSN-B and MSN-Si-DMAP-X. 
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Table 4. 4 | Hydrodynamic diameter and zeta potential of the final materials obtained 

in water by DLS (mean ±SD). 

 

Average 

Hydrodynamic 

diameter (nm) 

Polydispersity 

index (PDI) 

Zeta 

Potential 

(mV) 

pH 

MSN-A 204 ± 28.30 0.38 ± 0.04 -9.90 ± 3.12 5.07 

MSN-Si-DMAE 107 ± 2.63 0.35 ± 0.03 +49.46 ± 1.72 4.65 

MSN-Si-DMAE-Gd 110 ± 0.76 0.29 ± 0.02 +43.16 ± 1.62 4.04 

MSN-Si-DMAE-Tb 123 ± 2.52 0.40 ± 0.03 +46.40 ± 1.36 4.06 

MSN-Si-DMAE-Mn 125 ± 0.76 0.34 ± 0.03 +45.06 ± 1.77 4.00 

MSN-B 193 ± 1.89 0.42 ± 0.06 -5.36 ± 2.21 4.15 

MSN-Si-DMAP 135 ± 1.82 0.33 ± 0.08 +59.16 ± 1.24 4.17 

MSN-Si-DMAP-Gd 125 ± 5.60 0.37 ± 0.05 +48.10 ± 1.08 3.93 

MSN-Si-DMAP-Tb 137 ± 0.61 0.34 ± 0.12 +43.76 ± 1.72 4.06 

MSN-Si-DMAP-Mn 149 ± 2.84 0.42 ± 0.12 +49.58 ± 1.21 4.00 

 

As can be seen, hydrodynamic diameters are in the range of 107–204 nm, 

with an average polydispersity index of 0.36. As is well known, smaller 

nanoparticles have a higher surface energy which makes the particles more 

prone to aggregate, in order to lower the energy of the system.24 According 

to TEM images, the prepared nanoparticles have an average size in the 

range of 45–49 nm. Their small size can lead to an aggregation 

phenomenon, proved by their hydrodynamic diameter values obtained by 

DLS measurements. Non-functionalized nanoparticles MSN-A and MSN-B 

have much higher values of hydrodynamic diameters than functionalized 

materials. This effect can be related to a major tendency to aggregate. These 

materials also presented a negative zeta potential (−9.90 mV and−5.36 mV) 

due to the negatively charged terminal silanol groups present at the 

nanoparticle surface and the pH used in this study. When MSN-A and MSN-
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B are functionalized with DMAE and DMAP structures, the values of 

hydrodynamic diameters decrease, and their zetapotential values change 

from negative to positive due to the positive charge associated with choline 

derivative scaffolds. When metal complexes are introduced in the 

nanoparticles, slightly lower values of zeta potentials are obtained. Higher 

values of hydrodynamic diameters and zeta potentials were obtained for 

MSN-Si-DMAP and MSN-Si-DMAP-X nanoparticles. High zeta potential 

values obtained for all prepared nanoparticles indicate the high colloidal 

stability of these materials in water suspensions. Moreover, PDI values 

indicate that these materials are monodisperse which is in correlation with 

the TEM results.  
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Figure 4. 7 | Time evolution of hydrodynamic diameter distributions of prepared 

nanoparticles suspensions in water. 
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It can be observed (Figure 4. 7) that colloidal suspensions with DMAE-based 

nanoparticles are more stable than those with DMAP-based nanoparticles. 

Also, the shape and value of hydrodynamic diameter curves are maintained 

for DMAE-based nanomaterials. This can be related to the presence of a 

secondary alcohol in the DMAP structure since the presence of a branched 

structure is usually responsible for the decrease of attractive forces between 

molecules. Also, the presence of metal complexes seems to have some 

effect on the stability of the nanoparticles. As can be observed, MSN-Si-

DMAE-X and MSN-Si-DMAP-X present hydrodynamic diameter distribution 

curves with a tendency to change significantly over time. In contrast, MSN-

Si-DMAE and MSN-Si-DMAP have distribution curves with more conserved 

shapes and values. This effect seems to be more evident for DMAP-based 

nanoparticles. These conclusions are in agreement with the results obtained 

for hydrodynamic diameters and zeta potentials. 

2.5. Cytotoxicity 

The cytotoxic effects of magnetic organic salts and the pre-pared 

mesoporous silica nanoparticles were evaluated on 3T3, 293T, HepG2 and 

Caco-2 cells after 24 h of treatment. All compounds were tested at a 

maximum concentration of 100 μg mL−1. The cell viability was estimated by 

the MTT assay and the results are presented in the following sections. 

2.5.1. Choline derivatives magnetic organic salts 

The effects of two choline derivative salts with chloride and metal complexes 

as anions on the studied cell viability are presented in Figure 4. 8. The 

starting metal chlorides were also studied. It is possible to observe that the 

majority of the compounds did not induce any cytotoxicity on the cell lines 

studied compared to the control. Even so, there are some exceptions that 
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can be highlighted. Manganese-based salts, [N1,1,4,C2OH][MnCl3] and 

[N1,1,4,C3OH][MnCl3], as well as MnCl2·4H2O, reduced significantly the viability 

of 3T3 cells (63.00%, 73.76% and 67.21% of viable cells, respectively) 

compared with the control. In 293Tcells, when compared with control, only 

the synthesized salt [N1,1,4,C3OH][MnCl3] and MnCl2·4H2O was observed to 

significantly reduce the cell viability in more than 35% and 40%,respectively. 

For these cells, some prepared compounds and also gadolinium and terbium 

chlorides presented cell viabilities higher than 100%, which can suggest that 

these magnetic salts   may   enhance   the    mitochondrial activity. 

[N1,1,4,C3OH][TbCl4] salt was the only prepared compound that significantly 

reduced the viability of HepG2 and Caco-2 cells compared with the control. 

Also, GdCl3·6H2O and MnCl2·4H2O induced a reduction effect on Caco-2 cell 

viability when com-pared with the control. In general, the compounds based 

on cations [N1,1,4,C2OH]  and  [N1,1,4,C3OH]  exhibited  similar behaviors.
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Figure 4. 8 | Cytotoxicity of magnetic organic salts (100 µg/ mL) on 3T3, 293T, HepG2 and Caco-2 cells after treatment 

for 24 h. Values represent mean ± standard error of the mean (SEM) of at least three independent experiments carried 

out in triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p < 0.05) when compared to: *control. 
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2.5.2. Mesoporous Silica Nanoparticles 

The effects of all the prepared nanoparticles on the studied cell viability are 

shown in Figure 4. 9. Concerning the prepared nanomaterials, the 

cytotoxicities of the two sets of nanoparticles based on DMAE and DMAP 

scaffolds and their precursors were evaluated. In 3T3 cells, for the first set of 

materials, it is possible to observe that the nanoparticles before and after 

functionalization, MSN-A and MSN-Si-DMAE, significantly reduce the cell 

viability in more than 20% (79.96% and 72.32% of viable cells, respectively) 

when compared with the control. Regarding the metal-based materials, only 

MSN-Si-DMAE-Tb was observed to reduce the cell viability in these cell lines. 

Regarding the second set of nanoparticles, MSN-B was also observed to 

reduce the cell viability (52.11% of viable cells) and all metal-based materials 

were observed to be responsible for a significant reduction of cell viability 

compared to the control. In this case, a range of 77.65–83.09% of viable cells 

was achieved. In 293T cells, among the DMAE set, only MSN-A presented a 

significant reduction of cell viability in almost 30% in comparison to the 

control. For the DMAP set, almost all induced a reduction in the cell viability, 

with the exceptions being Si-DMAP and MSN-Si-DMAP-Tb. DMAE-based 

materials and their precursors do not seem to have any effect on HepG2 

cells. MSN-B, MSN-Si-DMAP-Gd and MSN-Si-DMAP-Tb, in contrast, 

induced cell viability reductions of 46.05%, 27.85% and22.5%, respectively, 

compared to the control. Finally, almost all induced cytotoxicity in Caco-2 

cells (70.50–87.88% of viable cells) and only MSN-A and Si-DMAE did not 

exhibit a cytotoxic effect. As can be seen, DMAP-based materials and their 

precursors seem to induce a more marked effect on cell viability than DMAE-

based materials. 
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Figure 4. 9 | Cytotoxicity of prepared mesoporous silica nanoparticles (100 µg/ mL) on 3T3, 293T, HepG2 and Caco-2 

cells after treatment for 24 h. Values represent mean ± standard error of the mean (SEM) of at least three independent 

experiments carried out in triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p < 0.05) when 

compared to: *control. 



Mesoporous Silica Nanoparticles with Manganese and Lanthanides ionic systems  

202 
 

2.5.3. Choline derivatives magnetic organic salts vs MSNs 

containing magnetic organic salts analogues  

A final comparison between the cytotoxicities of metal organic salts and their 

analogues immobilized in mesoporous silica nanoparticles is summarized in 

Figure 4. 10 and Figure 4. 11. In general, no significant differences could be 

found between metal organic salts and their analogues immobilized in MSNs. 

Only a few examples can be highlighted in 3T3, 293T and Caco-2 cells. In 

3T3 cells, only [N1,1,4,C2OH][MnCl3] and MSN-Si-DMAE-Mn showed significant 

differences. In this case, the immobilized analogue exhibited a smaller 

cytotoxic effect compared with the metal organic salt. In 293T cells, two pairs 

([N1,1,4,C3OH][GdCl4]/MSN-Si-DMAP-Gd and [N1,1,4,C3OH][TbCl4]/MSN-Si-

DMAP-Tb) displayed significant differences between the effect of the two 

systems in cell viability. For both, the nanoparticles presented a higher 

cytotoxic effect than the metal organic salts. In Caco-2 cells, MSN-Si-DMAP-

Gd nano-particles   induced   a   higher   cytotoxic   effect   than 

[N1,1,4,C3OH][GdCl4] in cell viability. 
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MSN-Si-DMAE-X vs [N1,1,4,C2OH][X] 
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Figure 4. 10 | Cytotoxicity of choline derivative magnetic salts (100 µg/ mL) on 3T3, 

293T, HepG2 and Caco-2 cells after treatment for 24 h. Values represent mean ± 

standard error of the mean (SEM) of at least three independent experiments carried 

out in triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p 

< 0.05) when compared to: *control, #[N1,1,4,C2OH][MnCl3], δ[N1,1,4,C3OH][GdCl4], 

α[N1,1,4,C3OH][TbCl4]. 
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MSN-Si-DMAP-X vs [N1,1,4,C3OH][X] 
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Figure 4. 11 | Cytotoxicity of choline derivative magnetic salts (100 µg/ mL) on 3T3, 

293T, HepG2 and Caco-2 cells after treatment for 24 h. Values represent mean ± 

standard error of the mean (SEM) of at least three independent experiments carried 

out in triplicate. Symbols represent significant differences (ANOVA, Dunnett’s test, p 

< 0.05) when compared to: *control, #[N1,1,4,C2OH][MnCl3], δ[N1,1,4,C3OH][GdCl4], 

α[N1,1,4,C3OH][TbCl4]. 

 

3. Conclusions 

Magnetic organic salts based on the combination of two choline derivatives 

cations [N1,1,4,C2OH] and [N1,1,4,C3OH] with the anionic metal complexes [MnCl3], 

[GdCl4] and [TbCl4] were synthesized. In order to reduce the eventual toxicity 

associated to the metal complex presence, their analogues were immobilized 
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in MSNs. All materials were characterized by different techniques that 

confirmed the successful functionalization of MSNs with the cations 

[N1,1,4,C2OH] and [N1,1,4,C3OH]. Elemental analysis indicated 1.50 mmol/g of 

[N1,1,4,C2OH] in MSN-Si-DMAE and 1.45 mmol/g of   [N1,1,4,C3OH] in MSN-Si-

DMAP. For the final materials with the presence of MnCl3-, GdCl4- and TbCl4- 

as counter ions the ICP-MS results showed metal loadings in the range of 

0.02-0.19 mmol/g with higher values for Si-DMAE cation, which can be 

related to possible steric effects resulting from the presence of a secondary 

alcohol in the Si-DMAP cation. 

Cytotoxicity studies of the magnetic organic salts and their immobilized 

analogues were performed in four different cells 3T3, Caco-2, HepG2 and 

293T. In general, the cytotoxic effect of the two cations is similar but there 

are relevant differences between the metal organic salts and their 

immobilized analogues. In the case of 3T3 cells, MSN-Si-DMAE-Mn 

exhibited a smaller cytotoxic effect than the corresponding metal organic salt. 

The system MSN-Si-DMAP-Gd presented higher cytotoxic effect than 

[N1,1,4,C3OH][GdCl4] in the case of 293T and Caco-2 cells and the same effect 

is observed for the MSN-Si-DMAP-Tb in the case of 293T cells. 

Some of these magnetic organic salts and nanomaterials can be interesting 

for further applications for biological detection or as contrast agents for 

magnetic resonance imaging (MRI). NMR relaxation studies will be 

performed in order to evaluate their potential as MRI agents. 
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4. Experimental Section 

4.1. Chemicals 

All reagents used in the synthesis of magnetic salts and preparation  of  

nanoparticles,  namely,  Pluronic  F  127  (BASF), n-cetyltrimethylammonium 

bromide (CTAB, ((C16H33)N(CH3)3)Br, Sigma-Aldrich), triethanolamine (TEA, 

N(C2H5O)3, Alfa Aesar), tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 

Aldrich,98%), (3-chloropropyl)triethoxysilane (Cl(CH2)3Si(OCH3)3, 

TCI,>97%), N,N-dimethyl(N-2-hydroxyethyl)amine (Aldrich), N,N-

dimethyl(N-2-hydroxypropyl)amine (Aldrich), gadolinium (III) chloride hexa-

hydrate (GdCl3·6H2O, Alfa Aesar), terbium (III) chloride hexahyhdrate 

(TbCl3·6H2O, Aldrich, trace metal basis), manganese (II) chloride 

tetrahydrate (MnCl2·4H2O, Alfa Aesar) and 1-chloro-butane (Sigma-Aldrich, 

99%) were purchased from chemical suppliers and used without further 

purification. 

4.2. Synthesis of magnetic organic salts 

Synthetic general procedure: The metal chloride hydrated (MCln.2nH2O) was 

added to an ethanolic solution of choline derivative salt ([N1,1,4,C2OH][Cl] or 

[N1,1,4,C3OH][Cl]) under constant stirring. The reaction mixture was stirred at 

room temperature for 48h and then the solvent was evaporated. The final 

solid was dried under vacuum. 

 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachlorogadolinate 

(III) [N1,1,4,C2OH][GdCl4]: [N1,1,4,C2OH][Cl] (0.20 g, 1.35 mmol); GdCl3.6H2O 

(0.50 g, 1.36 mmol); Yield: quantitative; white solid; FTIR (KBr), ῡ = 3425, 

2964-2878, 1625, 1475, 1083, 920 cm-1. Elemental analysis calcd (%) for 
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C8H20NOGdCl4.0.5H2O (454.35 g.mol-1): C 21.15, N 3.08, H 5.67; found: C 

21.32, N 3.02, H 5.50. 

 

N-butyl-N-hydroxypropyl-N,N-dimethylammonium 

tetrachlorogadolinate (III) [N1,1,4,C3OH][GdCl4]: [N1,1,4,C3OH][Cl] (0.26 g, 1.32 

mmol); GdCl3.6H2O (0.49 g, 1.30 mmol) Yield: quantitative; yellow solid; 

FTIR (KBr), ῡ = 3351, 1634, 1476, 1081, 960 cm-1. Elemental analysis calcd 

(%) for C9H22NOGd Cl4.0.5H2O (468.38 g.mol-1): C 23.08, N 2.99, H 4.96; 

found: C 22.59, N 3.07, H 4.90. 

 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium tetrachloroterbate (III) 

[N1,1,4,C2OH][TbCl4]: [N1,1,4,C2OH][Cl] (0.30 g, 2.06 mmol); TbCl3.6H2O (0.77 g, 

2.07 mmol);  Yield: quantitative; white solid; FTIR (KBr), ῡ = 3370, 2965-

2876, 1633, 1486, 1131, 1084, 1051, 976, 920 cm-1. Elemental analysis calcd 

(%) for C8H20NOTbCl4.2.5H2O (492.28 g.mol-1): C 19.53, N 2.85, H 5.13; 

found: C 19.53, N 2.74, H 5.03. 

 

N-butyl-N-hydroxypropyl-N,N-dimethylammonium tetrachloroterbate 

(III) [N1,1,4,C3OH][TbCl4]: [N1,1,4,C3OH][Cl] (0.26 g, 1.32 mmol); TbCl3.6H2O (0.46 

g, 1.24 mmol); Yield: quantitative; yellow solid; FTIR (KBr), ῡ = 3379, 2971, 

1636, 1476, 1143-1077, 990, 947 cm-1. Elemental analysis calcd (%) for 

C9H22NOTbCl4.2H2O (497.09 g.mol-1): C 21.74, N 2.82, H 5.28; found: C 

22.15, N 2.85, H 6.00. 

 

N-butyl-N-hydroxyethyl-N,N-dimethylammonium trichloromanganese 

(II) [N1,1,4,C2OH][MnCl3]: [N1,1,4,C2OH][Cl] (0.50 g, 3.43 mmol); MnCl2.4H2O (0.68 

g, 3.44 mmol); Yield: quantitative; pink solid; FTIR (KBr), ῡ = 3440 2964, 

1615, 1469, 1086, 977, 922 cm-1. Elemental analysis calcd (%) for 
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C8H20NOMnCl3.3H2O (361.64 g.mol-1): C 26.57, N 3.87, H 7.26; found: C 

26.40, N 3.73, H 6.68. 

 

N-butyl-N-hydroxypropyl-N,N-dimethylammonium trichloromanganase 

(II) [N1,1,4,C3OH][MnCl3]: [N1,1,4,C3OH][Cl] (0.26 g, 1.31 mmol); MnCl2.4H2O (0.27 

g, 1.30 mmol); Yield: quantitative; yellow solid; FTIR (KBr), ῡ = 3425, 2967, 

1633, 1485, 1148, 1011, 994, 908 cm-1. Elemental analysis calcd (%) for 

C9H22NOMnCl3.H2O (321.61 g.mol-1): C 33.61, N 4.36, H 6.91; found: C 

33.25, N 4.45, H 7.36. 

3.3. Synthesis of Mesoporous Silica Nanoparticles (MSNs) 

3.3.1. Synthesis of MSNs 

MSNs used in this work were prepared based on a previously reported 

method described by Bouchoucha 20. CTAB (1.33 g), F-127 (5.36 g) and TEA 

(31.3 g) were added to a Teflon vessel and were dissolved in ethanol 

absolute (114 mL) and water (250 mL). The final solution was placed under 

constant stirring overnight. TEOS (5.12 mL) was then added at room 

temperature under vigorous constant stirring and left for 1 min. The mixture 

was then left under static conditions. After 24h, ethanol (200 mL) was added 

and the colloidal solution was centrifuged (18 000 rpm for 15 minutes). The 

final product was washed with water twice and then dried overnight at 70 ºC. 

Finally, in order to extract the surfactant, the nanoparticles were mixed with 

acidic ethanol (0.1 M) and placed under constant stirring and reflux overnight. 

The final nanoparticles were washed with ethanol three times and dried 

overnight at 70 ºC (MSN-A - 1.51 g and MSN-B - 2.04g). FTIRMSN-A (KBr): ῡ 

= 3448, 2959-2925, 1637, 1400, 1089, 965 cm-1. FTIRMSN-B (KBr): ῡ = 3449, 

2926, 1637, 1400, 1088, 965 cm-1. 
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3.3.2. Synthesis of precursors Si-DMAE and Si-DMAP 

General procedure: (3-chloropropyl)triethoxysilane and the selected amine 

(DMAE or DMAP) were added to a round-bottomed flask. The reaction 

mixture was stirred for 24h at 80 °C. The final mixture was then washed with 

diethyl ether and dried under vacuum to give the final product. 

Si-DMAE: (3-chloropropyl)triethoxysilane (4.05 mL); DMAE (1.69 mL); Yield: 

4.78g, 86%; 1H-NMR (400MHz, CD3(SO)2): δ (ppm) = 3.78 (m, 8H), 3.39 (m, 

4H), 3.09 (s, 6H), 1.71 (m, 2H), 1.16 (m, 9H), 0.52 (m, 2H).  

Si-DMAP: (3-chloropropyl)triethoxysilane (1.18 mL); DMAP (2.8 mL); Yield: 

2.76 g, 83%; 1H-NMR (400MHz, CDCl3): δ  (ppm) = 4.54 (m, 1H), 3.83 (q, 

3J(H,H)=6.8 Hz, 6H), 3.55 (m, 4H), 3.39 (d, 3J(H,H)=5.2 Hz, 6H), 1.87 (m, 

2H), 1.31 (d, 3J(H,H)=6.0 Hz, 9H), 1.23 (t, 3J(H,H)=7.0 Hz, 2H), 0.64 (m, 

2H). 

3.3.3. MSNs functionalization with Si-DMAE and Si-DMAP 

precursors 

General procedure: Prepared MSNs (MSN-A and MSN-B) and ethanol 

(20mL) were added to a round-bottomed flask. To the resultant suspension 

was added the precursor (Si-DMAE or Si-DMAP). The reaction was placed 

under reflux with a constant stirring for 24h at 100 °C. The reaction mixture 

was centrifuged (5000 rpm, 15 minutes) and then washed with ethanol four 

times. Finally, the final product was dried overnight at 80 °C to give the final 

product. 

 

MSN-Si-DMAE: MSN-A (1.015 g); Si-DMAE (0.950 g); MSN-Si-DMAE (1.29 

g); 1H-NMR (400MHz, D2O+NaOH): δ (ppm) = 3.86 (t, 3J(H,H)=5.6 Hz, 2H), 

3.21 (m, 4H), 2.97 (s, 6H), 1.70 (m, 2H), 0.28 (m, 2H); FTIR (KBr): ῡ = 3422, 
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2970, 1638, 1477, 1400, 1095, 959 cm-1. Elemental analysis (%) found: C 

11.35, N 2.30, H 2.34. 

 

MSN-Si-DMAP: MSN-B (1.032 g); Si-DMAP (1.002 g); Yield: MSN-Si-DMAP 

(1.21 g). 1H-NMR (400MHz, D2O+NaOH): δ  (ppm) = 4.27 (m, 1H), 3.23 (m, 

2H), 3.17 (m, 2H), 3.01 (s, 6H), 1.70 (m, 2H), 1.10 (d, 3J(H,H)=6.4 Hz, 3H), 

0.29 (m, 2H). FTIR (KBr): ῡ = 3422, 2920, 1637, 1479, 1400, 1092, 958 cm-

1. Elemental analysis (%) found: C 12.15, N 2.28, H 2.71. 

3.3.4. Synthesis of supported metal organic salts analogues 

General procedure: Functionalized materials (MSN-Si-DMAE and MSN-Si-

DMAP) and ethanol were added to a flask. To the resultant suspension, 

MCln.2nH2O was added. The reaction mixture was stirred at room 

temperature for one week and then the product was washed with ethanol 

(three times). Finally, the solid was dried overnight at 80 °C to give the final 

product. 

 

MSN-Si-DMAE-Gd: MSN-Si-DMAE (0.401g); GdCl3.6H2O (0.511 g); Yield: 

MSN-Si-DMAE-Gd (0.380 g). Elemental analysis (%) found: C 11.85, N 2.24, 

H 1.99, Gd 1.05. 

 

MSN-Si-DMAE-Tb: MSN-Si-DMAE (0.407 g); TbCl3.6H2O (0.526 g); MSN-

Si-DMAE-Tb (0.420 g); Anal. Found (%) found: C 10.40, N 2.04, H 2.27, Tb 

1.44. 

 

MSN-Si-DMAE-Mn: MSN-Si-DMAE (0.401 g); MnCl2.4H2O (0.281 g); MSN-

Si-DMAE-Mn (0.440 g). Elemental analysis (%) found: C 11.41, N 2.22, H 

2.46, Mn 1.07. 
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MSN-Si-DMAP-Gd: MSN-Si-DMAP (0.397 g); GdCl3.6H2O (0.545 g); MSN-

Si-DMAP-Gd (0.262 g). Elemental analysis (%) found: C 12.58, N 2.15, H 

2.68, Gd 0.50. 

 

MSN-Si-DMAP-Tb: MSN-Si-DMAP (0.362 g); TbCl3.6H2O (0.536 g); MSN-

Si-DMAP-Tb (0.305 g). Elemental analysis (%) found: C 11.45, N 2.00, H 

2.68, Tb 0.38. 

 

MSN-Si-DMAP-Mn: MSN-Si-DMAP (0.364 g); MnCl2.4H2O (0.236 g); MSN-

Si-DMAP-Mn (0.255 g). Elemental analysis (%) found: C 12.25, N 2.23, H 

2.11, Mn 0.22. 

3.4. Nanoparticles characterization  

Proton nuclear magnetic resonance spectra were performed using a Bruker 

AMX400 system (400, 13 MHz). Data are indicated in the following order: 

solvent, chemical shift, spin multiplicity (s, singlet; t, triplet; m, multiplet), 

coupling constant (Jin Hz), and relative intensity (proton numbers). Fourier 

Transform infrared spectra were recorded on a Bruker tensor27 system using 

the KBr pellet method under ambient conditions. The carbon, hydrogen, and 

nitrogen contents of the functionalized silica nanoparticles were obtained 

with a EuroVector EuroEA300 elemental analyser. Thermogravimetric 

analysis (TGA) was performed on a PerkinElmer STA6000system with a 

heating rate of 10 °C min−1 and under a 20 mLmin−1 flow of He. Transmission 

electron microscopy (TEM) images were obtained using a Hitachi H-8100 

microscope with thermionic emission (LaB6) and an acceleration voltage of 

200kV at MicroLAb (Instituto Superior Técnico). The average size of the 

nanoparticles was determined by manual counting using the Image J 

software. The samples were supported on carbon-coated copper grids and 
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the digital image acquisition was performed with a CCD MegaView II bottom-

mounted camera. Nitrogen adsorption–desorption isotherms at 77 K were 

determined on a Quantachrome Autosorb iQ system, using helium and 

nitrogen of 99.999% purity. Prior to the adsorption measurements, the 

samples were outgassed for 8 hat 180 °C (unmodified silica nanoparticles) 

or 80 °C (functionalized materials), with a heating rate of 1 °C min−1. The X-

ray diffraction (XRD) measurements were carried out on a BrukerAXS-D8 

Advance powder diffractometer, using CuKα radiation (40 kV, 30 mA), with 

a step size of 0.01° (2θ) and 5 s per step. The particle size and zeta potential 

were measured using a Horiba SZ-100 system. X-ray fluorescence studies 

were performed on a μ-XRF spectrometer ArtTAX 800, Bruker, operating 

with a molybdenum (Mo) X-ray source and focusing polycapillary lens and 

electro-thermally cooled xFlash (Si drift) detector. 

3.5. Cytotoxicity studies 

The cell lines (3T3, 293T, HepG2, and Caco-2) were previously acquired 

from DSMZ biobank. 3T3, Caco-2, HepG2 and 293Tcells were cultured in 

Dulbecco’s modified Eagle’s medium: Nutrient  Mix  F-12  (DMEM/F-12)  

(Merck,  Germany),  in Minimum Essential Medium (MEM) (Merck, 

Germany), in RPMI medium (Sigma-Aldrich, USA), and in Dulbecco’s 

modified Eagle’s medium (Merck, Germany), respectively, supplemented 

with 10% FBS (Hyclone, UK), 100 IU mL−1 penicillin, and 100 μgmL−1 

streptomycin (Merck, Germany), and maintained under a humidified 

atmosphere (95%) with 5% CO2 at 37 °C. The cytotoxic effects of compounds 

(100 μgmL−1; 24 h) on cell viability were evaluated after they reached total 

confluence on 96-well plates. The effects were estimated by the MTT assay 

(Sigma, Germany) and the results are expressed in percentage of control 

(%). Data are presented as mean ± standard error of the mean (SEM) and 
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statistical analysis was performed using one-way analysis of variance 

(ANOVA) with Dunnett’s multiple comparisons of group means to determine 

significant differences relative to the control treatment. Differences were 

considered significant at a level of 0.05 (p-value < 0.05). The calculations 

were performed using the GraphPad v5.1 (GraphPad Software, La Jolla, CA, 

USA) software. 
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Abstract 

Affecting a high percentage of people worldwide, Alzheimer’s disease is one 

of the most common neurodegenerative disorders. This form of dementia, 

and many others similar, is characterized by the deposition of insoluble 

protein aggregates commonly known by amyloid fibrils in the brain. The 

discovery of new fluorescent probes as efficient tools to detect and follow 

these aggregates formation process is significantly relevant in order to 

elucidate the molecular mechanisms associated to protein aggregation as 

well as to obtain an early and accurate clinical diagnosis and therapeutics of 

neurodegenerative disorders. Over the years, some conventional fluorescent 

probes for protein aggregation detection have been tested. The standard 

method relies in the use of two well-known probes, Thioflavin T (ThT) 

molecule as fluorescent probe and congo red (CR) dye due to its 

birefringence. In this chapter, different organic salts based on ThT and CR 

scaffolds were prepared and characterized according to their physical, 

thermal, fluorescence and birefringence properties.  

 

1. Introduction 

Neurodegenerative diseases (ND) are incurable and highly incapacitating 

diseases characterized by the progressive degeneration and death of neural 

tissues.1,2 Affecting millions of people worldwide, neurodegenerative 

diseases arise as one of the most debilitating illnesses with a substantial 

social, economic, and health impact. These disorders are, in our days, the 

fourth leading cause of death and have been shown over the years the ability 

to affect both patient's cognitive and physical skills.3 According to World 

Health Organization, it is estimated that almost 50 million people have 

dementia worldwide and it is expected that this number triple by 2050.4 One 



Development of novel organic salts based on Thioflavin T and Congo Red units for 

amyloid staining 

222 
 

of the main problems associated with this type of pathologies, is the fact that 

they are detected at a late stage where the therapeutic options and efficiency 

are less effective.5 As mentioned in the thesis introduction, the formation of 

amyloid-based fibrils are one of the most important hallmarks of many 

neurodegenerative disorders such as Alzheimer’s Disease (AD).1,6 Thus, this 

protein aggregates has been considered an important biomarker for the 

detection of earlier disease and also a therapeutic target for AD. Specifically, 

there are many studies based on the development of new methodologies to 

detect this biomarker. These protein aggregates can be readily detected in 

vitro and in different tissues such as cerebrospinal fluid (CSF) through the 

use of Thioflavin T probe (Figure 5. 1).7 This is a small organic dye whose 

fluorescence intensity increases upon binding to amyloid structure.8 Over the 

years, this has been the most used method to monitor amyloid fibrils 

development, however, this dye showed some drawbacks related with its 

poor sensitivity to detect the less complex structures of fibril formation 

process.7 Also, from the literature, it is already known that ionic compounds, 

namely ionic liquids, have potential ability to stabilize proteins, and more 

specifically, amyloid earlier structures.9–11 Knowing that the detection of 

these less complex units can be determinant for the discovery of AD in more 

prior stages of the disease, it became important from a mechanistic and a 

pharmaceutical point of view to develop novel ionic compounds capable of 

detect and, ideally, stabilize the initial structures of amyloid fibrils formation.  

 

  

 

Figure 5. 1 | Structure of Thioflavin T dye. 
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Beyond ThT, Congo red (CR) dye has been also used in the detection of 

amyloid aggregates. As can be seen in Figure 5. 2, this symmetrical dye 

discovered in 1883 by the chemist Paul Bӧttiger is structurally composed by 

a hydrophobic central biphenyl group connected to two flanked charged 

naphthalene rings through diazo units. Each naphthalene unit possesses an 

amino and a sulphate group that comprise the hydrophilic moiety of CR 

scaffold.12–14 

 

 

Figure 5. 2 | Structure of Congo red optical dye 

 

Being widely applied for more than 100 years this well-known dye becomes 

one of the most used amyloid-specific dyes for staining aggregates deposits 

in tissues and in vitro.15,16 Amyloid monitorization by congo red is based on 

its characteristic birefringence. This optical property concerns to the ability of 

some materials appear bright when subject to a crossed polariser.17 Also 

used to stain different materials such as cellulose paper and cotton, when 

bounded to amyloid fibrils, congo red showed to have an yellow-green 

birefringence color that allows to perform the diagnostic of these protein 

aggregates.16 One of the major disadvantages of this probe is related with its 

low sensitivity.18 To perform an accurate confirmation of amyloid fibrils with 

this dye, the tissue sections need to have a specific thickness that allows to 

visualize the birefringence phenomenon.16 Also, the high toxicity associated 

to this probe can be a limiting parameter. 
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This part of the work aims to the development of different low-melting organic 

salts and task-specific ionic liquids based on based on ThT and CR scaffolds 

combined with appropriate counter-ions in order to obtain the desired salts 

in high yields and purity levels. The adequate selection of counter-ions can 

be relevant for the improvement of intrinsic fluorescent or birefringence 

properties for potential bio-applications.  

 

2. Results and discussion 

2.1. Thioflavin T-based ionic salts 

2.1.1. Counter-ions and synthetic procedures 

Synthetic methodologies were developed in order to obtain ThT-based 

fluorescent probes. To perform the reactions, a set of counter-ions (Figure 5. 

3) were selected according to some important factors such as their potential 

effect in Aβ aggregation process, their use in pharmaceutical area, their 

function in human metabolism and/or their biocompatibility. Many of these 

counter-ions were a challenge since they present some characteristics that 

influence the reactions conditions. According to the anion structure, nature 

and chemical behaviour, different procedures were followed. 
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Figure 5. 3 | ThT counter-ions structures. 
 

A. Ionic exchange synthetic procedure 

The first synthetic approach used in this work was based on an ionic 

exchange reaction where the Thioflavin T halide form reacts with a sodium, 

potassium or lithium salt (Scheme 5. 1). From this reaction, two products are 
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formed, the main product composed by Thioflavin T cation unit and the 

chosen counter-ion and, also, an inorganic salt as a by-product. The 

secondary product is then removed by precipitation and filtration to purify the 

desired ThT-based organic salt. Selected counter-ions included docusate 

[AOT], triflate [OTf], dicyanamide [DCA], bistriflimide [NTf2], sacharine [Sac], 

gluconate [Glu] and cyclamate [Cyc]. Methanol was selected as solvent for 

the reactions performed at room temperature for 24 h (Scheme 5. 1). 

Prepared organic salts were characterized by 1H-NMR, elemental analysis 

(C, H, N), thermal properties and luminescence quantum yield. 

 

 

Scheme 5. 1 | General synthetic procedure of ionic exchange reactions. 

 

Table 5. 1 summarizes all the prepared ThT organic salts as well as their 

physical and thermal properties.  
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Table 5. 1 | Prepared novel organic salts based on ThT unit through ionic exchange 

synthetic methodology. 

Compound η (%) Purity (%) (a) Physical state  Tm [Td] (ºC) (b) 

[ThT][Cl] - - Yellow Solid 212 

[ThT][AOT] 72 99 Yellow Gel RTIL [275] 

[ThT][TfO] 54 92 Yellow Solid 155 [>300] 

[ThT][Sac] 38 99 Yellow Solid 203.5  

(a) Purity obtained from 1H-NMR spectroscopy. 
(b) Melting (Tm) were determined on Electrothermal Melting Point Apparatus and DSC (for 
[ThT][Sac]). 

 

From this synthetic approach, the compounds were obtained in moderate (54 

and 72%) to low (38% for [ThT][Sac]) yields according to the difficulty in the 

purification steps. Almost all compounds were obtained as solids, except for 

[ThT][AOT] (yellow gel), and with high purity levels (≥92%). According to the 

achieved melting and decomposition temperatures, all compounds present 

values above 100 ºC. Still, it was possible to reduce the melting points 

comparing to starting material ([ThT][Cl]) of at least three compounds. 

[ThT][AOT] arises as an example of room temperature ionic liquid (RTIL).  

B. Ionic exchange resin synthetic procedure 

The second approach used to prepare the salts consisted in the reaction 

between a carboxylic acid-based compound and Thioflavin T in its hydroxide 

form. To perform these reactions, it was selected the following acids: gallic 

acid [Gal], L-arginine [Arg], gluconic acid [Glu], p-hydroxybenzoic acid 

[PHBA] and 3,5-Dihydroxybenzoic acid [α-RA]. [ThT][OH] preparation was 

made from the corresponding chloride salt using a hydroxide exchange resin 

(Scheme 5. 2, Step 1). In this step, the resin was applied in two distinct ways: 

1) through the use of a packed column where the Thioflavin T solution (in 

water, ethanol and/or methanol) was eluted and then collected and 2) 
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through slow stirring in ThT-solution before filtration. In both methods, an 

acid-base neutralization reaction is performed by the addition of the collected 

hydroxide solution to another solution of the selected carboxylic acid-based 

compound (Scheme 5. 2, step 2).  

 

 

Scheme 5. 2 | General synthetic procedure of ionic exchange resin methodology. 

 

This method presents the advantage of being halide species free since all 

chloride anions are immobilized in the resin through the replacement with 

hydroxide anions that becomes the counter-ion of Thioflavin T. However, 

during the work, it was possible to verify that ThT cation decomposes in the 

resin. This was the main reason to explore two different approaches using 

the resin. The main idea would be to change ThT residence time in the resin, 

however, in any of the applied techniques (even with a short residence time 

in the resin), the cation decomposed.  
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C. Acid-base synthetic procedure 

A third approach was applied to prepare ThT-based compounds. In this 

methodology the main goal was to neutralize the selected carboxylic or 

sulfonic acid-based compounds and then perform an ionic exchange reaction 

with ThT-chloride form. This method allows to use Thiflavin T cation without 

any previous manipulation to change its counter-ion which reduces the 

decomposition risk and, also, enables the use of the first and successful 

synthetic approach. For these reactions, Tht-selected counter-ions were: 

gallic acid [Gal], L-arginine [Arg], , p-hydroxybenzoic acid [PHBA], 3,5-

Dihydroxybenzoic acid [α-RA], cholic acid [ChAc], deoxycholic acid [DChAc], 

lithocholic acid [LChAc], chenodeoxycholic acid [CDChAc] and 

camphorsulfonic acid [CPSA]. These compounds were firstly neutralized 

through the use of sodium hydroxide in order to prepare their sodium salts 

(Scheme 5. 3, Method 1, Step 1). After this neutralization reaction, the novel 

salts were used to perform ionic exchange reactions with ThT halide form 

(Scheme 5. 3, Step 2).  
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Scheme 5. 3 | General synthetic procedure of acid-base synthetic approach. 

 

From the selected acids, it was possible to obtain the final desired products 

with [PHBA], [α-RA], [ChAc], [LChAc] and [CPSA]. Table 5. 2 summarizes all 

the prepared ThT organic salts obtained by acid-base synthetic approach as 

well as their physical and thermal properties.  
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Table 5. 2 | Prepared novel organic salts based on ThT unit through acid-base 

synthetic approach. 

Compound  η (%) Purity (%) (a) Physical state Tm (ºC) 

[ThT][Cl] - - Yellow Solid 212 

[ThT][PHBA] 36 99 Yellow Solid 200.7 (b) 

[ThT][α-RA] 34 n.d. Yellow Solid n.d. 

[ThT][ChAc] 56 n.d. Orange Solid n.d. 

[ThT][CPSA] 63 99 Orange Solid n.d. 

η - reaction yield. Tm - melting temperature. n.d. – not determined.  
(a) Purity obtained from 1H-NMR spectroscopy. 
(b) Melting temperature (Tm) determined by DSC. 

 

All compounds were obtained with medium yields (45-63%) with the 

exception of [ThT][PHBA] (36%) and [ThT][αRA] (34%). The reduced value 

associated to these products can be related with the purification method used 

in the synthesis. Both final products precipitated in the reaction solvent and 

washing purification steps were needed. All compounds were obtained as 

solids. From selected counter-ions, gallic acid and arginine would be the 

most interesting compounds due to their potential as anti-aggregation 

agents.13,19–23 L-arginine is an essential amino acid with many important 

functions in human body. It is already established that amino acids can be 

present as zwitterionic species in aqueous solution within a range of pH 

(Figure 5. 4). This fact is the major difficulty of perform synthesis with this 

compound. Several optimization processes (by changing reactions 

conditions) were made to the synthetic approach used, however, it was not 

possible to achieve to the final product.  
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Figure 5. 4 | L-Arginine structures according to medium pH. (adapted from 24) 

 

Regarding to gallic acid, the main problem associated to this antioxidant 

compound is related with the possibility to form radicals as a function of the 

reaction medium pH and, also, the possibility to hydroxyl groups reacts with 

sodium hydroxide to form the phenoxide specie due to their acidic nature 

(Figure 5. 5).  

 

 

Figure 5. 5 | Free radicals’ structure as a result of gallic acid oxidation. (adapted from 25) 

 

Thus, to overcome these problems and as an alternative to Method 1, a 

secondary synthetic methodology where sodium hydroxide is replaced for 

sodium carbonate (NaHCO3) was used in order to obtain the sodium salt 

form of this important triphenolic compound (Scheme 5. 3, Method 2, Step 

1). This optimization process is still ongoing. 
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2.1.2.  Amyloid fibrils formation and ThT fluorescence  

As mentioned already, the standard method to follow amyloid fibrils formation 

in vitro is based on ThT fluorescence. In this work, it was possible to optimize 

the formation and monitorization of fibrillation process using Lysozyme from 

chicken egg white. This protein is frequently used as a model since it is very 

similar to human lysozyme. Fibrils were prepared based on a well-stablished 

methodology already described in the literature by Silva et al.26 Figure 5. 6 

illustrates the schematic procedure of fibrils production process. 

 

 

Scheme 1 

Figure 5. 6 | Schematic procedure of Lysozyme from chicken egg white fibrils 

formation. 
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Fibrils formation methodology was carried out with lysozyme in aqueous 

buffer solution of HCl (pH=2) with glycine and choline chloride to promote 

protein fibrillation.27 The samples were incubated at 50 ºC under constant 

stirring and samples were taken at specific times. Figure 5. 7 shows (A) the 

emission spectra of each sample and (B) ThT fluorescence intensity as a 

function of time. As expected, ThT fluorescence increases with time and 

fibrils formation. As detailed in Chapter 1 (section 3), due to the rotation of 

benzothiazole-aniline bond and a self-quenching process, a decrease of 

fluorescence intensity associated to ThT molecule can be observed. With the 

growth of fibrils formation and, thus, the increase of β-sheet structure, ThT 

fluorescence increases. In this optimization process, after approximately 90 

minutes, fibrils formation reaches to an equilibrium. These studies are in 

progress and the main goal is to follow fibrils formation in the presence of 

prepared compounds. It is important to understand if the formation process 

of the protein aggregates can be influenced (increases or decreases) by the 

presence of the different compounds. This allows to conclude about the 

inhibitory or stabilization effect of ThT-based organic salts in the aggregation 

process. To do this, a conversion ratio between the initial protein (native 

state) and the fibrils presented in the final solution must be determined. This 

conversion can be achieved by UV spectroscopy and by the application of a 

calibration curve that allows determining protein and aggregates 

concentration. 
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Figure 5. 7 | (A) Emission spectra of each taken sample; (B) ThT fluorescence 

intensity described as a function of time for HEWL fibrils.  

 

2.2. Congo red-based ionic salts 

2.2.1. Counter-ions and synthetic procedures 

As to ThT-based reactions, there are not yet many reported studies in the 

literature related with synthetic methodologies using congo red moiety to 

obtain organic salts. The majority of the described methodologies are related 

with the change of congo red structure by the addition of different groups for 

example. Thus, during this work it was necessary to perform the planning 

and optimization of compounds preparation processes based on this probe. 

The main difficulty of this part of the work was the low solubility of CR in 
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several organic solvents, its stability, and the fact that it has a very large 

structure where the two sodium atoms are well protected, making it difficult 

to replace them with other selected cations. To perform the reactions, a set 

of counter-ions shown in Figure 5. 8, were selected according to their 

biocompatibility, toxicity, and solubility.  

 

 

Figure 5. 8 | Congo Red counter-ions structures. 
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A. Ionic exchange methodology 

As usually in organic salts preparation, the first synthetic approach used was 

based on an ionic exchange reaction. This methodology was previously 

explained in chapter 6.1 (section 4.1). As mentioned, from this reaction is 

expected to obtain two products as a result of the ionic exchange reaction 

between the two involved salts. The main product is the novel organic salt 

based on congo red anion unit and the chosen counter-ion and, also, an 

inorganic salt that arises in this process as a by-product. Selected counter-

ions used included choline [N1,1,1,C2OH], N,N-dihydroxyethyl-N,N-

dimethylammonium [N1,1,C2OH,C2OH], 1-(2-methoxyethyl)-3-methylimidazolium 

[C3OMIM] and 1-hydroxyethyl-3-methylimidazolium [C2OHMIM]. Initially, the 

synthetic procedure was accomplished in a MeOH:H2O mixture under room 

temperature for 24 h (Scheme 5. 4, Method 1).  
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Scheme 5. 4 | Synthetic methodology based on ionic exchange reaction.
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Any of the proposed salts were obtained with this synthetic method. All 

performed reactions resulted in an organic salt with a cation:anion proportion 

different from the expected 2:1. Thus, two conditions were verified in the 

execution of this method, an excess of selected cation amount and a loss of 

CR during the purification process. Both conditions can be justified by the 

reduced solubility of CR-sodium salt. Sodium atoms are not being all 

exchange by the selected cations during the reaction. Therefore, at the end 

of the reaction time a mixture of four different species can be probably 

verified (Scheme 5. 5).  

  

 

Scheme 5. 5 | Structure of final species presented in the reaction medium. 

 

Due to the reduced solubility of CR-sodium salt an incomplete reaction can 

be probably verified. In this case, [Na]2[CR] as well as NaCl produced during 

the reaction, are lost in the purification process (filtration) leading to a final 

mixture with the selected cation in excess. 
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In order to increase the solubility of CR and, also, to facilitate the exchange 

of sodium atoms, a second procedure was applied (Scheme 5. 4, Method 2). 

The main idea was to change sodium atoms for ammonium (smaller than 

selected cations) and, with this change, increase CR solubility leading to an 

easier exchange of ammonium cations by the selected structures. Reactional 

solvent was optimized in order to increase CR dissolution. This synthetic 

method did not result in the expected final products due to the inefficient 

exchange of sodium for ammonium cations.  

 

B. Ionic exchange resin method 

A second synthetic approach used to prepare the salts consists in the 

reaction between the protonated-CR dye and the selected compounds in 

their hydroxide form. Selected counter-ions used with this method included 

choline [N1,1,1,C2OH], N,N-dihydroxyethyl-N,N-dimethylammonium 

[N1,1,C2OH,C2OH], tetrabutylammonium [N4,4,4,4], 1-ethyl-3-methylimidazolium 

[C2MIM], 1-(2-methoxyethyl)-3-methylimidazolium [C3OMIM], 1-

hydroxyethyl-3-methylimidazolium [C2OHMIM] and cetylpyridinium [C16py]. 

Congo red protonated specie could be obtained by the use of an ionic 

exchange resin where the sodium atoms remain immobilized in the resin 

through the replacement with protons (Scheme 5. 6, Step 1). This initial step 

has, however, an important limitation related with the amount of solvents 

necessary to perform the exchange between sodium and protons atoms. Due 

to Congo red limited solubility very high volumes of water and ethanol are 

required.  Beyond the problem associated to volume itself, there is still the 

much higher consumption of energy needed to evaporate the solvents. At 

the same time of this synthetic step, the selected compounds needed to 

complete the reactions are also passed through an exchange resin where 

halogen anions are immobilized in the resin through the replacement with 
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hydroxide anions (Scheme 5. 6, Step 2). Finally, a neutralization reaction is 

performed to give the pure final products without the necessity to perform 

any purification procedure.  

 

 

Scheme 5. 6 | Synthetic approach based on ionic exchange resin. 

 

Due to the low stability of CR-acidic form, the separation of the resin was 

carried out through a decantation process. In Table 5. 3 it is possible to see 

the summarized results obtained. Regarding to the synthesis related with the 

preparation of [N4,4,4,4]2[CR] and [C16pyr]2[CR] salts, it was verified by 1H-

NMR the presence of approximately 20% of cation excess when compared 

with anion scaffold for both compounds. 
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Table 5. 3 | Prepared novel organic salts based on CR unit through ionic exchange 

synthetic methodology. 

  Purity (%) (a) Physical state Tm [Td] (ºC) (b) 

[Na]2[CR] - Red Solid >360 

[N1,1,1,C2OH]2[CR] >90 Dark Red Solid >250 

[N1,1,C2OH,C2OH]2[CR] >90 Dark Red Solid >250 

[C2MIM]2[CR] 94 Green Solid n.d. 

[C2OHMIM]2[CR] >90 Dark Red Solid 175.2  

[C3OMIM]2[CR] >90 Red Solid n.d. 

(a) Purity obtained from 1H-NMR spectroscopy. 
(b) Melting temperatures (Tm) were determined on Electrothermal Melting Point Apparatus 
and DSC (for [C2OHMIM]2[CR]). 

 

All compounds were obtained as solids with high purity levels. As can be 

seen, for compounds whose transition temperatures were evaluated, it was 

possible to reduce the melting point when compared with the starting material 

([Na]2[CR]).  

2.2.2. Birefringence evaluation 

Some products were also evaluated about their birefringence properties 

(Figure 5. 9) since this is the method used to detect amyloid plaques with 

Congo Red. All compounds showed to maintain this ability through the 

observation of their bright color under cross-polarized light in the absence of 

amyloid plaques. Future studies must be made in the presence of amyloid 

aggregates. 
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Figure 5. 9 | Synthesized CR-based compounds birefringence. 

 

3. Conclusions 

A set of Thioflavin T and Congo red-based compounds were prepared. 

Synthetic methodologies used in salts formulation were a major challenge 

and still need to be optimized, however, an huge step was reached with this 

work. Several methods were experimented according to the used probe. 

Obtained ThT-based salts were prepared essentially by two methods, ionic 

exchange reactions and acid-base synthetic approach. All prepared ionic 

compounds were characterized by 1H-NMR and elemental analysis. Also, 

their thermal properties were evaluated. All compounds were obtained as 
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solids in small to moderate yields (36-72%) and with high purity levels (≥92% 

for all synthetized salts). 

Regarding to congo red salts, a methodology based on ionic exchange 

reactions was firstly applied, however, this procedure seems to be unsuitable 

to this compound. This can be probably related with this probe structural size 

and rigidity. Thus, during this work it was possible to find an alternative 

methodology that allowed the preparation of salts based on this dye. This 

method is based on an acid-base reaction and still needs to be improved in 

order to overcome congo red low stability problem and, also, in order to 

achieve to a method more sustainable and effective. Nevertheless, this initial 

optimization work it is an important step in the chemistry of congo red 

reactions. All prepared compounds were characterized by 1H-NMR, 

elemental analysis and about their thermal features. All compounds were 

obtained as solids in small to moderate yields (32-63%) and with a high purity 

level (>90% for all synthetized salts). Finally, CR-based salts were 

characterized according to their birefringence. It was possible to observe by 

cross polarization that all CR-based salts maintained this important property 

after counter-ion change.  

 

4. Experimental Section 

4.1. General Remarks 

All commercial organic solvents were used as supplied from Sigma-Aldrich 

in analytical purity grade. Commercially available reagents were purchased 

from different chemical companies and almost all used as received. 

Thioflavin T (tech. 75%, alfa aesar) was purified through dissolution in 

ethanol and filtration of precipitated impurities. 1H, 13C and 19F-NMR were 

recorded on a Bruker AMX400 spectrometer. Chemical shifts are reported 
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downfield in parts per million using CD3OD and (CD3)2SO as deuterated 

solvents. Elemental analysis (C, H, N, analyzer) of each synthesized organic 

salt was performed by Laboratório de Análises at LAQV-REQUIMTE. For the 

salts which were solid at room temperature, the melting point determination 

was performed using a Stuart Scientific Melting Point SMP1 and/or 

Differential Scanning Calorimetry (DSC). ThT fluorescence measurements 

were performed in solution and using a SPEX Fluorolog-3 Model FL3-22 

spectrofluorimeter. 

4.2. Synthetic methodologies and characterization 

4.2.1. Synthesis and characterization of Thioflavin T-based 

probes 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium docusate 

[ThT][AOT]: [ThT][Cl] (0.30g; 0.94mmol) and methanol were added to a 

round-bottomed flask. To the resulting solution was added [Na][AOT] (0.46g; 

1.04mmol) under constant stirring. The reaction mixture was stirring at room 

temperature for 24h after which time the solvent was evaporated. The 

mixture was redissolved in acetone and the precipitated was filtered. The 

solvent was again evaporated, and the compound dried under vacuum. The 

product [ThT][AOT] (0.48g, 72%) was obtained as a yellow gel. 1H NMR (400 

MHz, (CD3)2SO) δ 8.15 (m, 2H), 7.82 (d, J3 (H,H) = 9.0 Hz, 2H), 7.71 (d, J3 

(H,H) = 8.2 Hz, 1H), 6.98 (d, J3 (H,H) = 9.1 Hz, 2H), 4.22 (s, 3H), 3.88 (s, 

4H), 3.61 (dd, J3 (H,H) = 11.6, 3.5 Hz, 1H), 3.12 (s, 6H), 2.87 (m, 1H), 2.80 

(dd, J3 (H,H) = 17.2, 3.5 Hz, 1H), 1.48 (s, 2H), 1.23 (s, 16H), 0.84 (m, 12H). 

13C NMR (100 MHz, DMSO) δ 173.13, 171.54, 168.84, 154.14, 141.44, 

138.55, 132.70, 131.02, 128.62, 123.78, 117.03, 112.47, 111.43, 66.62, 

66.55, 66.51, 61.91, 38.63, 34.61, 31.15, 30.21, 30.09, 30.03, 28.80, 22.88, 

21.45, 14.38, 14.35, 11.28, 11.25, 11.21. Elemental analysis calcd (%) for 
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C37H56N2O7S2.4H2O (777.15): C 57.18, N 3.61, H 8.32; found: C 57.26, N 

4.3, H 6.96. 

 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium triflate 

[ThT][OTf]: [ThT][Cl] (0.50g; 1.57mmol) and methanol were added to a 

round-bottomed flask. To the resulting solution was added [Na][OTf] (0.32g; 

1.88mmol) under constant stirring. The reaction mixture was stirring at room 

temperature for 24h after which time the solvent was evaporated. The 

mixture was redissolved in acetone and the precipitated was filtered. The 

solvent was again evaporated, and the compound dried under vacuum. The 

product [ThT][OTf] (0.37g, 54%) was obtained as a yellow solid. 1H NMR 

(400 MHz, (CD3)2SO) δ 8.16 (m, 13H), 7.83 (d, J3 (H,H) = 9.1 Hz, 12H), 7.72 

(d, J3 (H,H) = 8.5 Hz, 7H), 6.99 (d, J3 (H,H) = 9.1 Hz, 12H), 4.23 (s, 20H), 

3.13 (s, 37H), 2.84 (s, 2H), 2.68 (s, 3H), 2.54 (s, 20H), 2.34 (s, 5H). 19F NMR 

(376 MHz, DMSO) δ -77.76. Elemental analysis calcd (%) for 

C18H19N2O3S2.4H2O (504.59): C 42.84, N 5.55, H 5.40; found: C 42.83, N 

5.17, H 3.63. 

 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium saccharin 

[ThT][Sac]: [ThT][Cl] (0.30g; 0.95mmol) and methanol:H2O (25:75%) were 

added to a round-bottomed flask. To the resulting solution was added 

[Na][Sac] (0.21g; 1.14mmol) under constant stirring. The reaction mixture 

was stirring at room temperature for 24h after which it was visible a 

precipitated. The mixture was filtered and the solid washed with water and 

then dried under vacuum. The product [ThT][Sac] (0.16g, 38%) was obtained 

as a yellow solid. 1H NMR (400 MHz, (CD3)2SO) δ 8.15 (m, 2H), 7.83 (d, J3 

(H,H) = 8.9 Hz, 2H), 7.72 (d, J3 (H,H) = 8.4 Hz, 1H), 7.64 (m, 1H), 7.58 (m, 

3H), 6.98 (d, J3 (H,H) = 9.0 Hz, 2H), 4.23 (s, 3H), 3.13 (s, 6H), 2.54 (s, 3H). 
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Elemental analysis calcd (%) for C24H23N3O3S2.0.5H2O (474.63): C 60.73, N 

8.86, H 5.11; found: C 60.31, N 8.56, H 4.99 

 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium 4-

Hydroxybenzoate [ThT][PHBA]: 4-Hydroxybenzoate (0.09g; 0.63mmol) 

and H2O were added to a round-bottomed flask. To the resulting solution was 

added NaOH (1.25mL) under constant stirring. The reaction mixture was 

stirring at room temperature for 1h. A solution of [ThT][Cl] (0.20g, 0.63mmol) 

and MeOH:H2O was then added to the previous solution. The mixture was 

stirring at room temperature for 24h after which it was observed the presence 

of a precipitated. The solid was filtered, washed with distilled H2O and the 

final product dried under vacuum. The product [ThT][PHBA] (0.09g, 36%) 

was obtained as a yellow solid. 1H NMR (400 MHz, CD3OD) δ 8.01 (m, 2H), 

7.82 (m, 4H), 7.72 (d, J3 (H,H) = 8.5 Hz, 1H), 7.01 (d, J3 (H,H) = 8.9 Hz, 2H), 

6.72 (d, J3 (H,H) = 8.4 Hz, 2H), 4.30 (s, 3H), 3.19 (s, 6H), 2.61 (s, 3H). 

Elemental analysis calcd (%) for C24H24N2O3S.2.5H2O (465.61): C 61.91, N 

6.02, H 6.29; found: C 62.34, N 5.86, H 5.90. Elemental analysis calcd (%) 

for C24H24N2O4S.H2O (454.58): C 63.41, N 6.16, H 5.78; found: C 62.89, N 

5.91, H 5.66. 

 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium 3,5-

Dihydroxybenzoate [ThT][α-RA]: 3,5-Dihydroxybenzoic acid (0.10g; 

0.63mmol) and H2O were added to a round-bottomed flask. To the resulting 

solution was added NaOH (1.26mL) under constant stirring. The reaction 

mixture was stirring at room temperature for 1h. A solution of [ThT][Cl] 

(0.20g, 0.63mmol) and EtOH was then added to the previous solution. The 

mixture was stirring at room temperature for 24h after which it was observed 

the presence of a precipitated. The solid was filtered, washed with distilled 
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H2O and the final product dried under vacuum. The product [ThT][α-RA] 

(0.09g, 34%) was obtained as a yellow solid. 1H NMR (400 MHz, (CD3)2SO 

δ 9.02 (m, -OH), 8.13 (m, 2H), 7.82 (d, J3 (H,H) = 7.2 Hz, 2H), 7.71 (d, J3 

(H,H) = 6.8 Hz, 1H), 6.98 (d, J3 (H,H) = 7.2 Hz, 2H), 6.73 (s, 2H), 6.14 (s, 

1H), 4.22 (s, 3H), 3.12 (S,6H), 2.54 (S, 3H).  Elemental analysis calcd (%) 

for C24H24N2O4S.H2O (454.58): C 63.41, N 6.16, H 5.78; found: C 62.89, N 

5.91, H 5.66. 

 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium cholate 

[ThT][ChAc]: Cholic acid (0.19g; 0.47mmol) and a mixture ethanol:H2O 

were added to a round-bottomed flask. To the resulting solution was added 

NaOH (0.94mL) under constant stirring. The reaction mixture was stirring at 

room temperature overnight. A solution of [ThT][Cl] (0.15g, 0.47mmol) and 

EtOH was then added to the previous solution and the mixture was stirring 

at room temperature for 24h. The solvent was evaporated and the solid 

redissolved in a mixture of CH2Cl2:EtOH (CH2Cl2 in large excess). The 

mixture was filtered and the final product dried under vacuum. The product 

[ThT][ChAc] (0.17g, 52%) was obtained as a yellow solid. 1H NMR (400 MHz, 

(CD3)2SO δ 8.16 (m, 2H), 7.83 (d, J3 (H,H) = 8.8 Hz, 2H), 7.72 (d, J3 (H,H) = 

8.4 Hz, 1H), 6.99 (d, J3 (H,H) = 9.2 Hz, 2H), 4.23 (s, 3H), 3.13 (S,6H), 2.55 

(S, 3H), 0.59 (s,3H).  Elemental analysis calcd (%) for C41H58N2O5S.4.5H2O 

(772.16): C 63.77, N 3.63, H 8.76; found: C 63.39, N 4.11, H 7.97. 

 

2-[4-(Dimethylamino)phenyl]-3,6-dimethylbenzothiazolium 

camphorsulfonate [ThT][CPSA]: Camphorsulfonic acid (0.11g; 0.45mmol) 

and ethanol were added to a round-bottomed flask. To the resulting solution 

was added NaOH (0.90mL) under constant stirring. The reaction mixture was 

stirring at room temperature overnight. A solution of [ThT][Cl] (0.14g, 
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0.45mmol) and EtOH was then added to the previous solution and the 

mixture was stirring at room temperature for 24h. The solvent was 

evaporated and the solid redissolved in a mixture of CH2Cl2:EtOH (CH2Cl2 in 

large excess). The mixture was filtered and the final product dried under 

vacuum. The product [ThT][CPSA] (0.14g, 59%) was obtained as a yellow 

solid. 1H NMR (400 MHz, (CD3)2SO) δ 8.16 (m, 2H), 7.83 (d, J3 (H,H) = 9.0 

Hz, 2H), 7.71 (d, J3 (H,H) = 8.4 Hz, 1H), 6.98 (d, J3 (H,H) = 9.0 Hz, 2H), 4.23 

(s, 3H), 3.13 (s, 6H), 2.86 (m, 1H), 2.70 (m, 1H), 2.54 (s, 3H), 2.36 (m, 1H), 

2.24 (dt, J3 (H,H) = , 1H), 1.93 (t, J3 (H,H) = 4.3 Hz, 1H), 1.79 (m, 2H), 1.26 

(q,  J3 (H,H) = 9.4 Hz, 2H), 1.06 (m, 3H), 0.74 (s, 3H). Elemental analysis 

calcd (%) for C27H34N2O4S2.6H2O (568.81): C 57.01, N 4.93, H 7.10; found: 

C 56.85, N 4.74, H 6.76 

4.2.2. Synthesis and characterization of Congo red-based 

probes 

3,3'-((1E,1'E)-[1,1'-biphenyl]-4,4'-diylbis(diazene-2,1-diyl))bis(4-

aminonaphthalene-1-sulfonic acid) [H]2[CR]: Congo red (0.5g, 0.72mmol) 

was dissolved in a water/ethanol mixture (ethanol in large excess) and the 

ionic exchange resin Amberlyst 15 (H) was added to the solution. The 

prepared mixture was then slowly stirred for 30 mins at room temperature 

after which was decanted, and the solution evaporated. The final product 

was dried under vacuum to give the product [H2]2[CR] as a blue solid (0.28g, 

59%). 1H NMR (400 MHz,(CD3)2SO) δ(ppm) = 8.75 (d, J3 (H,H) = 8.2 Hz, 2H), 

8.46 (d, J3 (H,H) = 8.2 Hz, 2H), 8.32 (s, 2H), 8.12 (d, J3 (H,H) = 8.5 Hz, 4H), 

7.97 (d, J3 (H,H) = 8.5 Hz, 4H), 7.64 (t, J3 (H,H) = 7.6 Hz, 2H), 7.53 (t, J3 

(H,H) = 7.4 Hz, 2H). 
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Synthetic general procedure for congo red-based salts: Selected 

organic cations in chloride or bromide form ([N1,1,1,C2OH][Cl], [N1,1,C2OH,C2OH][Cl], 

[C2OHMIM][Cl], [C3OMIM][Cl], [C2MIM][Br], [C16Pyr][Cl]) were dissolved in 

water and passed through an anion exchange resin Amberlite IRA-400-OH. 

The prepared hydroxide cation aqueous solution was then slowly added to 

protonated congo red previously prepared and dissolved in ethanol. The 

mixture was stirred at room temperature overnight after which water and 

ethanol were evaporated. The final products were dried under vacuum.  

 

Di-N,N,N-triethyl-N-hydroxyethylammonium 4-amino-3-[4-[4-(1-amino-

4-sulfonato-naphthalen-2-yl)diazenylphenyl]phenyl]diazenyl-

naphthalene-1-sulfonate [N1,1,1,C2OH]2[CR]: [N1,1,1,C2OH][Cl] (0.02 g, 0.16 

mmol); [H]2[CR] (0.05 g, 0.08 mmol); Yield: quantitative; red solid; 1H-NMR 

(400 MHz, (CD3)2SO) δ 8.77 (d, J3 (H,H) = 8.4 Hz, 2H), 8.45 (d, J3 (H,H) = 

8.1 Hz, 2H), 8.32 (s, 2H), 8.12 (d, J3 (H,H) = 8.4 Hz, 4H), 7.98 (d, J3 (H,H) = 

8.5 Hz, 4H), 7.73 (s, 4H), 7.60 (t, J3 (H,H) = 7.7 Hz, 2H), 7.51 (t, J3 (H,H) = 

7.5 Hz, 2H), 5.32 (s, 2H), 3.83 (s, 4H), 3.10 (s, 18H). Elemental analysis 

calcd (%) for C42H54N8O10Cl2.4H2O (937.98 g.mol-1): C 53.78, N 11.95, H 

6.25; found: C 53.33, N 11.51, H 5.93. 

 

Di-N,N-dihydroxyethyl-N,N-dimethylammonium 4-amino-3-[4-[4-(1-

amino-4-sulfonato-naphthalen-2-yl)diazenylphenyl]phenyl]diazenyl-

naphthalene-1-sulfonate [N1,1,C2OH,C2OH]2[CR]: [N1,1,C2OH,C2OH][Cl] (0.02 g, 

0.126 mmol); [H]2[CR] (0.04 g, 0.06 mmol); Yield: quantitative; dark red solid; 

1H-NMR (400 MHz, (CD3)2SO) δ 8.77 (d, J3 (H,H) = 8.5 Hz, 2H), 8.45 (d, J3 

(H,H) = 8.3 Hz, 2H), 8.32 (s, 2H), 8.13 (d, J3 (H,H) = 8.1 Hz, 4H), 7.98 (d, J3 

(H,H) = 8.4 Hz, 4H), 7.73 (s, 4H), 7.60 (t, J3 (H,H) = 5.4 Hz, 2H), 7.51 (t, J = 

7.5 Hz, 2H), 5.28 (s, 4H), 3.84 (s, 8H), 3.46 (s, 8H), 3.12 (s, 12H). Elemental 
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analysis calcd (%) for C44H54N8O10S2.6H2O (1034.08 g.mol-1): C 51.10, N 

10.84, H 6.45; found: C 50.65, N 10.39, H 5.54. 

 

Di-1-(2-hydroxyethyl)-3-methylimidazolium 4-amino-3-[4-[4-(1-amino-4-

sulfonato-naphthalen-2-yl)diazenylphenyl]phenyl]diazenyl-

naphthalene-1-sulfonate  [C2OHMIM]2[CR]: [C2OHMIM][Cl] (0.02 g, 0.13 

mmol); [H]2[CR] (0.04 g, 0.06 mmol); Yield: quantitative; dark red solid; 1H-

NMR (400 MHz, (CD3)2SO) δ 9.08 (s, 2H), 8.77 (d, J3 (H,H) = 8.3 Hz, 2H), 

8.45 (d, J3 (H,H) = 8.4 Hz, 2H), 8.32 (s, 2H), 8.12 (d, J3 (H,H) = 8.4 Hz, 4H), 

7.98 (d, J = 8.4 Hz, 4H), 7.70 (d, J3 (H,H) = 12.1 Hz, 8H), 7.60 (t, J3 (H,H) = 

7.5 Hz, 2H), 7.51 (t, J3 (H,H) = 7.4 Hz, 2H), 5.20 (s, 2H), 4.21 (m, 4H), 3.86 

(s, 6H), 3.71 (s, 4H). Elemental analysis calcd (%) for C44H44N10O8S2.6.5H2O 

(1029.01 g.mol-1): C 51.35, N 13.62, H 5.59; found: C 50.58, N 12.72, H 4.59. 

 

4-amino-3-[4-[4-(1-amino-4-sulfonato-naphthalen-2-

yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-sulfonate  

[C3OMIM]2[CR]: [C3OMIM][Cl] (0.03 g, 0.15 mmol); [H]2[CR] (0.05 g, 0.08 

mmol); Yield: quantitative; red solid; 1H-NMR (400 MHz, (CD3)2SO) δ 9.09 

(s, 2H), 8.78 (d, J3 (H,H) = 8.3 Hz, 2H), 8.46 (d, J3 (H,H) = 8.0 Hz, 2H), 8.33 

(s, 2H), 8.13 (d, J3 (H,H) = 8.2 Hz, 4H), 7.98 (d, J3 (H,H) = 8.3 Hz, 4H), 7.71 

(d, J3 (H,H) = 12.8 Hz, 4H), 7.61 (t, J3 (H,H) = 7.4 Hz, 2H), 7.51 (t, J3 (H,H) = 

7.3 Hz, 2H), 4.34 (m, 4H), 3.86 (s, 6H), 3.71 – 3.62 (m, 4H), 3.25 (s, 6H). 

Elemental analysis calcd (%) for C46H48N10O8S2.7.5H2O (1075.09 g.mol-1): C 

51.39, N 13.03, H 5.92; found: C 51.08, N 12.57, H 5.56. 

 

Di-1-ethyl-3-methylimidazolium 4-amino-3-[4-[4-(1-amino-4-sulfonato-

naphthalen-2-yl)diazenylphenyl]phenyl]diazenyl-naphthalene-1-

sulfonate  [C2MIM]2[CR]: [C2MIM][Cl] (0.18 g, 0.28 mmol); [H]2[CR] (0.09 g, 
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0.46 mmol); Yield: quantitative; green solid; 1H NMR (400 MHz, (CD3)2SO) δ 

9.11 (s, 2H), 8.78 (d, J3 (H,H) = 8.4 Hz, 2H), 8.45 (d, J3 (H,H) = 8.0 Hz, 2H), 

8.32 (s, 2H), 8.13 (d, J3 (H,H) = 8.5 Hz, 4H), 7.98 (d, J3 (H,H) = 8.5 Hz, 4H), 

7.78 (s, 4H), 7.69 (s, 4H), 7.60 (t, J3 (H,H) = 7.4 Hz, 2H), 7.51 (t, J3 (H,H) = 

7.2 Hz, 2H), 4.17 (q, J3 (H,H) = 7.2 Hz, 4H), 3.84 (s, 6H), 1.41 (t, J3 (H,H) = 

7.3 Hz, 6H). Elemental analysis calcd (%) for C44H44N10O6S2.6.5H2O (997.01 

g.mol-1): C 53.00, N 14.05, H 5.77; found: C 53.58, N 12.22, H 5.33. 
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Affecting millions of people worldwide, neurodegenerative diseases are 

defined as incurable and highly incapacitating diseases that are 

characterized by the progressive loss of structure and function of nerve cells 

(neurons). Among the several diseases that can be included in this category 

(i.e. Parkinson's or Huntington's diseases, amyotrophic lateral sclerosis), 

Alzheimer’s disease emerges as the most common form of dementia. In 

addition to the massive problems associated to the patient loss of life quality 

and impairment of mental and physical abilities, one of the main problems 

associated to this type of pathologies, is the fact that they are only detected 

at a late stage where the treatment options are less effective. Thus, this 

thesis was focused on the development of ionic systems for early detection 

of neurodegenerative diseases. The followed strategy consisted of two 

distinct paths as illustrated in Scheme 6. 1.  

 

A. Synthesis and characterization of novel ionic contrast agents 

The first pathway consisted in the preparation of a set of potential contrast 

agents for MRI diagnosis technique. During this part of the work, it was 

possible to synthesize a set of magnetic ionic liquids or organic salts based 

on the choline cation and its derivatives (Figure 6. 1). These structures were 

prepared from commercial and low-cost tertiary amines using optimized 
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alkylation methods. Thus, different alkyl chains (C2, C4 and C6) and 

functionalized groups (alcohols) were introduced in the tertiary amines 

structures to obtain the desired choline derivative cations. 

 

 

Figure 6. 1 | General scheme of biocompatible ILs and organic salts based on 

choline derivatives. 

 

Cholinium family was selected in order to increase the biocompatibility of the 

salts due to its small cytotoxicity and extremely important functions in the 

human body. The main idea of using this organic cation scaffold was to 

reduce the toxicity associated to the presence of metal anions in the final 

magnetic products as well as to increase the bioavailability of the magnetic 

organic salt. All synthesized choline derivative organic cations were 

structurally characterized by 1H-NMR, FTIR, and elemental analysis (C, H, 

N). Most of the halogenated compounds were obtained as solids and as a 

high relative purity product (≥93% determined by 1H-NMR). [N1,1,6,C2OH][Br] 

and [N1,1,2,C3OH][Cl] salts are presented in this work as examples of  RTILs. 

Further complexation reactions, to introduce the metals in the organic salt 
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formulation were also performed. Once obtained the cation structures 

(chloride salts), the transition metals such as iron (III) and manganese (II); 

and lanthanides such as gadolinium (III) and terbium (III), were selected to 

be combined to organic cations through complexation reactions. All 

compounds were characterized according to their physical, thermal, and 

magnetic properties. Three examples of MILs, [N1,1,4,C2OH][FeCl4], 

[N1,1,2,C3OH][FeCl4] and [N1,1,4,C3OH][FeCl4] were obtained. [N1,1,2,C3OH][FeCl4] 

and [N1,1,4,C3OH][FeCl4] salts arise also as two examples of RTILs. All Mn (II), 

Gd (III) and Tb (III) based salts resulted in solid products with melting 

temperatures higher than 100 ºC. Despite a significant reduction of the 

melting point (comparing to choline chloride and metals), the prepared salts 

are not included in ionic liquids definition (melting point lower than 100 ºC). 

Effective magnetic moments were also determined for all prepared salts, and 

it was possible to establish a standard behavior between this magnetic 

property and the cation structural features. Cytotoxic effect of the prepared 

compounds (halogen and metal-based salts) was evaluated in four different 

cell lines, normal (3T3 and 293T) and tumoral (Caco-2 and HepG2). In 

general, chloride-based salts did not induce any cytotoxicity in normal and 

tumoral cells while in the case of metal-based salts, most of the compounds 

did not present any cytotoxicity for the studied cells.  

Two gadolinium (III)-based magnetic salts, [N1,1,1,C2OH][GdCl4] and 

[N1,1,2,C3OH][GdCl4], were selected to carried out a preliminary study that 

allowed to evaluate their applicability as MRI contrast agents through 

determination of their relaxivities r1 and r2. The study was conducted in 

aqueous solutions at 400 MHz (9.4 T), 37 ºC (309 K) and by measuring the 

effect of five different compounds concentrations (0.05-1.00mM) on 

longitudinal (T1) and transversal (T2) relaxation times of water. From the 

observation of T1 relaxation fitting results, it was possible to verify a 
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concentration-dependent change in the system behaviour. The increase of 

water amount, i.e., with the reduction of compounds concentration, a change 

from a mono-exponential to a multi-exponential system could be verified. 

This behaviour can be related with an ion solvation mechanism where the 

organized structure of the organic salt is broken and smaller species such as 

ion pairs or, in more diluted solutions, isolated hydrated ions are formed and 

stabilized by the solvent. Further conductivity measurements or another 

equivalent method should be performed in order to check the formation of 

the ion pairs. T2 relaxation fitting results showed a mono-exponential 

behaviour for all salts concentrations. Once obtained the relaxivity constants 

r1 and r2, and assuming the theory that relates the inverse proportion relation 

between r1 relaxivity and the field strength, it was possible to perform a rough 

comparison between the prepared salts and some commercial contrast 

agents. In this context, choline-based magnetic salts presented higher r1 

relaxivities than most of the contrast agents commercially available which 

can lead to the theoretical conclusion that prepared salts can provide an 

high-enhancement effect.  

Additionally, all manganese (II)-based salts (choline derivatives, 

tetraethylammonium and two additional families, phosphonium and 

imidazolium) showed to be photoluminescent compounds with the emission 

colour (red and green) directly associated to the metal coordination type 

(𝑀𝑛𝑋6
4− for octahedral and 𝑀𝑛𝑋4

2− for tetrahedral systems, respectively). 

Single crystal x-ray crystallography was performed to confirm the crystalline 

structure of the salts [N1,1,1,C2OH][MnCl3], [N1,1,C2OH,C2OH][MnCl3] and 

[N2,2,2,2][MnCl3] and to determine the complex geometry. Luminescence of all 

manganese (II)-based salts was evaluated according to their quantum yield 

(absolute method) and lifetime decay (phosphorescence decay). Excitation 

spectra showed the presence of crystal polymorphism for compounds with 
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the presence of oxygen in their cation structure. It was also possible to 

correlate the salts quantum yield and their structural features. 

[N1,1,4,C2OH][MnCl3] exhibited the highest quantum yield (12.8%) from choline 

derivative salts. On the other hand, [N2,2,2,2][MnCl3] arises as the compound 

with the highest quantum yield (72.2%) from all prepared salts. Lifetime 

decays indicated us that the deactivation mechanism of compounds in the 

excited state is accomplished through a phosphorescence process. In this 

part of the work, it was possible to identify the crystal field transitions 

associated to Mn (II) in both coordination systems and to conclude that they 

are, in general, more well-defined for cations with oxygen in their structure. 

Finally, a preliminary study was also made in order to compare the 

luminescence quantum yield of the same compound, [N1,1,1,C2OH][MnCl3], in 

its powder and crystal forms. Although the excitation spectra are very similar 

(4T2g (D) transition emerges as the exception), it is important to highlight that 

compound quantum yield increases from 4.74% (powder) to 10.95% in its 

crystal form. 

When coordinated with a large linear molecule, the metal toxicity is reduced 

since the metal is trapped. In this work, metal organic salts prepared possess 

a small size ligand, which can lead to an increase of their toxicity. In order to 

evaluate the toxicity of the prepared magnetic organic salts due to the small 

size ligand (chloride) and to compare with a different and safe system, the 

analogues of two selected choline derivatives cations ([N1,1,4,C2OH] and 

[N1,1,4,C3OH]) were immobilized in mesoporous silica nanoparticles (MSNs). It 

is important to emphasize about the possibility to modulate the MILs toxicity 

combining the organic salts and nanoparticle systems. All prepared 

nanomaterials were completely characterized by different techniques: 1H-

NMR (proton nuclear magnetic resonance), FT-IR (Fourier transform 

infrared), EA (elemental analysis), ICP-MS (inductively coupled plasma 



Conclusions and Future work 

 

 

 

262 
 

mass spectrometry), XRF (X-Ray Fluorescence), TEM (transmission 

electron microscopy), TGA (thermogravimetric analysis), N2 adsorption, XRD 

(X-ray diffraction) and DLS (dynamic light scattering). These techniques 

allowed to elucidate about the features of nanomaterials structure, to confirm 

the effective functionalization of MSNs with the selected cations as wells as 

the presence of the desired metal anions. It was possible to verify that the 

cation:anion (metal complex) proportion obtained in the final materials was 

not the expected 1:1. Thus, in the future, MSNs based ionic liquids should 

be optimized using an alternative synthetic methodology. Once the correct 

proportion between elements in the metallic complex is guaranteed, it is 

required to evaluate their magnetic properties as well as the functionality of 

gadolinium (III)-based materials as MRI contrast agents. These relaxivities 

results can be compared with the results obtained for choline derivative salts 

already studied in this work. Moreover, it is important to extend the 

relaxometry studies to other materials already prepared with manganese (II) 

and terbium (III) for both systems. As performed for non-functionalized salts, 

cytotoxicity studies of the immobilized analogues were performed in the 

same four cells lines (3T3, Caco-2, HepG2 and 293T). In general, it was not 

possible to distinguish a cytotoxic effect between the two cations, however, 

from the evaluation of the two systems it was possible to observe some 

specific differences between the metal organic salts and their immobilized 

analogues. 

In the future work, it would be interested to develop iron oxide nanoparticles 

(IONPs) functionalized with the same cations already described in order to 

compare their magnetic properties and their effectiveness as contrast agent 

for MRI. 
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B. Synthesis and characterization of novel amyloid-specific dyes 

For second pathway of the thesis (Scheme 6. 1), the main objective was 

focused on the preparation a set of novel ionic compounds capable of being 

applied as amyloid-specific dyes for staining aggregates deposits and, 

ideally, to stabilize the initial structures of amyloid fibrils formation. Thus, two 

commercial available probes, thioflavin T and congo red, were used as 

starting materials to achieve to these new ionic probes (Figure 6. 2). Several 

synthetic methodologies were applied in order to obtain the desired salts. 

 

 

Figure 6. 2 | (A) ThT and (B) CR selected counter-ions and (C, D) respective 

synthetic methodologies adopted in this work. Acronyms identified with blue colour 

correspond to the compounds obtained through the methods used in this work. 

 

Nevertheless, the preparation of ionic amyloid-specific dyes was reached 

using different counter-ions as illustrated in Figure 6. 2 (A) and (B).  

ThT-based salts were prepared by three distinct methods, through ionic 

exchange reactions, ionic exchange resin procedure and acid-base synthetic 

approach (Figure 6. 2 (C)). From these three methodologies, the ionic 
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exchange resin was the only one that did not result in any of the desired 

products since ThT appears to decompose in the resin. All prepared salts (in 

blue on Figure 6. 2 (A)) were characterized by 1H-NMR, elemental analysis 

and thermal analysis. ThT-organic salts were obtained as solids with a high 

purity level (>90% determined by 1H-NMR).  

ThT detection method is based on its fluorescence properties. This probe 

presents a self-quenching ability exhibited for the free state structure. When 

bounded to the amyloid aggregates, the rotation associated to the bond 

between benzothiazole and aniline units is blocked and ThT fluorescence 

increases. During this work, it was possible to optimize the formation and 

monitorization of fibrillation process using Lysozyme from chicken egg white. 

It was possible to observe that fibrils formation (without the presence of any 

of the synthesized organic salts) reaches to an equilibrium state after 

approximately 90 minutes.  

Regarding to CR-based salts, two synthetic procedures were applied (Figure 

6. 2 (D)). Ionic exchange reactions proved to be unsuitable to perform 

chemical reactions with this compound. This limitation can be justify by the 

size of CR structure. Alternatively, an ion exchange resin was used to change 

sodium ions from Congo red salt by H+ followed by an acid-base reaction 

with the hydroxide forms of the selected counter-ions. This method still needs 

to be improved in order to overcome Congo red low stability issue and, to 

achieve a more sustainable and effective synthetic process. Prepared 

compounds (in blue on (Figure 6. 2 (B)) were characterized by 1H-NMR, 

elemental analysis and thermal analysis. All CR-based salts were obtained 

as solids with a high purity level (>90% determined by 1H-NMR). 

According to CR intrinsic birefringence, it is possible to detect amyloid 

aggregates through the observation of their bright color change under cross-

polarized light in the absence/presence of amyloid plaques. In general, all 
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CR-based salts maintained this important property in the absence of amyloid 

plaques after counter-ion change.  

 

 

Figure 6. 3 | Structures of (A) important counter-ions to be used in the preparation 

of new probes; (B) Cationic and (C) anionic probes as possible alternatives. 

 

Complementary fluorescence (ThT) and birefringence (CR) studies of the 

prepared ThT and CR-based organic probes in the presence of amyloid fibrils 

are in progress.  

Taking advantage of the previous experience about the development of 

alternative ionic organic probes for amyloid staining, it would be possible to 

design new salts for ThT and CR probes based on different counter-ions 
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(Figure 6. 3 (A)). These ions can be selected for a dual-function: 1) a 

significant role in the inhibition of amyloid oligomerization (e.g. methylene 

blue) and/or 2) using drugs already tested for neurodegenerative diseases 

(e.g. memantine and levodopa).  

For other side, it would be also possible to explore new fluorescent probes 

such as cyanine and stilbene as alternatives to ThT and CR (Figure 6. 3 (B) 

and (C)).  
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1. Structural characterization of biocompatible choline 

derivatives organic salts (1H-NMR and FT-IR) 

 

Figure SI 1 | FT-IR spectra of [N2,2,2,C2OH][Br]. 

 

Figure SI 2 | 1H-NMR spectra of [N2,2,2,C2OH][Cl] in (CD3)2SO. 
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Figure SI 3 | FT-IR spectra of [N2,2,2,C2OH][Cl]. 

 

 

Figure SI 4 | 1H-NMR spectra of [N2,2,2,C2OH][Cl] in D2O. 
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Figure SI 5 | FT-IR spectra of [N2,2,4,C2OH][Br]. 

 

 

Figure SI 6 | 1H-NMR spectra of [N2,2,4,C2OH][Cl] in D2O. 
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Figure SI 7 | FT-IR spectra of [N2,2,6,C2OH][Br]. 

 

 

Figure SI 8 | 1H-NMR spectra of [N2,2,6,C2OH][Br] in CD3OD. 
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Figure SI 9 | FT-IR spectra of [N1,1,2,C2OH][Br]. 

 

 

Figure SI 10 | 1H-NMR spectra of [N1,1,2,C2OH][Br] in CD3OD. 
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Figure SI 11 | FT-IR spectra of [N1,1,4,C2OH][Cl]. 

 

 

Figure SI 12 | 1H-NMR spectra of [N1,1,4,C2OH][Cl] in (CD3)2SO. 
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Figure SI 13 | FT-IR spectra of [N1,1,6,C2OH][Br]. 

 

 

Figure SI 14 | 1H-NMR spectra of [N1,1,6,C2OH][Br] in CD3OD. 
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Figure SI 15 | FT-IR spectra of [N1,1,C2OH,C2OH][Cl]. 

 

 

Figure SI 16 | 1H-NMR spectra of [N1,1,C2OH,C2OH][Cl] in D2O. 
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Figure SI 17 | FT-IR spectra of [N1,1,2,C3OH][Br]. 

 

 

Figure SI 18 | 1H-NMR spectra of [N1,1,2,C3OH][Br] in D2O. 
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Figure SI 19 | FT-IR spectra of [N1,1,2,C3OH][Cl]. 

 

 

Figure SI 20 | 1H-NMR spectra of [N1,1,2,C3OH][Cl] in D2O. 
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Figure SI 21 | FT-IR spectra of [N1,1,4,C3OH][Cl]. 

 

 

Figure SI 22 | 1H-NMR spectra of [N1,1,4,C3OH][Cl] in D2O. 
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Figure SI 23 | 1H-NMR spectra of [P4,4,4,4][Cl] in D2O. 

 

 

Figure SI 24  | FT-IR spectra of [P4,4,4,4][Cl]. 
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Figure SI 25 | 1H-NMR spectra of [C2MIM][Cl] in D2O. 

 

 

Figure SI 26 | FT-IR spectra of [C2MIM][Cl]. 
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2. Structural characterization of magnetic organic salts (FT-

IR) 

2.1. Iron (III)-based magnetic salts 

 

Figure SI 27 | FT-IR spectra of [N1,1,4,C2OH][FeCl4]. 

 

 

Figure SI 28 | FT-IR spectra of [N1,1,C2OH,C2OH][FeCl4]. 
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Figure SI 29 | FT-IR spectra of [N1,1,2,C3OH][FeCl4]. 

 

 

Figure SI 30 | FT-IR spectra of [N1,1,4,C3OH][FeCl4]. 
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Figure SI 31 | FT-IR spectra of [N1,1,1,C2OH][FeCl4]. 

 

2.2. Manganese (II)-based magnetic salts 

 

Figure SI 32 | FT-IR spectra of [N1,1,4,C2OH][MnCl3]. 
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Figure SI 33 | FT-IR spectra of [N1,1,C2OH,C2OH][MnCl3]. 

 

 

Figure SI 34 | FT-IR spectra of [N1,1,2,C3OH][MnCl3]. 
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Figure SI 35 | FT-IR spectra of [N1,1,4,C3OH][MnCl3]. 

 

 

Figure SI 36 | FT-IR spectra of [N1,1,1,C2OH][MnCl3]. 
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Figure SI 37 | FT-IR spectra of [P4,4,4,4][MnCl3]. 

 

 

Figure SI 38 | FT-IR spectra of [PC2OH,C2OH,C2OH,C2OH][MnCl3]. 
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Figure SI 39 | FT-IR spectra of [C2MIM][MnCl3]. 

 

 

Figure SI 40 | FT-IR spectra of [C2OHMIM][MnCl3]. 
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Figure SI 41 | FT-IR spectra of [C2OHDMIM][MnCl3]. 

 

 

Figure SI 42 | FT-IR spectra of [N2,2,2,2][MnCl3]. 

 

 



Supplementary Information 

294 
 

3. Single crystal x-ray crystallography  
 

3.1. Single crystal X-ray analysis of [N1,1,1,C2OH][MnCl3] 
  

Table SI 1 | Crystal data and structure refinement for the title compound. 

Empirical formula  C5 H14 Cl3 Mn N O 

Formula weight  265.46 

Temperature  110(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pna21 

Unit cell dimensions a = 16.8451(9) Å         α= 90°. 

 b = 8.3549(4) Å           β= 90°. 

 c = 7.4374(4) Å           γ= 90°. 

Volume 1046.73(9) Å3 

Z 4 

Density (calculated) 1.685 Mg/m3 

Absorption coefficient 1.977 mm-1 

Crystal size 0.05 x 0.05 x 0.05 mm3 

Reflections collected 15667 

Independent reflections 1864 [R(int) = 0.0263] 

Completeness to theta = 25.69° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1864 / 1 / 107 

Goodness-of-fit on F2 1.134 

Final R indices [I>2sigma(I)] R1 = 0.0144, wR2 = 0.0345 

R indices (all data) R1 = 0.0148, wR2 = 0.0346 

Absolute structure parameter 0.010(12) 

Largest diff. peak and hole 0.185 and -0.447 e.Å-3 
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Table SI 2 | Atomic coordinates ( x 104) and equivalent isotropic displacement 

parameters (Å2x 103) for the title compound.  U(eq) is defined as one third of the 

trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Mn(1) 5046(1) 4843(1) 3989(1) 6(1) 

Cl(2) 5867(1) 6142(1) 6467(1) 8(1) 

Cl(3) 4014(1) 4279(1) 6429(1) 10(1) 

Cl(1) 5729(1) 2235(1) 4492(1) 9(1) 

O(1) 4433(1) 7153(1) 3530(2) 10(1) 

N(1) 3155(1) 9823(1) 4460(2) 9(1) 

C(1) 4566(1) 8640(2) 4444(2) 11(1) 

C(2) 4009(1) 9959(2) 3847(2) 11(1) 

C(4) 3092(1) 9983(2) 6459(3) 16(1) 

C(5) 2704(1) 11176(2) 3622(2) 16(1) 

C(3) 2786(1) 8267(2) 3887(2) 15(1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Information 

296 
 

Table SI 3 | Bond lengths [Å] and angles [°] for the title compound. 

Mn(1)-O(1)   

 2.2145(10) 

Mn(1)-Cl(1)  2.4928(4) 

Mn(1)-Cl(2)  2.5477(4) 

Mn(1)-Cl(3)  2.5562(4) 

Mn(1)-Cl(2)#1  2.5610(4) 

Mn(1)-Cl(3)#1  2.5828(5) 

Cl(2)-Mn(1)#2  2.5611(4) 

Cl(3)-Mn(1)#2  2.5828(5) 

O(1)-C(1)  1.4338(17) 

O(1)-H(1)  0.84(2) 

N(1)-C(4)  1.496(2) 

N(1)-C(5)  1.4979(18) 

N(1)-C(3)  1.5022(18) 

N(1)-C(2)  1.5135(18) 

C(1)-C(2)  1.5149(19) 

C(1)-H(1A)  0.9900 

C(1)-H(1B)  0.9900 

C(2)-H(2A)  0.9900 

C(2)-H(2B)  0.9900 

C(4)-H(4A)  0.9800 

C(4)-H(4B)  0.9800 

C(4)-H(4C)  0.9800 

C(5)-H(5A)  0.9800 

C(5)-H(5B)  0.9800 

C(5)-H(5C)  0.9800 

C(3)-H(3A)  0.9800 

C(3)-H(3B)  0.9800 

C(3)-H(3C)  0.9800 

O(1)-Mn(1)-Cl(1) 179.63(3) 

O(1)-Mn(1)-Cl(2) 89.62(3) 

Cl(1)-Mn(1)-Cl(2) 90.742(14) 

O(1)-Mn(1)-Cl(3) 87.33(3) 

Cl(1)-Mn(1)-Cl(3) 92.633(14) 

Cl(2)-Mn(1)-Cl(3) 86.222(15) 

O(1)-Mn(1)-Cl(2)#1 83.54(3) 

Cl(1)-Mn(1)-Cl(2)#1 96.095(14) 

Cl(2)-Mn(1)-Cl(2)#1 173.151(9) 

Cl(3)-Mn(1)-Cl(2)#1 93.021(14) 

O(1)-Mn(1)-Cl(3)#1 85.68(3) 

Cl(1)-Mn(1)-Cl(3)#1 94.351(14) 

Cl(2)-Mn(1)-Cl(3)#1 94.537(14) 

Cl(3)-Mn(1)-Cl(3)#1 172.964(10) 

Cl(2)#1-Mn(1)-Cl(3)#1 85.390(15) 

Mn(1)-Cl(2)-Mn(1)#2 93.828(11) 

Mn(1)-Cl(3)-Mn(1)#2 93.108(11) 

C(1)-O(1)-Mn(1) 127.52(9) 

C(1)-O(1)-H(1) 112.4(13) 

Mn(1)-O(1)-H(1) 108.7(13) 

C(4)-N(1)-C(5) 108.10(12) 

C(4)-N(1)-C(3) 109.31(12) 

C(5)-N(1)-C(3) 109.02(12) 

C(4)-N(1)-C(2) 111.08(12) 

C(5)-N(1)-C(2) 107.40(12) 

C(3)-N(1)-C(2) 111.82(11) 

O(1)-C(1)-C(2) 113.22(12) 

O(1)-C(1)-H(1A) 108.9 

C(2)-C(1)-H(1A) 108.9 

O(1)-C(1)-H(1B) 108.9 

C(2)-C(1)-H(1B) 108.9 
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H(1A)-C(1)-H(1B) 107.7 

N(1)-C(2)-C(1) 116.52(12) 

N(1)-C(2)-H(2A) 108.2 

C(1)-C(2)-H(2A) 108.2 

N(1)-C(2)-H(2B) 108.2 

C(1)-C(2)-H(2B) 108.2 

H(2A)-C(2)-H(2B) 107.3 

N(1)-C(4)-H(4A) 109.5 

N(1)-C(4)-H(4B) 109.5 

H(4A)-C(4)-H(4B) 109.5 

N(1)-C(4)-H(4C) 109.5 

H(4A)-C(4)-H(4C) 109.5 

H(4B)-C(4)-H(4C) 109.5 

N(1)-C(5)-H(5A) 109.5 

N(1)-C(5)-H(5B) 109.5 

H(5A)-C(5)-H(5B) 109.5 

N(1)-C(5)-H(5C) 109.5 

H(5A)-C(5)-H(5C) 109.5 

H(5B)-C(5)-H(5C) 109.5 

N(1)-C(3)-H(3A) 109.5 

N(1)-C(3)-H(3B) 109.5 

H(3A)-C(3)-H(3B) 109.5 

N(1)-C(3)-H(3C) 109.5 

H(3A)-C(3)-H(3C) 109.5 

H(3B)-C(3)-H(3C) 109.5 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+1,z-1/2 

#2 -x+1,-y+1,z+1/
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Table SI 4 | Torsion angles [°] for the title compound. 

O(1)-Mn(1)-Cl(2)-Mn(1)#2 96.53(3) 

Cl(1)-Mn(1)-Cl(2)-Mn(1)#2 -83.404(13) 

Cl(3)-Mn(1)-Cl(2)-Mn(1)#2 9.185(11) 

Cl(2)#1-Mn(1)-Cl(2)-Mn(1)#2 93.05(14) 

Cl(3)#1-Mn(1)-Cl(2)-Mn(1)#2 -177.828(14) 

O(1)-Mn(1)-Cl(3)-Mn(1)#2 -98.90(3) 

Cl(1)-Mn(1)-Cl(3)-Mn(1)#2 81.470(14) 

Cl(2)-Mn(1)-Cl(3)-Mn(1)#2 -9.100(11) 

Cl(2)#1-Mn(1)-Cl(3)-Mn(1)#2 177.719(14) 

Cl(3)#1-Mn(1)-Cl(3)-Mn(1)#2 -105.54(13) 

Cl(1)-Mn(1)-O(1)-C(1) 171(100) 

Cl(2)-Mn(1)-O(1)-C(1) 0.74(12) 

Cl(3)-Mn(1)-O(1)-C(1) 86.98(12) 

Cl(2)#1-Mn(1)-O(1)-C(1) -179.68(12) 

Cl(3)#1-Mn(1)-O(1)-C(1) -93.84(12) 

Mn(1)-O(1)-C(1)-C(2) -177.05(9) 

C(4)-N(1)-C(2)-C(1) 65.72(16) 

C(5)-N(1)-C(2)-C(1) -176.27(13) 

C(3)-N(1)-C(2)-C(1) -56.71(18) 

O(1)-C(1)-C(2)-N(1) 72.51(18) 

 

Table SI 5 | Hydrogen bonds for the title compound [Å and °]. 

D-H            d(D-H)   d(H..A)   <DHA    d(D..A)     A 

O1-H1          0.843     2.218     174.92      3.059     Cl1 [ -x+1, -y+1, z-1/2 ] 
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3.2. Single crystal X-ray analysis of 

[N1,1,C2OH,C2OH][MnCl3] 

Table SI 6 | Crystal data and structure refinement for the title compound. 

Empirical formula  C18 H47 Cl9 Mn3 N3 O6 

Formula weight  885.45 

Temperature  110(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21 

Unit cell dimensions a = 8.4105(8) Å = 90°. 

 b = 9.0674(9) Å = 100.576(3)°. 

 c = 22.428(2) Å  = 90°. 

Volume 1681.3(3) Å3 

Z 2 

Density (calculated) 1.749 Mg/m3 

Absorption coefficient 1.862 mm-1 

F(000) 904 

Crystal size 0.400 x 0.200 x 0.160 mm3 

Theta range for data collection 2.785 to 25.347°. 

Index ranges -10<=h<=10, -10<=k<=10, -27<=l<=27 

Reflections collected 20269 

Independent reflections 5564 [R(int) = 0.0402] 

Completeness to theta = 25.242° 94.5 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5564 / 148 / 368 

Goodness-of-fit on F2 1.330 

Final R indices [I>2sigma(I)] R1 = 0.0495, wR2 = 0.1377 

R indices (all data) R1 = 0.0681, wR2 = 0.1411 

Absolute structure parameter 0.078(9) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.276 and -0.301 e.Å-3 
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Table SI 7 | Atomic coordinates ( x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for the title compound.  U(eq) is defined as one third of the 
trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

C(1) 4757(18) 3864(19) -1761(7) 9(3) 

C(3) 8088(18) 3874(19) 1564(7) 9(3) 

C(4) 9050(20) 7441(19) 4831(7) 10(3) 

C(5) 8573(17) 8852(18) 5092(6) 5(3) 

C(6) 6584(19) 2710(19) -2421(7) 12(4) 

C(7) 6758(18) 7689(17) 5759(6) 5(3) 

C(8) 5599(17) 8765(17) 4769(6) 3(2) 

C(9) 9850(20) 5404(17) 1089(7) 11(4) 

C(10) 6530(20) 5403(19) -2249(8) 15(4) 

C(11) 7730(20) 3730(20) -1438(7) 17(4) 

C(12) 7656(19) 2442(18) 1842(7) 10(3) 

C(14) 8726(17) 2709(19) 309(7) 9(3) 

C(15) 6810(20) 10388(17) 5585(8) 13(4) 

C(16) 7932(19) 7690(20) 6356(7) 12(4) 

C(17) 4289(19) 2434(19) -1504(7) 10(4) 

C(18) 9929(19) 2711(18) 915(7) 10(4) 

C(19) 11070(19) 3760(20) 1903(7) 16(4) 

C(20) 5412(18) 2714(19) -3016(7) 12(4) 

N(3) 6364(15) 3905(16) -1971(5) 7(3) 

N(5) 9715(15) 3906(16) 1360(6) 9(3) 

N(6) 6941(14) 8902(15) 5307(5) 7(3) 

O(1) 9537(13) 7240(13) 6299(5) 11(2) 

O(2) 8507(13) 2237(13) 2444(5) 10(2) 

O(3) 7128(13) 2266(14) 367(5) 11(2) 

O(4) 5176(13) 2236(13) -882(5) 11(2) 

O(6) 8156(14) 7244(15) 4219(5) 11(3) 

O(10) 3783(13) 2265(12) -2967(5) 9(2) 

Cl(1) 4046(5) 4000(5) 960(2) 10(1) 
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Cl(2) 7379(5) 4000(5) 4294(2) 10(1) 

Cl(3) 9448(5) 5506(4) 3129(2) 10(1) 

Cl(4) 7210(5) 10505(4) 3537(2) 10(1) 

Cl(5) 1910(5) 3980(5) -567(2) 13(1) 

Cl(6) 9290(4) 8997(5) 2373(2) 10(1) 

Cl(7) 5244(5) 3979(5) 2765(2) 12(1) 

Cl(8) 11426(5) 8980(5) 3900(2) 13(1) 

Cl(9) 3878(5) 508(4) 203(2) 10(1) 

Mn(1) 8742(3) 8156(3) 3363(1) 7(1) 

Mn(2) 7925(3) 3157(3) 3303(1) 7(1) 

Mn(3) 4593(3) 3154(3) -30(1) 7(1) 
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Table SI 8 |  Bond lengths [Å] and angles [°]. 

C(1)-C(17)  1.50(2) 

C(1)-N(3)  1.511(19) 

C(1)-H(1A)  0.9900 

C(1)-H(1B)  0.9900 

C(3)-C(12)  1.51(2) 

C(3)-N(5)  1.520(19) 

C(3)-H(3A)  0.9900 

C(3)-H(3B)  0.9900 

C(4)-O(6)  1.449(19) 

C(4)-C(5)  1.49(2) 

C(4)-H(4A)  0.9900 

C(4)-H(4B)  0.9900 

C(5)-N(6)  1.536(18) 

C(5)-H(5A)  0.9900 

C(5)-H(5B)  0.9900 

C(6)-C(20)  1.51(2) 

C(6)-N(3)  1.51(2) 

C(6)-H(6A)  0.9900 

C(6)-H(6B)  0.9900 

C(7)-C(16)  1.51(2) 

C(7)-N(6)  1.523(19) 

C(7)-H(7A)  0.9900 

C(7)-H(7B)  0.9900 

C(8)-N(6)  1.498(17) 

C(8)-H(8A)  0.9800 

C(8)-H(8B)  0.9800 

C(8)-H(8C)  0.9800 

C(9)-N(5)  1.50(2) 

C(9)-H(9A)  0.9800 

C(9)-H(9B)  0.9800 

C(9)-H(9C)  0.9800 

C(10)-N(3)  1.51(2) 

C(10)-H(10A)  0.9800 

C(10)-H(10B)  0.9800 

C(10)-H(10C)  0.9800 

C(11)-N(3)  1.505(19) 

C(11)-H(11A)  0.9800 

C(11)-H(11B)  0.9800 

C(11)-H(11C)  0.9800 

C(12)-O(2)  1.420(18) 

C(12)-H(12A)  0.9900 

C(12)-H(12B)  0.9900 

C(14)-O(3)  1.431(18) 

C(14)-C(18)  1.54(2) 

C(14)-H(14A)  0.9900 

C(14)-H(14B)  0.9900 

C(15)-N(6)  1.497(19) 

C(15)-H(15A)  0.9800 

C(15)-H(15B)  0.9800 

C(15)-H(15C)  0.9800 

C(16)-O(1)  1.438(19) 

C(16)-H(16A)  0.9900 

C(16)-H(16B)  0.9900 

C(17)-O(4)  1.467(18) 

C(17)-H(17A)  0.9900 

C(17)-H(17B)  0.9900 

C(18)-N(5)  1.51(2) 

C(18)-H(18A)  0.9900 

C(18)-H(18B)  0.9900 

C(19)-N(5)  1.513(19) 
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C(19)-H(19A)  0.9800 

C(19)-H(19B)  0.9800 

C(19)-H(19C)  0.9800 

C(20)-O(10)  1.453(18) 

C(20)-H(20A)  0.9900 

C(20)-H(20B)  0.9900 

O(1)-Mn(2)#1  2.312(11) 

O(2)-Mn(2)  2.234(11) 

O(2)-H(20)  0.84(3) 

O(3)-Mn(3)  2.300(11) 

O(3)-H(30)  0.88(19) 

O(4)-Mn(3)  2.219(11) 

O(4)-H(40)  0.84(3) 

O(6)-Mn(1)  2.228(11) 

O(6)-H(600)  0.71(17) 

O(10)-Mn(1)#2  2.293(11) 

O(10)-H(100)  0.87(3) 

Cl(1)-Mn(3)  2.471(4) 

Cl(2)-Mn(2)  2.472(4) 

Cl(3)-Mn(2)  2.552(4) 

Cl(3)-Mn(1)  2.553(5) 

Cl(4)-Mn(1)  2.556(4) 

Cl(4)-Mn(2)#3  2.556(5) 

Cl(5)-Mn(3)  2.470(4) 

Cl(6)-Mn(1)  2.471(4) 

Cl(7)-Mn(2)  2.469(5) 

Cl(8)-Mn(1)  2.471(4) 

Cl(9)-Mn(3)  2.551(4) 

Cl(9)-Mn(3)#2  2.559(4) 

 

C(17)-C(1)-N(3) 116.9(14) 

C(17)-C(1)-H(1A) 108.1 

N(3)-C(1)-H(1A) 108.1 

C(17)-C(1)-H(1B) 108.1 

N(3)-C(1)-H(1B) 108.1 

H(1A)-C(1)-H(1B) 107.3 

C(12)-C(3)-N(5) 116.0(13) 

C(12)-C(3)-H(3A) 108.3 

N(5)-C(3)-H(3A) 108.3 

C(12)-C(3)-H(3B) 108.3 

N(5)-C(3)-H(3B) 108.3 

H(3A)-C(3)-H(3B) 107.4 

O(6)-C(4)-C(5) 110.4(13) 

O(6)-C(4)-H(4A) 109.6 

C(5)-C(4)-H(4A) 109.6 

O(6)-C(4)-H(4B) 109.6 

C(5)-C(4)-H(4B) 109.6 

H(4A)-C(4)-H(4B) 108.1 

C(4)-C(5)-N(6) 117.8(14) 

C(4)-C(5)-H(5A) 107.9 

N(6)-C(5)-H(5A) 107.9 

C(4)-C(5)-H(5B) 107.9 

N(6)-C(5)-H(5B) 107.8 

H(5A)-C(5)-H(5B) 107.2 

C(20)-C(6)-N(3) 116.6(13) 

C(20)-C(6)-H(6A) 108.2 

N(3)-C(6)-H(6A) 108.1 

C(20)-C(6)-H(6B) 108.1 

N(3)-C(6)-H(6B) 108.1 

H(6A)-C(6)-H(6B) 107.3 

C(16)-C(7)-N(6) 117.4(12) 

C(16)-C(7)-H(7A) 107.9 
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N(6)-C(7)-H(7A) 107.9 

C(16)-C(7)-H(7B) 107.9 

N(6)-C(7)-H(7B) 107.9 

H(7A)-C(7)-H(7B) 107.2 

N(6)-C(8)-H(8A) 109.5 

N(6)-C(8)-H(8B) 109.5 

H(8A)-C(8)-H(8B) 109.5 

N(6)-C(8)-H(8C) 109.5 

H(8A)-C(8)-H(8C) 109.5 

H(8B)-C(8)-H(8C) 109.5 

N(5)-C(9)-H(9A) 109.5 

N(5)-C(9)-H(9B) 109.5 

H(9A)-C(9)-H(9B) 109.5 

N(5)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

N(3)-C(10)-H(10A) 109.5 

N(3)-C(10)-H(10B) 109.5 

H(10A)-C(10)-H(10B) 109.5 

N(3)-C(10)-H(10C) 109.5 

H(10A)-C(10)-H(10C) 109.5 

H(10B)-C(10)-H(10C) 109.5 

N(3)-C(11)-H(11A) 109.5 

N(3)-C(11)-H(11B) 109.5 

H(11A)-C(11)-H(11B) 109.5 

N(3)-C(11)-H(11C) 109.5 

H(11A)-C(11)-H(11C) 109.5 

H(11B)-C(11)-H(11C) 109.5 

O(2)-C(12)-C(3) 112.8(13) 

O(2)-C(12)-H(12A) 109.0 

C(3)-C(12)-H(12A) 109.0 

O(2)-C(12)-H(12B) 109.0 

C(3)-C(12)-H(12B) 109.0 

H(12A)-C(12)-H(12B) 107.8 

O(3)-C(14)-C(18) 113.4(12) 

O(3)-C(14)-H(14A) 108.9 

C(18)-C(14)-H(14A) 108.9 

O(3)-C(14)-H(14B) 108.9 

C(18)-C(14)-H(14B) 108.9 

H(14A)-C(14)-H(14B) 107.7 

N(6)-C(15)-H(15A) 109.5 

N(6)-C(15)-H(15B) 109.5 

H(15A)-C(15)-H(15B) 109.5 

N(6)-C(15)-H(15C) 109.5 

H(15A)-C(15)-H(15C) 109.5 

H(15B)-C(15)-H(15C) 109.5 

O(1)-C(16)-C(7) 113.0(13) 

O(1)-C(16)-H(16A) 109.0 

C(7)-C(16)-H(16A) 109.0 

O(1)-C(16)-H(16B) 109.0 

C(7)-C(16)-H(16B) 109.0 

H(16A)-C(16)-H(16B) 107.8 

O(4)-C(17)-C(1) 110.3(12) 

O(4)-C(17)-H(17A) 109.6 

C(1)-C(17)-H(17A) 109.6 

O(4)-C(17)-H(17B) 109.6 

C(1)-C(17)-H(17B) 109.6 

H(17A)-C(17)-H(17B) 108.1 

N(5)-C(18)-C(14) 116.6(12) 

N(5)-C(18)-H(18A) 108.2 

C(14)-C(18)-H(18A) 108.2 

N(5)-C(18)-H(18B) 108.1 



Supplementary Information 

305 
 

C(14)-C(18)-H(18B) 108.1 

H(18A)-C(18)-H(18B) 107.3 

N(5)-C(19)-H(19A) 109.5 

N(5)-C(19)-H(19B) 109.5 

H(19A)-C(19)-H(19B) 109.5 

N(5)-C(19)-H(19C) 109.5 

H(19A)-C(19)-H(19C) 109.5 

H(19B)-C(19)-H(19C) 109.5 

O(10)-C(20)-C(6) 113.8(13) 

O(10)-C(20)-H(20A) 108.8 

C(6)-C(20)-H(20A) 108.8 

O(10)-C(20)-H(20B) 108.8 

C(6)-C(20)-H(20B) 108.8 

H(20A)-C(20)-H(20B) 107.7 

C(11)-N(3)-C(10) 107.9(13) 

C(11)-N(3)-C(1) 110.1(12) 

C(10)-N(3)-C(1) 107.8(13) 

C(11)-N(3)-C(6) 106.6(12) 

C(10)-N(3)-C(6) 109.7(12) 

C(1)-N(3)-C(6) 114.6(13) 

C(9)-N(5)-C(18) 110.8(12) 

C(9)-N(5)-C(19) 107.8(12) 

C(18)-N(5)-C(19) 107.7(12) 

C(9)-N(5)-C(3) 106.2(13) 

C(18)-N(5)-C(3) 114.1(13) 

C(19)-N(5)-C(3) 110.1(12) 

C(15)-N(6)-C(8) 108.0(12) 

C(15)-N(6)-C(7) 110.5(11) 

C(8)-N(6)-C(7) 108.8(11) 

C(15)-N(6)-C(5) 107.0(12) 

C(8)-N(6)-C(5) 109.3(10) 

C(7)-N(6)-C(5) 113.1(12) 

C(16)-O(1)-Mn(2)#1 132.7(10) 

C(12)-O(2)-Mn(2) 128.2(10) 

C(12)-O(2)-H(20) 115(10) 

Mn(2)-O(2)-H(20) 105(10) 

C(14)-O(3)-Mn(3) 133.3(10) 

C(14)-O(3)-H(30) 102(10) 

Mn(3)-O(3)-H(30) 112(10) 

C(17)-O(4)-Mn(3) 128.2(9) 

C(17)-O(4)-H(40) 95(10) 

Mn(3)-O(4)-H(40) 124(10) 

C(4)-O(6)-Mn(1) 127.8(10) 

C(4)-O(6)-H(600) 104(10) 

Mn(1)-O(6)-H(600) 110(10) 

C(20)-O(10)-Mn(1)#2 133.7(9) 

C(20)-O(10)-H(100) 100(10) 

Mn(1)#2-O(10)-H(100) 117(10) 

Mn(2)-Cl(3)-Mn(1) 127.74(18) 

Mn(1)-Cl(4)-Mn(2)#3 127.46(18) 

Mn(3)-Cl(9)-Mn(3)#2 127.54(16) 

O(6)-Mn(1)-O(10)#4 82.4(4) 

O(6)-Mn(1)-Cl(8) 91.1(3) 

O(10)#4-Mn(1)-Cl(8) 173.4(3) 

O(6)-Mn(1)-Cl(6) 175.5(4) 

O(10)#4-Mn(1)-Cl(6) 94.2(3) 

Cl(8)-Mn(1)-Cl(6) 92.33(15) 

O(6)-Mn(1)-Cl(3) 85.7(4) 

O(10)#4-Mn(1)-Cl(3) 79.8(3) 

Cl(8)-Mn(1)-Cl(3) 99.11(16) 

Cl(6)-Mn(1)-Cl(3) 90.94(15) 

O(6)-Mn(1)-Cl(4) 88.9(4) 
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O(10)#4-Mn(1)-Cl(4) 84.0(3) 

Cl(8)-Mn(1)-Cl(4) 96.59(16) 

Cl(6)-Mn(1)-Cl(4) 93.60(15) 

Cl(3)-Mn(1)-Cl(4) 163.46(18) 

O(2)-Mn(2)-O(1)#5 82.3(4) 

O(2)-Mn(2)-Cl(7) 90.9(3) 

O(1)#5-Mn(2)-Cl(7) 173.2(3) 

O(2)-Mn(2)-Cl(2) 175.5(3) 

O(1)#5-Mn(2)-Cl(2) 94.2(3) 

Cl(7)-Mn(2)-Cl(2) 92.42(15) 

O(2)-Mn(2)-Cl(3) 89.1(3) 

O(1)#5-Mn(2)-Cl(3) 84.6(3) 

Cl(7)-Mn(2)-Cl(3) 96.45(16) 

Cl(2)-Mn(2)-Cl(3) 93.45(15) 

O(2)-Mn(2)-Cl(4)#6 85.6(3) 

O(1)#5-Mn(2)-Cl(4)#6 79.5(3) 

Cl(7)-Mn(2)-Cl(4)#6 98.99(16) 

Cl(2)-Mn(2)-Cl(4)#6 90.93(15) 

Cl(3)-Mn(2)-Cl(4)#6 163.75(18) 

O(4)-Mn(3)-O(3) 82.3(4) 

O(4)-Mn(3)-Cl(5) 91.2(3) 

O(3)-Mn(3)-Cl(5) 173.5(3) 

O(4)-Mn(3)-Cl(1) 175.4(3) 

O(3)-Mn(3)-Cl(1) 94.1(3) 

Cl(5)-Mn(3)-Cl(1) 92.31(15) 

O(4)-Mn(3)-Cl(9) 85.5(3) 

O(3)-Mn(3)-Cl(9) 80.1(3) 

Cl(5)-Mn(3)-Cl(9) 99.00(15) 

Cl(1)-Mn(3)-Cl(9) 90.98(15) 

O(4)-Mn(3)-Cl(9)#4 89.2(3) 

O(3)-Mn(3)-Cl(9)#4 84.0(3) 

Cl(5)-Mn(3)-Cl(9)#4 96.49(15) 

Cl(1)-Mn(3)-Cl(9)#4 93.39(15) 

Cl(9)-Mn(3)-Cl(9)#4 163.72(12) 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,y+1/2,-z+1    #2 -x+1,y-1/2,-z    #3 x,y+1,z  

#4 -x+1,y+1/2,-z    #5 -x+2,y-1/2,-z+1    #6 x,y-1,z  
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Table SI 9 | Torsion angles [°] for the title compound.O(6)-C(4)-C(5)-N(6)
 76.2(16) 

N(5)-C(3)-C(12)-O(2) 75.6(17) 

N(6)-C(7)-C(16)-O(1) -72.4(18) 

N(3)-C(1)-C(17)-O(4) 77.2(16) 

O(3)-C(14)-C(18)-N(5) -71.3(18) 

N(3)-C(6)-C(20)-O(10) -71.2(18) 

C(17)-C(1)-N(3)-C(11) -66.4(18) 

C(17)-C(1)-N(3)-C(10) 176.2(12) 

C(17)-C(1)-N(3)-C(6) 53.8(17) 

C(20)-C(6)-N(3)-C(11) -176.3(13) 

C(20)-C(6)-N(3)-C(10) -59.8(17) 

C(20)-C(6)-N(3)-C(1) 61.6(18) 

C(14)-C(18)-N(5)-C(9) -59.1(17) 

C(14)-C(18)-N(5)-C(19) -176.8(13) 

C(14)-C(18)-N(5)-C(3) 60.7(17) 

C(12)-C(3)-N(5)-C(9) 178.6(13) 

C(12)-C(3)-N(5)-C(18) 56.2(17) 

C(12)-C(3)-N(5)-C(19) -65.0(17) 

C(16)-C(7)-N(6)-C(15) -57.6(17) 

C(16)-C(7)-N(6)-C(8) -176.0(12) 

C(16)-C(7)-N(6)-C(5) 62.4(17) 

C(4)-C(5)-N(6)-C(15) 176.2(13) 

C(4)-C(5)-N(6)-C(8) -67.1(16) 

C(4)-C(5)-N(6)-C(7) 54.2(16) 

C(7)-C(16)-O(1)-Mn(2)#1 135.7(11) 

C(3)-C(12)-O(2)-Mn(2) 82.3(15) 

C(18)-C(14)-O(3)-Mn(3) 136.2(12) 

C(1)-C(17)-O(4)-Mn(3) 82.7(14) 

C(5)-C(4)-O(6)-Mn(1) 84.0(15) 

C(6)-C(20)-O(10)-Mn(1)#2 135.7(12

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,y+1/2,-z+1    #2 -x+1,y-1/2,-z    #3 x,y+1,z  

#4 -x+1,y+1/2,-z    #5 -x+2,y-1/2,-z+1    #6 x,y-1,z  
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Table SI 10 | Hydrogen bonds for the title compound [Å and °]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

C(3)-H(3B)...Cl(1) 0.99 2.64 3.423(15) 136.2 

 C(3)-H(3B)...O(3) 0.99 2.50 3.030(19) 113.0 

 C(3)-H(3A)...Cl(3) 0.99 2.96 3.788(16) 141.9 

 C(4)-H(4A)...Cl(2)#1 0.99 2.91 3.567(17) 124.6 

 C(4)-H(4A)...Cl(8) 0.99 2.84 3.442(17) 120.2 

 C(1)-H(1A)...Cl(9)#4 0.99 2.92 3.777(16) 145.0 

 C(1)-H(1B)...Cl(6)#2 0.99 2.64 3.431(16) 136.6 

 C(5)-H(5A)...Cl(4) 0.99 2.93 3.776(15) 144.5 

 C(5)-H(5B)...Cl(2)#1 0.99 2.64 3.434(15) 136.9 

 C(5)-H(5B)...O(1) 0.99 2.55 3.052(18) 111.0 

 C(6)-H(6A)...Cl(6)#7 0.99 2.73 3.644(17) 154.1 

 C(7)-H(7A)...Cl(2)#8 0.99 2.75 3.658(15) 152.3 

 C(8)-H(8A)...Cl(4) 0.98 2.77 3.652(15) 149.8 

 C(8)-H(8B)...Cl(2)#8 0.98 2.65 3.559(14) 154.5 

 C(8)-H(8C)...O(6) 0.98 2.46 3.004(19) 114.5 

 C(9)-H(9B)...Cl(9)#4 0.98 2.89 3.861(17) 170.5 

 C(9)-H(9C)...Cl(1)#9 0.98 2.98 3.812(17) 143.9 

 C(10)-H(10A)...Cl(6)#7 0.98 2.96 3.799(18) 144.7 

 C(10)-H(10C)...Cl(4)#2 0.98 2.89 3.861(18) 169.9 

 C(11)-H(11A)...Cl(6)#7 0.98 2.64 3.560(18) 156.2 

 C(11)-H(11B)...O(4) 0.98 2.44 3.00(2) 115.8 

 C(11)-H(11C)...Cl(9)#4 0.98 2.80 3.668(18) 148.1 

 C(12)-H(12A)...Cl(1) 0.99 2.94 3.594(16) 124.5 

 C(12)-H(12A)...Cl(7) 0.99 2.85 3.447(17) 119.6 

 C(14)-H(14A)...Cl(9)#4 0.99 2.69 3.411(17) 129.8 

 C(15)-H(15B)...Cl(3)#1 0.98 2.89 3.858(18) 171.2 

 C(16)-H(16A)...Cl(3)#1 0.99 2.71 3.432(17) 129.9 

 C(17)-H(17A)...Cl(5) 0.99 2.86 3.453(16) 119.0 

 C(17)-H(17A)...Cl(6)#2 0.99 2.91 3.565(16) 124.9 

 C(18)-H(18B)...Cl(1)#9 0.99 2.72 3.639(16) 153.7 

 C(19)-H(19A)...O(2) 0.98 2.41 3.00(2) 117.8 

 C(19)-H(19B)...Cl(3) 0.98 2.80 3.650(17) 145.6 

 C(19)-H(19C)...Cl(1)#9 0.98 2.65 3.567(17) 155.2 

 C(20)-H(20A)...Cl(4)#2 0.99 2.70 3.419(17) 129.3 

 C(1)-H(1A)...Cl(9)#4 0.99 2.92 3.777(16) 145.0 

 C(1)-H(1B)...O(10) 0.99 2.55 3.046(19) 110.8 

 C(1)-H(1B)...Cl(6)#2 0.99 2.64 3.431(16) 136.6 

 C(3)-H(3B)...O(3) 0.99 2.50 3.030(19) 113.0 

 C(3)-H(3B)...Cl(1) 0.99 2.64 3.423(15) 136.2 
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 C(3)-H(3A)...Cl(3) 0.99 2.96 3.788(16) 141.9 

 C(4)-H(4A)...Cl(2)#1 0.99 2.91 3.567(17) 124.6 

 C(4)-H(4A)...Cl(8) 0.99 2.84 3.442(17) 120.2 

 C(5)-H(5A)...Cl(4) 0.99 2.93 3.776(15) 144.5 

 C(5)-H(5B)...O(1) 0.99 2.55 3.052(18) 111.0 

 C(5)-H(5B)...Cl(2)#1 0.99 2.64 3.434(15) 136.9 

 C(6)-H(6A)...Cl(6)#7 0.99 2.73 3.644(17) 154.1 

 C(7)-H(7A)...Cl(2)#8 0.99 2.75 3.658(15) 152.3 

 C(8)-H(8A)...Cl(4) 0.98 2.77 3.652(15) 149.8 

 C(8)-H(8B)...Cl(2)#8 0.98 2.65 3.559(14) 154.5 

 C(8)-H(8C)...O(6) 0.98 2.46 3.004(19) 114.5 

 C(9)-H(9B)...Cl(9)#4 0.98 2.89 3.861(17) 170.5 

 C(9)-H(9C)...Cl(1)#9 0.98 2.98 3.812(17) 143.9 

 C(10)-H(10A)...Cl(6)#7 0.98 2.96 3.799(18) 144.7 

 C(10)-H(10C)...Cl(4)#2 0.98 2.89 3.861(18) 169.9 

 C(11)-H(11A)...Cl(6)#7 0.98 2.64 3.560(18) 156.2 

 C(11)-H(11B)...O(4) 0.98 2.44 3.00(2) 115.8 

 C(11)-H(11C)...Cl(9)#4 0.98 2.80 3.668(18) 148.1 

 C(12)-H(12A)...Cl(1) 0.99 2.94 3.594(16) 124.5 

 C(12)-H(12A)...Cl(7) 0.99 2.85 3.447(17) 119.6 

 C(14)-H(14A)...Cl(9)#4 0.99 2.69 3.411(17) 129.8 

 C(15)-H(15B)...Cl(3)#1 0.98 2.89 3.858(18) 171.2 

 C(15)-H(15C)...Cl(2)#8 0.98 2.96 3.802(18) 144.0 

 C(16)-H(16A)...Cl(3)#1 0.99 2.71 3.432(17) 129.9 

 C(17)-H(17A)...Cl(5) 0.99 2.86 3.453(16) 119.0 

 C(17)-H(17A)...Cl(6)#2 0.99 2.91 3.565(16) 124.9 

 C(18)-H(18B)...Cl(1)#9 0.99 2.72 3.639(16) 153.7 

 C(19)-H(19A)...O(2) 0.98 2.41 3.00(2) 117.8 

 C(19)-H(19B)...Cl(3) 0.98 2.80 3.650(17) 145.6 

 C(19)-H(19C)...Cl(1)#9 0.98 2.65 3.567(17) 155.2 

 C(20)-H(20A)...Cl(4)#2 0.99 2.70 3.419(17) 129.3 

 O(2)-H(20)...Cl(6)#6 0.84(3) 2.23(7) 3.022(13) 158(16) 

 O(3)-H(30)...Cl(5)#2 0.88(19) 2.27(19) 3.099(13) 158(15) 

 O(4)-H(40)...Cl(1)#2 0.84(3) 2.18(3) 3.018(12) 175(17) 

 O(4)-H(40)...Cl(9) 0.84(3) 3.14(17) 3.248(12) 90(12) 

 O(6)-H(600)...Cl(2) 0.71(17) 2.33(18) 3.024(14) 168(19) 

________________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,y+1/2,-z+1    #2 -x+1,y-1/2,-z    #3 x,y+1,z  

#4 -x+1,y+1/2,-z    #5 -x+2,y-1/2,-z+1    #6 x,y-1,z  

#7 -x+2,y-1/2,-z    #8 -x+1,y+1/2,-z+1    #9 x+1,y,z 
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3.3. Single crystal X-ray analysis of [N2,2,2,2][MnCl3] 

Table SI 11 | Crystal data and structure refinement for the title compound. 

Empirical formula  C16 H40 Cl4 Mn N2 

Formula weight  457.24 

Temperature  110(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 16.5514(10) Å α= 90°. 

 b = 9.6164(6) Å β= 116.967(2)°. 

 c = 16.7356(10) Å γ = 90°. 

Volume 2374.1(3) Å3 

Z 4 

Density (calculated) 1.279 Mg/m3 

Crystal size 0.45 x 0.25 x 0.10 mm3 

Reflections collected 38079 

Independent reflections 4799 [R(int) = 0.0562] 

Goodness-of-fit on F2 0.803 

Final R indices [I>2sigma(I)] R1 = 0.1190, wR2 = 0.3102 

R indices (all data) R1 = 0.1329, wR2 = 0.3176 
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Table SI 12 | Atomic coordinates (x104) and equivalent isotropic displacement 

parameters (Å2x 103) for the title compound.  U(eq) is defined as one third of the 

trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Cl(1) 6433(1) 2520(2) 877(1) 43(1) 

Cl(2) 7909(1) 4851(2) -57(1) 38(1) 

Mn(1) 7368(1) 2496(2) 70(1) 71(1) 

Cl(3) 8653(1) 958(2) 919(1) 48(1) 

Cl(4) 6490(2) 1621(3) -1415(2) 60(1) 

N(1) 9073(6) 2565(10) -1770(7) 70(2) 

N(2) 6402(7) -2318(10) 1294(7) 71(2) 

C(1) 9552(8) 3851(13) -1818(8) 73(3) 

C(2) 8083(9) -2496(15) 1657(11) 85(4) 

C(3) 9399(8) 1401(13) -2162(8) 73(3) 

C(4) 7354(8) -1684(13) 1721(9) 75(3) 

C(5) 5753(9) -1287(14) 1371(9) 78(3) 

C(6) 6421(10) -3670(14) 1755(9) 82(3) 

C(7) 6104(9) -2622(15) 319(9) 80(3) 

C(8) 5910(10) -1037(16) 2334(10) 86(4) 

C(9) 8914(10) 17(14) -2286(9) 84(3) 

C(10) 9381(10) 5157(14) -1406(9) 83(3) 

C(11) 9269(9) 2195(15) -814(8) 79(3) 

C(12) 10260(10) 2016(16) -171(9) 85(4) 

C(13) 5504(10) -4306(15) 1476(10) 86(3) 

C(14) 7685(9) 3030(14) -3272(9) 82(3) 

C(15) 8037(8) 2755(15) -2296(9) 78(3) 

C(16) 6166(11) -1376(17) -228(9) 91(4) 
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Table SI 13 | Bond lengths [Å] and angles [°] for the title compound. 

Cl(1)-Mn(1)  2.474(2) 

Cl(2)-Mn(1)  2.480(2) 

Mn(1)-Cl(4)  2.391(3) 

Mn(1)-Cl(3)  2.447(3) 

N(1)-C(1)  1.491(15) 

N(1)-C(3)  1.516(15) 

N(1)-C(11)  1.524(15) 

N(1)-C(15)  1.542(15) 

N(2)-C(7)  1.504(16) 

N(2)-C(6)  1.504(17) 

N(2)-C(5)  1.510(16) 

N(2)-C(4)  1.531(16) 

C(1)-C(10)  1.520(18) 

C(1)-H(1A)  0.9700 

C(1)-H(1B)  0.9700 

C(2)-C(4)  1.482(17) 

C(2)-H(2A)  0.9600 

C(2)-H(2B)  0.9600 

C(2)-H(2C)  0.9600 

C(3)-C(9)  1.519(18) 

C(3)-H(3A)  0.9700 

C(3)-H(3B)  0.9700 

C(4)-H(4A)  0.9700 

C(4)-H(4B)  0.9700 

C(5)-C(8)  1.529(19) 

C(5)-H(5A)  0.9700 

C(5)-H(5B)  0.9700 

C(6)-C(13)  1.50(2) 

C(6)-H(6A)  0.9700 

C(6)-H(6B)  0.9700 

C(7)-C(16)  1.54(2) 

C(7)-H(7A)  0.9700 

C(7)-H(7B)  0.9700 

C(8)-H(8A)  0.9600 

C(8)-H(8B)  0.9600 

C(8)-H(8C)  0.9600 

C(9)-H(9A)  0.9600 

C(9)-H(9B)  0.9600 

C(9)-H(9C)  0.9600 

C(10)-H(10A)  0.9600 

C(10)-H(10B)  0.9600 

C(10)-H(10C)  0.9600 

C(11)-C(12)  1.509(19) 

C(11)-H(11A)  0.9700 

C(11)-H(11B)  0.9700 

C(12)-H(12A)  0.9600 

C(12)-H(12B)  0.9600 

C(12)-H(12C)  0.9600 

C(13)-H(13A)  0.9600 

C(13)-H(13B)  0.9600 

C(13)-H(13C)  0.9600 

C(14)-C(15)  1.488(19) 

C(14)-H(14A)  0.9600 

C(14)-H(14B)  0.9600 

C(14)-H(14C)  0.9600 

C(15)-H(15A)  0.9700 

C(15)-H(15B)  0.9700 

C(16)-H(16A)  0.9600 

C(16)-H(16B)  0.9600 

C(16)-H(16C)  0.9600 
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Cl(4)-Mn(1)-Cl(3) 110.45(10) 

Cl(4)-Mn(1)-Cl(1) 109.55(10) 

Cl(3)-Mn(1)-Cl(1) 106.45(9) 

Cl(4)-Mn(1)-Cl(2) 107.78(10) 

Cl(3)-Mn(1)-Cl(2) 110.46(9) 

Cl(1)-Mn(1)-Cl(2) 112.16(9) 

C(1)-N(1)-C(3) 106.6(9) 

C(1)-N(1)-C(11) 112.6(10) 

C(3)-N(1)-C(11) 109.5(9) 

C(1)-N(1)-C(15) 110.6(9) 

C(3)-N(1)-C(15) 111.3(9) 

C(11)-N(1)-C(15) 106.2(9) 

C(7)-N(2)-C(6) 108.0(9) 

C(7)-N(2)-C(5) 108.9(10) 

C(6)-N(2)-C(5) 111.9(10) 

C(7)-N(2)-C(4) 110.2(9) 

C(6)-N(2)-C(4) 109.1(10) 

C(5)-N(2)-C(4) 108.7(9) 

N(1)-C(1)-C(10) 116.6(10) 

N(1)-C(1)-H(1A) 108.1 

C(10)-C(1)-H(1A) 108.1 

N(1)-C(1)-H(1B) 108.1 

C(10)-C(1)-H(1B) 108.1 

H(1A)-C(1)-H(1B) 107.3 

C(4)-C(2)-H(2A) 109.5 

C(4)-C(2)-H(2B) 109.5 

H(2A)-C(2)-H(2B) 109.5 

C(4)-C(2)-H(2C) 109.5 

H(2A)-C(2)-H(2C) 109.5 

H(2B)-C(2)-H(2C) 109.5 

N(1)-C(3)-C(9) 115.9(10) 

N(1)-C(3)-H(3A) 108.3 

C(9)-C(3)-H(3A) 108.3 

N(1)-C(3)-H(3B) 108.3 

C(9)-C(3)-H(3B) 108.3 

H(3A)-C(3)-H(3B) 107.4 

C(2)-C(4)-N(2) 117.1(10) 

C(2)-C(4)-H(4A) 108.0 

N(2)-C(4)-H(4A) 108.0 

C(2)-C(4)-H(4B) 108.0 

N(2)-C(4)-H(4B) 108.0 

H(4A)-C(4)-H(4B) 107.3 

N(2)-C(5)-C(8) 113.9(11) 

N(2)-C(5)-H(5A) 108.8 

C(8)-C(5)-H(5A) 108.8 

N(2)-C(5)-H(5B) 108.8 

C(8)-C(5)-H(5B) 108.8 

H(5A)-C(5)-H(5B) 107.7 

C(13)-C(6)-N(2) 114.2(11) 

C(13)-C(6)-H(6A) 108.7 

N(2)-C(6)-H(6A) 108.7 

C(13)-C(6)-H(6B) 108.7 

N(2)-C(6)-H(6B) 108.7 

H(6A)-C(6)-H(6B) 107.6 

N(2)-C(7)-C(16) 114.6(11) 

N(2)-C(7)-H(7A) 108.6 

C(16)-C(7)-H(7A) 108.6 

N(2)-C(7)-H(7B) 108.6 

C(16)-C(7)-H(7B) 108.6 

H(7A)-C(7)-H(7B) 107.6 

C(5)-C(8)-H(8A) 109.5 

C(5)-C(8)-H(8B) 109.5 
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H(8A)-C(8)-H(8B) 109.5 

C(5)-C(8)-H(8C) 109.5 

H(8A)-C(8)-H(8C) 109.5 

H(8B)-C(8)-H(8C) 109.5 

C(3)-C(9)-H(9A) 109.5 

C(3)-C(9)-H(9B) 109.5 

H(9A)-C(9)-H(9B) 109.5 

C(3)-C(9)-H(9C) 109.5 

H(9A)-C(9)-H(9C) 109.5 

H(9B)-C(9)-H(9C) 109.5 

C(1)-C(10)-H(10A) 109.5 

C(1)-C(10)-H(10B) 109.5 

H(10A)-C(10)-H(10B) 109.5 

C(1)-C(10)-H(10C) 109.5 

H(10A)-C(10)-H(10C) 109.5 

H(10B)-C(10)-H(10C) 109.5 

C(12)-C(11)-N(1) 114.9(11) 

C(12)-C(11)-H(11A) 108.5 

N(1)-C(11)-H(11A) 108.5 

C(12)-C(11)-H(11B) 108.5 

N(1)-C(11)-H(11B) 108.5 

H(11A)-C(11)-H(11B) 107.5 

C(11)-C(12)-H(12A) 109.5 

C(11)-C(12)-H(12B) 109.5 

H(12A)-C(12)-H(12B) 109.5 

C(11)-C(12)-H(12C) 109.5 

H(12A)-C(12)-H(12C) 109.5 

H(12B)-C(12)-H(12C) 109.5 

C(6)-C(13)-H(13A) 109.5 

C(6)-C(13)-H(13B) 109.5 

H(13A)-C(13)-H(13B) 109.5 

C(6)-C(13)-H(13C) 109.5 

H(13A)-C(13)-H(13C) 109.5 

H(13B)-C(13)-H(13C) 109.5 

C(15)-C(14)-H(14A) 109.5 

C(15)-C(14)-H(14B) 109.5 

H(14A)-C(14)-H(14B) 109.5 

C(15)-C(14)-H(14C) 109.5 

H(14A)-C(14)-H(14C) 109.5 

H(14B)-C(14)-H(14C) 109.5 

C(14)-C(15)-N(1) 115.4(10) 

C(14)-C(15)-H(15A) 108.4 

N(1)-C(15)-H(15A) 108.4 

C(14)-C(15)-H(15B) 108.4 

N(1)-C(15)-H(15B) 108.4 

H(15A)-C(15)-H(15B) 107.5 

C(7)-C(16)-H(16A) 109.5 

C(7)-C(16)-H(16B) 109.5 

H(16A)-C(16)-H(16B) 109.5 

C(7)-C(16)-H(16C) 109.5 

H(16A)-C(16)-H(16C) 109.5 

H(16B)-C(16)-H(16C) 109
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Table SI 14 | Torsion angles [°] for the title compound. 

C(3)-N(1)-C(1)-C(10) -176.2(10) 

C(11)-N(1)-C(1)-C(10) -56.1(14) 

C(15)-N(1)-C(1)-C(10) 62.6(14) 

C(1)-N(1)-C(3)-C(9) -172.9(10) 

C(11)-N(1)-C(3)-C(9) 64.9(13) 

C(15)-N(1)-C(3)-C(9) -52.2(14) 

C(7)-N(2)-C(4)-C(2) -56.5(15) 

C(6)-N(2)-C(4)-C(2) 61.9(14) 

C(5)-N(2)-C(4)-C(2) -175.8(12) 

C(7)-N(2)-C(5)-C(8) 172.4(11) 

C(6)-N(2)-C(5)-C(8) 53.1(14) 

C(4)-N(2)-C(5)-C(8) -67.5(13) 

C(7)-N(2)-C(6)-C(13) -67.6(13) 

C(5)-N(2)-C(6)-C(13) 52.3(14) 

C(4)-N(2)-C(6)-C(13) 172.6(11) 

C(6)-N(2)-C(7)-C(16) -172.5(11) 

C(5)-N(2)-C(7)-C(16) 65.7(14) 

C(4)-N(2)-C(7)-C(16) -53.5(14) 

C(1)-N(1)-C(11)-C(12) -56.5(15) 

C(3)-N(1)-C(11)-C(12) 62.0(14) 

C(15)-N(1)-C(11)-C(12) -177.7(12) 

C(1)-N(1)-C(15)-C(14) 61.5(14) 

C(3)-N(1)-C(15)-C(14) -56.9(14) 

C(11)-N(1)-C(15)-C(14) -176.0(11) 
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4. Luminescence characterization of Manganese (II)-based salts  

4.1. Excitation (λexc) and emission (λem) wavelength and 

2D spectra 

Table SI 15 | Excitation and emission wavelengths of manganese (II)-based salts. 

Compound λem1 λexc1 λem2 λexc2 

[N1,1,1,C2OH][MnCl3] 630 420 635 525 

[N1,1,4,C2OH][MnCl3] 640 420 645 520 

[N1,1,4,C3OH][MnCl3] 645 425 635 525 

[N1,1,C2OH,C2OH][MnCl3] 620 420 - - 

[PC2OH,C2OH,C2OH,C2OH][MnCl3] 620 420 625 525 

[N2,2,2,2][MnCl3]     

[N2,2,2,2][MnCl3]     

[P4,4,4,4][MnCl3] 585 450 - - 

[C2OHMIM][MnCl3] 650 420 645 515 

[C2OHDMIM][MnCl3] 665 430 690 540 

[C2MIM][MnCl3] 530 450 - - 
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Table SI 16 | Luminescence properties of manganese (II) ammonium, phosphonium 

and imidazolium salts obtained for 515-540nm wavelength range. 

Compound ɸ (%) τ (ms) kr 

(ms-1) 
knr 

(ms-1) 
Stokes 

shift 
(eV) 

[N1,1,1,C2OH][MnCl3] 4.29 1.17 0.04 0.82 0.44 

[N1,1,4,C2OH][MnCl3] 12.38 0.94 0.13 0.93 0.46 

[N1,1,2,C3OH][MnCl3] - - - - - 

[N1,1,4,C3OH][MnCl3] 2.93 0.96 0.03 1.01 0.41 

[N1,1,C2OH,C2OH][MnCl3] - - - - - 

[N2,2,2,2][MnCl3] - - - - - 

[PC1OH,C1OH,C1OH,C1OH][ MnCl3] 2.82 0.39 0.07 2.49 0.38 

[P4,4,4,4][MnCl3] - - - - - 

[C2OHMIM][MnCl3] 3.97 0.95 0.04 1.01 0.49 

[C2OHDMIM][MnCl3] 2.94 0.19 0.15 5.11 0.48 

[C2MIM][MnCl3] - - - - - 
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Figure SI 43 | 2D spectrum of [N1,1,4,C2OH][MnCl3]. 

 

 

Figure SI 44 | 2D spectrum of [N1,1,2,C3OH][MnCl3]. 
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Figure SI 45 | 2D spectrum of [N1,1,4,C3OH][MnCl3]. 

 

 

Figure SI 46 | 2D spectrum of [N1,1,C2OH,C2OH][MnCl3]. 
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Figure SI 47 | 2D spectrum of [PC2OH,C2OH,C2OH,C2OH][MnCl3]. 

 

 

Figure SI 48 | 2D spectrum of [P4,4,4,4][MnCl3]. 

 



Supplementary Information 

321 
 

 

Figure SI 49 | 2D spectrum of [C2MIM][MnCl3]. 

 

 

Figure SI 50 | 2D spectrum of [C2OHMIM][MnCl3]. 
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Figure SI 51 | 2D spectrum of [C2OHDMIM][MnCl3]. 

 

4.2. Lifetime decay curves 

 

 

Figure SI 52 | Lifetime decay curves of manganese (II)-based organic salts. 
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1. Structural characterization of magnetic organic salts  (FT-

IR) 

 

Figure SI 53 | FT-IR spectra of [N1,1,1,C2OH][GdCl4]. 

 

 

Figure SI 54 | FT-IR spectra of [N1,1,4,C2OH][GdCl4]. 
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Figure SI 55 | FT-IR spectra of [N1,1,C2OH,C2OH][GdCl4]. 

 

 

Figure SI 56 | FT-IR spectra of [N1,1,2,C3OH][GdCl4]. 
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Figure SI 57 | FT-IR spectra of [N1,1,4,C3OH][GdCl4]. 

 

 

Figure SI 58 | FT-IR spectra of [N2,2,2,C2OH][GdCl4]. 
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Figure SI 59 | FT-IR spectra of [N1,1,1,C2COOCH3][GdCl4]. 

 

 

Figure SI 60 | FT-IR spectra of [N2,2,2,2][GdCl4]. 
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Figure SI 61 | FT-IR spectra of [P4,4,4,4][GdCl4]. 

 

 

Figure SI 62 | FT-IR spectra of [N1,1,1,C2OH][TbCl4]. 
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Figure SI 63 | FT-IR spectra of [N1,1,4,C2OH][TbCl4]. 

 

 

Figure SI 64 | FT-IR spectra of [N1,1,2,C3OH][TbCl4]. 
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Figure SI 65 | FT-IR spectra of [N1,1,4,C3OH][TbCl4]. 

 

 

Figure SI 66 | FT-IR spectra of [PC2OH,C2OH,C2OH,C2OH][TbCl4]. 



Supplementary Information 

332 
 

 

Figure SI 67 | FT-IR spectra of [N1,1,1,C2COOCH3][TbCl4]. 

 

 

Figure SI 68 | FT-IR spectra of [N2,2,2,2][TbCl4]. 
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Figure SI 69 | FT-IR spectra of [P4,4,4,4][TbCl4]. 
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2. Relaxometric Studies of [N1,1,1,C2OH][GdCl4] and 

[N1,1,2,C3OH][GdCl4] salts 

 

Table SI 17 | T1 relaxation measurements (in triplicate) of selected choline-based 

magnetic salts measured at 9.4T. 

[N1,1,1,C2OH][GdCl4] 

[C] 
(mM) 

T1 A 
(s) 

T1 B 
(s) 

T1 C 
(s) 

T2 A 
(s) 

T2 B 
(s) 

T2 C 
(s) 

1,00 0.137 0.138 0.137 0.119 0.120 0.119 

0,75 0.164 0.165 0.164 0.157 0.156 0.156 

0,50 0.214 0.217 0.217 0.229 0.230 0.229 

0,10 

1.230  1.284  1.277  

1.486 1.488 1.494 0.157 0.080 0.175 

0.565 0.050 1.717 

0,05 

2.637  2.688  2.623  

1.601 1.608 1.609 0.067 0.081 0.075 

0.114 0.116 0.103 

[N1,1,2,C3OH][GdCl4] 

[C] 
(mM) 

T1 A 
(s) 

T1 B 
(s) 

T1 C 
(s) 

T2 A 
(s) 

T2 B 
(s) 

T2 C 
(s) 

1,00 0.119 0.119 0.119 0.103 0.103 0.103 

0,75 0.164 0.163 0.163 0.138 0.139 0.139 

0,50 0.215 0.215 0.213 0.210 0.210 0.210 

0,10 0.845 0.844 0.848 0.751 0.758 0.765 

0,05 
1.866 1.947 2.029 

1.332 1.328 1.324 
0.187 0.187 0.186 
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Table SI 18 | Average T1 relaxation measurements of selected choline-based 

magnetic salts measured at 9.4T and corresponding r1 value. 

Compound [C] (mM) T1 (s) ± SD  1/T1 (s-1) ± SD r1 (mM-1 s-1) 

[N1,1,1,C2OH][GdCl4] 

1,00 0,138 ± 0,001 7,270 ± 0,041 

7,5 

0,75 0,164 ± 0,000 6,091 ± 0,012 

0,50 0,216 ± 0,001 4,636 ± 0,031 

0,10 1,264 ± 0,029 0,791 ± 0,019 

0,05 2,649 ± 0,034 0,377 ± 0,005 

[N1,1,2,C3OH][GdCl4] 

1,00 0,119 ± 0,000 8,424 ± 0,012 

8,1 

0,75 0,163 ± 0,000 6,122 ± 0,008 

0,50 0,214 ± 0,001 4,664 ± 0,030 

0,10 0,846 ± 0,002 1,182 ± 0,030 

0,05 1,949 ± 0,079 0,514 ± 0,021 
 

𝐌𝐳𝝉
= 𝐌𝟎. (𝟏 − 𝐞

−
𝛕

𝐓𝟏)  (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝐒𝐈 𝟏) 

 

Table SI 19 | Average T2 relaxation measurements of selected choline-based 

magnetic salts measured at 9.4T and corresponding r2 value. 

Compound [C] (mM) T2 (s) 1/T2 (s-1) r2 (mM-1 s-1) 

[N1,1,1,C2OH][GdCl4] 

1,00 0,119 ± 0,000 8,368 ± 0,023 

8,4 

0,75 0,156 ± 0,000 6,396 ± 0,020 

0,50 0,229 ± 0,000 4,357 ± 0,004 

0,10 1,489 ± 0,004 0,671 ± 0,002 

0,05 1,606 ± 0,004 0,623 ± 0,002 

[N1,1,2,C3OH][GdCl4] 

1,00 0,103 ± 0,000 9,729 ± 0,041 

9,3 

0,75 0,139 ± 0,000 7,207 ± 0,017 

0,50 0,210 ± 0,000 4,757 ± 0,004 

0,10 0,758 ± 0,007 1,319 ± 0,013 

0,05 1,328 ± 0,004 0,753 ± 0,002 
 

𝐌𝐱𝐲 = 𝐌𝟎. 𝐞
−

𝛕
𝐓𝟐    (𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝐒𝐈 𝟐) 
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2.1. NMR T1 relaxation time measurements of 

[N1,1,1,C2OH][GdCl4] at different concentrations 

2.1.1. [C]=1mM 
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(C) 

 
 

 
Figure SI 70 | T1 saturation recovery curve for 1.00mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.1.2. [C]=0.75mM 

(A) 

 
 

(B) 

 
 

Time 

N
o

rm
a
li
s
e
d

 I
n

te
n

s
it

y
 

T1= 0.164s 

Time 

N
o

rm
a
li
s
e
d

 I
n

te
n

s
it

y
 

T1= 0.165s 



Supplementary Information 

339 
 

(C) 

 
 

 
Figure SI 71 | T1 saturation recovery curve for 0.75mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.1.3. [C]=0.50mM 
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(C) 

 
 

 
Figure SI 72 | T1 saturation recovery curve for 0.50mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.1.4.  [C]=0.10mM 
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(C) 

 
 

 

Figure SI 73 | T1 saturation recovery curve for 0.10mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.1.5. [C]=0.05mM 
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(C) 

 
 

 
Figure SI 74 | T1 saturation recovery curve for 0.05mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.2. NMR T1 relaxation time measurements of [N1,1,2,C3OH][GdCl4] 

at different concentrations 

2.2.1.  [C]=1.00mM 
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(C) 

 
 

 
Figure SI 75 | T1 saturation recovery curve for 1.00mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.2.2. [C]=0.75mM 
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(C) 

 
 

 
Figure SI 76 | T1 saturation recovery curve for 0.75mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.2.3. [C]=0.50mM 
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(C) 

 
 

 
Figure SI 77 | T1 saturation recovery curve for 0.50mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.2.4. [C]=0.10mM 
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(C) 

 
 

Figure SI 78 | T1 saturation recovery curve for 0.10mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.2.5. [C]=0.05mM 
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(C) 

 
 

 
Figure SI 79 | T1 saturation recovery curve for 0.05mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 1. 
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2.3. NMR T2 relaxation time measurements of [N1,1,1,C2OH][GdCl4] 

at different concentrations 

2.3.1. [C]=1.00mM 
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(C) 

 
 

 
Figure SI 80 | T2 CPMG decay curve for 1.00mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.3.2. [C]=0.75mM 
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(C) 

 
 

 
Figure SI 81 | T2 CPMG decay curve for 0.75mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.3.3. [C]=0.50mM 
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(C) 

 
 

 
Figure SI 82 | T2 CPMG decay curve for 0.50mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.3.4. [C]=0.10mM 
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(C) 

 
 

Figure SI 83 | T2 CPMG decay curve for 0.10mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.3.5. [C]=0.05mM 
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(C) 

 
 

 
Figure SI 84 | T2 CPMG decay curve for 0.05mM aqueous solution of 

[N1,1,1,C2OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.4. NMR T2 relaxation time measurements of [N1,1,2,C3OH][GdCl4] 

at different concentrations 

2.4.1. [C]=1.00mM 
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(C) 

 
 

 
Figure SI 85 | T2 CPMG decay curve for 1.00mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.4.2. [C]=0.75mM 
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(C) 

 
 

 
Figure SI 86 | T2 CPMG decay curve for 0.75mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.4.3. [C]=0.50mM 
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(C) 

 
 

 
Figure SI 87 | T2 CPMG decay curve for 0.50mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.4.4. [C]=0.10mM 
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(C) 

 
 

 
Figure SI 88 | T2 CPMG decay curve for 0.10mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 2. 
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2.4.5. [C]=0.05mM 
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(C) 

 
 

 
Figure SI 89 | T2 CPMG decay curve for 0.05mM aqueous solution of 

[N1,1,2,C3OH][GdCl4] at 37 ºC fitted with Equation SI 2.
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1. MSNs functionalization – Structural characterization (FT-IR) 

 

 

 

 

 

 

 

 

 

 

 

Figure SI 90 | FT-IR spectra for (A) MSN-A and (B) MSN-Si-DMAE. 

 

 

Figure SI 91 | FT-IR spectra for (A) MSN-B and (B) MSN-Si-DMAP. 
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Table SI 20 | FT-IR peaks assignments for MSN-A, MSN-B, MSN-B, MSN-Si-DMAE 

and MSN-Si-DMAP. 

Assignment MSNs Frequency/cm-1 

ν (OH) of free Si-OH or adsorbed water MSN-A 3448 

MSN-B 3449 

MSN-Si-DMAE 3422 

MSN-Si-DMAP 3422 

δ (OH) of adsorbed water MSN-A 1637 

MSN-B 1637 

MSN-Si-DMAE 1638 

MSN-Si-DMAP 1637 

νas (Si-O-Si) MSN-A 1089 

MSN-B 1088 

MSN-Si-DMAE 1095 

MSN-Si-DMAP 1092 

ν (Si-OH) MSN-A 965 

MSN-B 965 

MSN-Si-DMAE 959 

MSN-Si-DMAP 958 

νs (Si-O-Si) MSN-A 799 

MSN-B 799 

MSN-Si-DMAE 802 

MSN-Si-DMAP 800 

δ (O-Si-O) MSN-A 463 

MSN-B 463 

MSN-Si-DMAE 467 

MSN-Si-DMAP 464 

 



Supplementary Information 

 

381 
 

2. Metal complexation reactions efficiency (XRF)  
 

(A) 

 

(B) 

 

(C) 

 
Figure SI 92 | μ-EDXRF spectra obtained for MSN-Si-DMEA-Gd 

(light blue) and for MSN-Si-DMAP-Gd (dark blue). 



Supplementary Information 

 

382 
 

(A) 

 

(B) 

 

(C) 

 
Figure SI 93 | μ-EDXRF spectra obtained for MSN-Si-DMEA-Tb (light 

green) and for MSN-Si-DMAP-Tb (dark green). 
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(A) 

 

(B) 

 

(C) 

 
Figure SI 94 | μ-EDXRF spectra obtained for MSN-Si-DMEA-Mn (light 

red) and for MSN-Si-DMAP-Mn (dark red). 
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Table SI 21 | Characteristic X-ray energies of the prepared nanomaterials. 

 MSN-Si-DMAE-Gd MSN-Si-DMAP-Gd 

Energy 
(keV) 

Energy 
(keV) 

Si Kα,Kα1,Kα2 1.75 1.74 

Cl 
Kα,Kα1,Kα2 2.61 2.62 

Kβ1,Kβ3 2.82 2.95 

Gd 

Lι 5.35 5.43 

Lα1 6.03 6.04 

Lβ1 6.69 6.67 

Lβ2 7.09 7.06 

Lγ1 7.73 7.74 

Lγ2 8.07 - 

 

MSN-Si-DMAE-Tb MSN-Si-DMAP-Tb 

Energy 
(keV) 

Energy 
(keV) 

Si Kα,Kα1,Kα2 1.75 1.73 

Cl 
Kα,Kα1,Kα2 2.61 2.61 

Kβ1,Kβ3 2.83 2.97 

Tb 

Lι 5.54 5.53 

Lα1 6.24 6.24 

Lβ1 6.94 6.99 

Lβ2 7.33 7.32 

Lγ1 8.05 8.07 

Lγ2 8.37 8.36 

 

MSN-Si-DMAE-Mn MSN-Si-DMAP-Mn 

Energy 
(keV) 

Energy 
(keV) 

Si Kα,Kα1,Kα2 1.74 1.74 

Cl 
Kα,Kα1,Kα2 2.61 2.61 

Kβ1,Kβ3 2.95 2.95 

Mn 
Kα1 5.87 5.87 

Kβ1 6.42 6.45 
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1. Structural characterization of ThT-based probes (1H-

NMR) 

 

Figure SI 95 | 1H-NMR spectra of [ThT][AOT] in (CD3)2SO. 

 

 

Figure SI 96 | 13C-NMR spectra of [ThT][AOT] in (CD3)2SO. 
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Figure SI 97 | 1H-NMR spectra of [ThT][TfO] in (CD3)2SO. 

 

 

Figure SI 98 | 19F-NMR spectra of [ThT][TfO] in (CD3)2SO. 
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Figure SI 99 | 1H-NMR spectra of [ThT][Sac] in (CD3)2SO. 

 

 

 

Figure SI 100 | 1H-NMR spectra of [ThT][PHBA] in CD3OD. 
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Figure SI 101 | 13C-NMR spectra of [ThT][PHBA] in CD3OD. 

 

 

Figure SI 102 | 1H-NMR spectra of [ThT][αRA] in (CD3)2SO. 
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Figure SI 103 | 1H-NMR spectra of [ThT][ChAc] in (CD3)2SO. 

 

 

Figure SI 104 | 1H-NMR spectra of [ThT][CPSA] in (CD3)2SO. 
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2. Structural characterization of CR-based probes (1H-

NMR) 

 

Figure SI 105 | 1H-NMR spectra of [N1,1,1,C2OH]2[CR] in (CD3)2SO. 
 

 

Figure SI 106 | 1H-NMR spectra of [N1,1,C2OH,C2OH]2[CR] in 

(CD3)2SO. 
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Figure SI 107 | 1H-NMR spectra of [C2MIM]2[CR] in (CD3)2SO. 

 

 

Figure SI 108 | 1H-NMR spectra of [C2MIM]2[CR] in (CD3)2SO. 
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Figure SI 109 | 1H-NMR spectra of [C2MIM]2[CR] in (CD3)2SO. 
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