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ABSTRACT 

 

 This work focuses on the synthesis and characterization of bismuth(III)-organic compounds 

with an eye towards developing structure-photoluminescent behavior relationships in  bismuth-

based materials. Twenty-eight compounds have been assembled through coordination of Bi3+ with 

various O- and N-donor ligands; the phases vary in metal ion coordination geometry, nuclearity, 

and overall dimensionality. The photophysical behavior of the compounds was examined to gain 

a more thorough understanding of underlying structure-property relationships. Further, 

computational efforts aimed at identifying the origin of luminescence in several phases were 

performed. Presented herein are three systems that broadly highlight the structural diversity 

afforded by bismuth and the rich photophysical properties that can be achieved: (1) bismuth-

organic compounds bound to heterocyclic N-donor ligands and/or pyridindicarboxylates, (2) 

homoleptic Bi- and Ln-doped Bi-thiophenecarboxylates, and (3) heteroleptic Bi- and Eu-doped 

Bi-organic phases.  

 Eleven bismuth compounds built from N-donor heterocycles and/or pyridinedicarboxylate were 

synthesized. The structures consist of discrete molecular units of varying nuclearity linked into 

supramolecular assemblies via intermolecular π-π stacking and halide-π interactions. These 

compounds exhibit visible light emission, which based on preliminary computational analysis, 

may be attributed to ligand-to-ligand and “metal”-to-ligand charge transfer transitions. 
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 Two series of bismuth- and lanthanide-thiophenecarboxylates were synthesized, exhibiting a 

range of structural motifs, nuclearity, and dimensionality resulting from variations in synthetic 

parameters. The lanthanide phases differed from the bismuth phases in coordination geometry as 

the stereochemically active lone pair of Bi3+ imparted significant anisotropy about the metal center. 

Additionally, disparities in the relative solubility of the Bi- and Ln-units limited doping of the Bi 

phases. However, delayed introduction of the Ln3+ ion resulted in Ln-doped Bi-TDC and 

characteristic visible and NIR emission. 

 To address differences in metal coordination geometries, europium doping into bismuth-

organic phases built from terpyridine and 2-thenoyltrifluoroacetone (TTA) were examined. The 

asymmetric TTA modulated the 6s2 lone pair thereby rendering Bi more Ln-like; isostructural Bi- 

and Eu-phases were prepared. Still, differences in reaction kinetics limited doping. Characteristic 

Eu emission was observed, yet with low quantum efficiencies, which may be attributed to less 

efficient energy migration pathways present in the host material. 
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CHAPTER 1: PHOTOLUMINESCENT METAL-ORGANIC MATERIALS 

 

  In today’s society, the use of luminescent materials is pervasive; luminescent devices are 

used in applications from display and lighting technologies1-3 to optoelectronics4-7 to sensors1, 8-10 

and biomedicine11-14. Advances in luminescent materials specifically in the past century have led 

to significant contributions to modern life (e.g. fluorescent lamps, color television) and seem 

ubiquitous in society. To meet the growing demand of new technologies for lighting, energy, and 

security needs, development of new and novel classes of luminescent materials is warranted. Large 

amounts of energy are used daily to power common technologies such as lighting or displays. 

While society is shifting towards less reliance on fossil fuels, development of more energy efficient 

materials can lead to less energy consumption. Further, our reliance on luminescent materials has 

prompted growing concerns on sustained long-term use owing to the “critical” nature of many of 

the elements from which these materials are constructed.15-16 Supply chains of lanthanides, for 

example, can be impacted by geopolitical or economic events, further exacerbated by lack of a 

diverse global market. An element might be naturally rare, unequally dispersed in the Earth’s crust, 

or not processed by domestic manufacturers, forcing reliance on foreign imports and likely, higher 

prices. In the case of the lanthanides (Ln), where luminescent applications account for their second 

most commercially valuable application,17 volatile costs and a large environmental impact from 

separations and processing prompt apprehension.16, 18-21  Anticipated increase in market demand 

for luminescent materials in the upcoming decades prompts additional concerns over current 

dependence on Ln and other critical element materials.18-19 

 Development of new photoluminescent materials that address our growing needs in areas like 

energy, medicine, and defense is vital for sustaining our society, but this remains an ongoing 
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challenge. By extending research of luminescent materials to main group organic compounds, new 

classes of materials can emerge with novel structural properties and unique spectroscopic behavior. 

Bismuth-based organic materials, specifically, offer a promising class of luminescent materials 

with a wide range of attractive materials properties including low cost, non-toxicity, and a reliable 

and diverse global market.22-24 Bismuth-based compounds have already found application in areas 

including solid state materials, medicine25-28, and catalysts23, 29, but the field of bismuth-based 

materials still is largely underdeveloped in comparison to other metals such as transition metals 

(TM) or the lanthanides (Ln). Developing insight into the fundamental behaviour of bismuth-

organic compounds from their syntheses to structural and spectroscopic properties expands the 

field of photoluminescent materials. Probing the fundamental mechanisms that give rise to 

luminescence will help establish design strategies and allow harnessing bismuth-organic materials 

for new luminescent applications. Towards this end, this dissertation focuses on the synthesis and 

characterization of bismuth(III)-based organic compounds with the aim of establishing structure-

property/luminescence relationships within these new materials. Three classes of bismuth-organic 

compounds are explored: (1) luminescent bismuth-organic compounds built from heterocyclic N-

donor ligands and/or pyridindicarboxylates, (2) homoleptic bismuth- and Ln-doped bismuth-

thiophenecarboxylates, and (3) heteroleptic bismuth- and europium-doped bismuth-organic 

phases. In this chapter, a brief overview of metal-organic compounds and luminescent properties 

observed within this class of materials will be broadly introduced.  

1.1 Hybrid Metal-Organic Compounds 

 Hybrid materials can be broadly defined as built from a combination of inorganic and organic 

components. They are constructed from a metal ion center that is either directly bound to organic 
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ligands or that interacts via supramolecular interactions with outer coordination sphere organic 

compounds. The utility and almost infinite tunability of the metal and organic structural 

components makes them a highly desirable class of materials, highlighted by the breadth of 

research into their development over the past several decades.30-33  

1.1.1 Coordination Compounds 

 Coordination compounds can vary in nuclearity from monomers to dimers to trimers etc., but 

are molecularly discrete, meaning they are zero-dimensional. They result from a chemical reaction 

in which a Lewis base (ligand) binds to a Lewis acid (the metal). Alfred Werner, often considered 

the father of coordination chemistry, first proposed the molecular structure of [Co(NH3)6]Cl3 in 

1893.34 Since then, the field of coordination compounds has greatly expanded and been heavily 

researched, especially with transition metal compounds. Various metal ions and organic ligands 

can be used to assemble a variety of the structures, and in turn, be used to tune the chemical 

behavior of the resulting compounds. Development and elucidation of the structures of 

coordination compounds has allowed greater exploration of bioinorganic materials, such as 

hemoglobin or vitamin B12, and has enabled growth of industrial catalysts for the production of 

organic substances. Many of the compounds reported in this dissertation are zero-dimensional with 

varying nuclearity; however, several form 2D and 3D networks as detailed in section 1.1.2.  

1.1.2 Coordination Polymers  

 Coordination polymers (CPs) are an exciting class of materials that have received a large 

amount of scientific attention in recent decades.35-37 They have diverse and tunable properties from 

sorption capabilities38 to magnetic behavior to optical properties1-2, 36, 39, stemming from the unique 

combination of metal and organic species. CPs are built from metal ions or clusters (the inorganic 
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component) linked together by organic ligands to form extended network structures (i.e. one, two, 

or three dimensional). The term metal-organic framework (MOF) was popularized by Yaghi et al. 

around 1995 to further define CPs that are three-dimensional.40-41 CPs and MOFs combine the high 

crystallinity and rigidity of inorganic solids with the tunability, diversity, and flexibility of organic 

molecules.38, 42  

1.1.3 Synthetic Strategies 

 The design of discrete molecular complexes and extended CPs with desired structural and 

spectroscopic properties has driven a great amount of research recently. This diversity stems from 

the coordination preferences of the metal ion as well as the binding character of the organic ligand 

involved. Simply, the syntheses involve a metal salt and the organic ligand combined in a solvent 

and self-assembly of the two components results in formation of the metal-organic compound. A 

variety of chemical and physical variables can affect the assembly and resulting product, including 

temperature, reaction pH, ligand pKa, metal:ligand ratio, and solvent.43 The pH of a reaction (often 

adjusted through addition of an acid or base) can affect the protonation state of the ligand (e.g a 

carboxylic acid). Deprotonation is needed for binding to the metal ion to occur but use of ligands 

with multiple acid sites (e.g. –COOH) that have several protonation states at different pH values 

can result in multiple possible coordination modes. Further, metal:ligand ratio can drive product 

formation and affect the nuclearity of the resulting complexes, as is discussed in Chapter 4 with 

bismuth-thiophenemonocarboxylates.  

 The synthetic technique employed to crystalize metal-organic materials is also of importance. 

Common synthetic methods can include slow evaporation of a solution of metal and organic 

precursors, layering of solvents containing different precursors, or slow diffusion of one 
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component solution into another through a membrane or an immobilizing gel.38  

Hydro(solvo)thermal syntheses are a well-established method for producing crystalline products 

and are discussed in more depth in Chapter 2. They involve a chemical reaction in water 

(hydrothermal) or a solvent (solvothermal) at a temperature at or above the boiling point of the 

solvent in a sealed system.44 Several of the reactions reported in this work utilize hydro- and 

solvothermal syntheses.  

1.1.3.1 Hard-Soft Acid-Base Theory 

 In designing metal-organic materials, preferences of the metal to certain binding groups have 

to be considered. According to Pearson’s Hard-Soft Acid-Base (HSAB) Theory, acids and bases 

can be classified as either “hard”, “soft”, or in some instances, “borderline”.45-47 A small and/or 

highly charged ion is more polarizing (acid)/ or less polarizable (base) and is considered hard; a 

larger and/or lower valent atom/ion is less polarizing (acid) or more polarizable (base) and is 

considered soft.45 Borderline species fall between hard and soft acids/bases. HSAB theory states 

that hard acids prefer to coordinate with hard bases, while soft acids prefer soft bases.47 Use of this 

principle is based on Lewis’ definition of acids and bases, where Lewis acids are electron acceptors 

and Lewis bases are electron donors.48   

 In the context of this work, appropriate metal-ligand pairings are discussed. As discussed 

further in Chapter 2, trivalent bismuth is a borderline Lewis acid, and as such, tends to bind to hard 

and borderline bases. Chapter 3 outlines several bismuth-organic species built from carboxylate 

and N-donor heterocyclic functionalities. In Chapters 5 and 6, differences in coordination 

preferences between Bi3+ and Ln3+ (considered hard Lewis acids) ions are discussed.  
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1.2 Luminescent Behavior in Metal-Organic Materials  

 In metal-organic materials, photoluminescence can arise from either ligand-centered (LC) 

emission, metal-centered (MC) emission, charge transfer transitions, or some combination thereof. 

Each of these is discussed further in this section, and a simplified molecular orbital scheme 

depicting possible excitation pathways is shown in Fig. 1.1. One of the difficulties with 

luminescent metal-organic compounds, in particular, transition and main group metal compounds, 

is that luminescence can arise from a multitude of different transitions or even mixing of states.35 

This often makes identification and assignment of the transitions challenging even in relatively 

“simple” systems with only one type of ligand and limited intermolecular interactions.  

Fig. 1.1 Simplified molecular orbital diagram of a transition metal complex, MLn, depicting 

possible excitation pathways. MC = metal-centered transition, MLCT = metal-to-ligand charge 

transfer, LMCT = ligand-to-metal charge transfer, LC = ligand centered transition. Adapted from 

Müller-Buschbaum et al.35  

 

 Luminescence, broadly, describes a material that can convert incident energy input into the 

emission of electromagnetic waves in the ultraviolet (UV), visible or infrared regions of the 

spectrum, beyond that resulting from black-body emission.49 There are a number of types of 
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luminescence found in inorganic-organic materials stemming from the large abundance of 

excitation sources avaliable.49 Materials can exhibit radioluminescence after excitation from 

ionizing radiation; a noted example is use of radium paint by the “Radium Girls” in the early 20th 

century.33, 50 Electroluminescence, a result of excitation of electrons in an applied electric field, 

finds applications in areas like liquid-crystal display (LCD) back-planes or light-emitting diodes 

(LEDs).49, 51 Photoluminescence occurs when light absorption (i.e. ultraviolet or visible) results in 

formation of an excited electronic state and subsequent emission of a photon, and is the focus of 

the optical behavior of compounds in this dissertation.  

 It is worth noting that the majority of the luminescence discussed in this section, except for 

section 1.2.3.3, is based on a “molecular” approach, rather than solid state. This approach cannot 

completely account for the luminescence in CPs, as host-guest interactions or interactions between 

frameworks can occur. Further, energy bands rather than single, discrete energy levels can arise in 

solid state structures of hybrid materials. Recent reports have highlighted the need to better 

understand the luminescence in metal-organic species in the solid state due to these band 

formations.52-53 Nonetheless, a “molecular” approach is a good starting point for discussing 

luminescence in hybrid metal-organic materials as many parallels can be drawn.  

1.2.1 Ligand-Centered Transitions 

 Intraligand (IL) excited states arise from electronic transitions between orbitals localized on a 

ligand often resulting from n-π* or π-π* transitions.54 To observe an IL emission, other excited 

states of different origins (e.g. metal-centered or charge transfer transitions) must either be absent 

or located at energies well above the emitting IL state.55  If these other excited states are located 

at lower energies, they will be populated by non-radiative deactivation from the IL states, resulting 
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in either a compound that is non-luminescent or emits from another excited state.56 Two main 

pathways are responsible for emissive behavior in organic compounds, fluorescence and 

phosphorescence. Fluorescence describes the quick re-emission of absorbed light, whereas 

phosphorescence describes delayed emission, as shown in Fig. 1.2. With each, an electron is 

excited (purple arrow) to a singlet excited state (Sn), quickly relaxes via vibrational relaxation and 

internal conversion (pink dashed arrows) to the lowest singlet excited state (S1). In fluorescence, 

emission occurs through a spin-allowed transition (blue arrow) to the ground state (S0). This whole 

process is fast, on the order of <10-6 seconds. Fluorescent emission is a result of a π-π* transition.57 

In phosphorescence, a transition in spin multiplicity occurs, as the excited electron undergoes 

intersystem crossing (ISC; orange arrow) from S1 into an excited triplet state (T1) of lower energy. 

Emission then occurs through a spin-forbidden transition (green arrow) to the S0 ground state. As 

this process is forbidden and kinetically unfavorable, phosphorescence is slower, on the order of 

10-3 seconds or greater. Non-radiative decay processes (pink squiggle arrow) can occur, providing 

alternative pathways for excited state relaxation and competing with other emissive processes.  
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Fig. 1.2 Modified Jablonski diagram depicting basic photophysical processes. Intersystem 

crossing is a non-radiative process and is accompanied by a forbidden spin state change. A = 

absorption, F = fluorescence, IC = internal conversion, P = phosphorescence, NR = non-radiative 

decay, ISC = intersystem crossing, S = singlet state, T = triplet state. 

  

 In a metal-organic compound, LC emission arises from electronic transitions localized on the 

ligand orbital. Localized LC emission usually does not differ significantly from that of the free 

ligand. Differences predominately arise from immobilization and separation of ligand molecules. 

Through the heavy atom effect and subsequent spin-orbit coupling, ligand luminescence can be 

driven from singlet to triplet excited states, enhancing the rate of phosphorescence. For example, 

Vogler and co-workers have demonstrated π-π* IL transitions within hexafluoroacetylacetonates 

with Sn2+, Tl1+, Pb2+, and Bi3+.58 Through the heavy atom effect, they were able to observe room 

temperature IL phosphorescence with all but Sn2+. A variety of transition metals have shown 

ligand-based emission; commonly reported structures of this type are those based on d10 metal 

centers such as Cd(II) or Zn(II). 8, 54, 59-63 In these materials, the inorganic metal provides the node 

from which the emissive organic chromophores are bound. The increased rigidity of the metal-

bound chromophore limits movement, leading to enhanced phosphorescence. Additionally, 
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aggregation in an extended network can lead to limited molecular motion of the ligand. Sometimes, 

this can lead to a reduction in the emission efficiency because of concentration quenching. In some 

instances, however, restriction of intramolecular motion upon aggregation can lead to aggregation-

induced phosphorescence (AIP).11, 64-65 An increase in the emission efficiency is observed in AIP 

as a result of the blocking molecular rotations and vibrations responsible for non‐radiative 

pathways in non‐rigid environments.  

1.2.2 Charge Transfer Transitions  

 A variety of charge transfer (CT) states can arise in metal-organic compounds. These include 

metal-to-ligand charge transfer (MLCT) for easily oxidized metals and reducible ligands or the 

opposite, ligand-to-metal (LMCT) charge transfer. A MLCT transition is characterized by flow of 

electron density from a metal-centered orbital to a low energy ligand orbital.54 MLCT excitation 

bands have been frequently observed in compounds with s2 electron configurations as well as 

second and third row d6, d8, and d10 transition metals.35 A few examples include the compounds 

[M(2,2’-bypridine)X3] where M=Sb3+, Bi3+ and X=Cl, Br, I, reported by Vogler et al. and several 

copper(I)-1,10-phenanthroline compounds reported by Meyer and co-workers.66-67  

 A LMCT transition occurs through movement of electron density from a ligand-based orbital 

to a vacant s or p orbital of the metal.54 Metal ions with closed d-shells such as d0 and d10 electron 

transition metals can exhibit LMCT when MC emission is not dominant.35 Luminescence in 

zinc(II) and cadmium(II)-based organic compounds are often attributed to LMCT.60-61 

Additionally, ligand-to-ligand charge transfer (LLCT) transitions can occur when electron density 

transfers from the HOMO of one ligand to the LUMO of another. These can arise from interactions 

between ligands such as π-stacking, H-bonding, or Van der Waals interactions. As the interaction 
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distances are longer in CT transitions than IL absorption, the energy of these transitions is generally 

lower. This is usually seen as a bathochromic shift (red shift) of the excitation spectrum from the 

IL transition. Additionally, CT transitions often occur in similar regions, giving rise to potential 

overlap, and making accurate assignment challenging.35, 57   

1.2.3 Metal-Centered Transitions  

 Metal-centered (MC) emission stems from an intrinsically luminescent metal center ion, e.g. 

lanthanides, actinides, transition or p-block metals. This section will discuss MC emissive 

transitions resulting from the lanthanides and 6s2 metal ions. 

1.2.3.1 Lanthanide Luminescence   

 The lanthanides are defined by their line-like emission spanning near-ultraviolet to near-

infrared (NIR) wavelengths that arise from f-f transitions. As the f-electrons are highly shielded, 

MC transitions within the lanthanides are largely independent of the chemical environment. This 

allows for characteristic emissions from the Ln3+ metal ions. However, since these transitions are 

between states of the same parity, they have zero transition probability and are therefore, Laporte 

forbidden. This means f-f transitions are inherently slow with very low molar absorptivities 

(typically 0.1-10 M-1cm-1).57, 68 Consequently, light absorption and therefore, direct excitation of 

the lanthanide metal ion is inefficient. One method to overcome this inherent problem is through 

binding a strongly absorbing organic chromophore to the lanthanide ion, commonly referred to as 

the “antenna effect” (Fig. 1.3).31, 57, 68 The organic ligand then absorbs light and transfers this 

energy to the lanthanide via an energy transfer (yellow arrow) from the ligand excited state to an 

appropriately paired energy level of the lanthanide. The “antenna effect” is well-established for 

molecular lanthanide-organic species, using sensitizers not hindered by parity forbidden 
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transitions and with molar extinction coefficients thousands of times greater than f-f absorption.69 

In order to make an effective sensitizer and prevent back-energy transfer (yellow dashed line), the 

organic chromophore must generally possess a triplet state equal to or above (~2,500 to 5,000 cm-

1) that of the lanthanide's resonance level to facilitate energy transfer.31, 70-71 Alternatively, use of 

a second metal center has shown to promote luminescence as a sensitizer or activator.35 Several 

bismuth-based phosphors have demonstrated this ability in conjunction with lanthanides like Sm3+, 

Eu3+, Dy3+, Er3+, Tb3+,  and Yb3+.72-75  

Fig. 1.3 Simplified Jablonski diagram depicting possible antenna effect and electronic 

transitions for Eu3+ ion in an Ln-organic compound. A = absorption, F = fluorescence, P = 

phosphorescence, NR = non-radiative decay, ISC = intersystem crossing, ET = energy transfer, 

BT = back energy transfer, S = singlet state, T = triplet state. 

 

1.2.3.2 Energy Transfer Mechanisms 

There are two common mechanisms by which energy can transfer from the donor (e.g. 

organic antenna) to an acceptor (e.g. Ln3+ ion), Dexter energy transfer or Förster resonance energy 
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transfer (FRET) (Fig. 1.4). At distances up to 10 Å, Dexter energy transfer, first proposed in 1953, 

occurs when an electron in an excited state from a donor is transferred to an excited state of the 

same spin multiplicity from an acceptor.76  FRET, on the other hand, can be possible at distances 

up to 10 nm. As an electron in an excited state relaxes to the ground state, the energy released can 

simultaneously excite an electron in the ground state of an acceptor, though a non-radiative energy 

transfer process known as resonance. FRET is associated with the Coulombic interaction between 

electrons, therefore longer distances than those warranted by Dexter energy transfer are possible 

between donor-acceptor pairs. Both mechanisms rely on overlap between donor and acceptor 

energy levels.  

Fig. 1.4 Energy transfer mechanisms for (left) Forster and (right) Dexter ET. D = donor, A = 

acceptor, D* = excited donor, A* = excited acceptor. Adapted from The Rare Earth Elements.57 

 

1.2.3.3 Heavier Main Group Luminescence  

 Compounds containing heavier main group metals, i.e. Tl+, Pb2+, and Bi3+, have demonstrated 

unique MC luminescence. Similar to Pb2+ and Tl+, Bi3+ has an 6s2 outer electron configuration 

with a 1S0 ground state. Upon excitation to a 6s16p1 electron configuration, optical transitions result 

in 3P0-3 triplet and 1P1 singlet excited states.77-78 The transitions 1S0 → 3P1, 
1S0 → 3P2, and 

1S0 → 

1P1 are referred to as the A-, B-, and C-bands, respectively (Fig. 1.5, blue arrows). The 1S0→
3P0 

transitions is strongly forbidden and therefore, not observed; however, it can act as an optical trap 
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at low temperatures.79 The 1S0 → 3P1 transition (A-band) becomes allowed as a result of spin–orbit 

coupling and mixing with the 1P1 state. The 1S0 → 3P2 transition (B-band) is forbidden but can be 

relaxed by coupling of unsymmetrical lattice vibrational modes of the host framework. The 

1S0 → 1P1 transition (C-band) is an allowed electric dipole transition. At room temperature, 

emission (blue arrows) is typically dominated by the 3P1 → 1S0 transition, although emission from 

the forbidden 3P0 → 1S0 state can be seen at low temperatures.79  

Fig. 1.5 Energy level diagram of Bi3+ depicting possible electronic transitions. NR = non-

radiative decay, P = phosphorescence, IVCT = intervalence charge transfer, MMCT = metal-to-

metal charge transfer.  

 

 The energies of the excitation and emission bands in Bi3+ can vary greatly as the bands are 

highly dependent on the chemical environment and composition of the host materials.80 

Consequently, the Stokes shift can vary by up to one order of magnitude between compounds. 

Emission from bismuth-based materials can range from UV through the red region of the visible 
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spectrum.39 Recently, Wang et al. established a correlation between the A- and C-band excitation 

energies and the chemical environment of the Bi3+ metal center.81 The larger the chemical 

environmental parameters they included (i.e. coordination number, effective charge, bond volume 

polarizability, and fractional covalence), the lower the energy of the Bi3+ absorption bands. In 

inorganic solids, the average energy separation between the A- and C- bands is about 10,000 cm-

1.79, 82-83  

 In addition to the emissive 3P1→
1S0 and 

1P1→
1S0 transitions, Bi3+-based and Bi3+-doped 

materials can exhibit several other charge transfer transitions. A metal-to-metal charge transfer 

(MMCT; orange arrow) transition of an electron from Bi3+ to a host cation (Mn+) can occur (i.e. 

Bi3+/Mn+ → Bi4+/M(n-1)+). 79, 84-85 The electron is thought to transfer to the conduction band of the 

host material, forming an exciton upon recombination (Fig. 1.5).79, 84-87 Emission from a MMCT 

is often seen when there is coupling with d0 or d10 metals such as Ti4+, In3+, V5+, or Mo6+.84-85, 87 

Further, Bi3+ ions can form pairs or clusters through entering the host lattice. Then, an intervalence 

charge transfer (IVCT; green arrow) of an electron from one Bi3+ ion to its neighbor occurs, 

forming Bi2+ and Bi4+ ions (i.e. Bi3+(6s2)/ Bi3+(6s2) → Bi4+(6s1)/Bi2+(6s2p1)) (Fig. 1.5).78, 88  

1.2.4 Design Considerations for Achieving Luminescence   

 One key advantage of metal-organic materials is their high tunability, but this requires 

appropriate choice of the organic ligands and metal ions to construct the desired compound and 

properties. Two common strategies can be used to design luminescent metal-organic compounds: 

(1) use of luminescent organic ligands and/or (2) use of  intrinsically luminescent metal ions.1-2, 8, 

35, 63-65, 71, 89-91 As outlined earlier in section 1.2, luminescence can arise from ligand or metal-

centered transitions, charge transfer transitions, or from some combination of these. The metal ions 
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used in the compound can exert a heavy atom effect on the ligand, as discussed above, favoring 

phosphorescence over fluorescence. Additionally, incorporation of an additional ligand can offer 

fine-tuning of the emissive color and increased LLCT as well as influence the arrangement of 

organic ligands and subsequent intermolecular interactions. 59, 64-65, 92-94 It is also important to keep 

in mind that the luminescence of ligands with the ability to be deprotonated through complexation 

with a metal can shift slightly too depending on if it is protonated or deprotonated. 

 With respect to the lanthanides, the excited energy levels of the organic ligand must be 

considered. Ideally, the ligand possesses a triplet state equal to or above (~2,500 to 5,000 cm-1) the 

excited state of the Ln3+ metal ion. Each Ln3+ ion has varying excited energy levels, so the ligand 

must be tailored to the chosen lanthanide ion to pair appropriately. Further, the Laporte rule states 

that electronic f-f transitions in lanthanide complexes should be forbidden in centrosymmetric 

molecules, since they conserve parity with respect to the inversion center where the metal is 

located. Centrosymmetry may be broken by thermal vibrations, but can also be broken through 

thoughtful ligand selection such as development of heteroleptic metal-organic species.95 This 

increased asymmetry about the metal center leads to less forbidden transitions, which, in turn, 

leads to a more luminescent compound. Chapter 6 discusses implementation of this idea to a 

system of Eu-doped bismuth-organic compounds built from terpydine and 2-

thenoyltrifluoracetate.  

 Luminescence quenching effects can be present in metal-organic materials, stemming from 

non-radiative decay pathways. High energy oscillators like O-H, N-H, and C-H offer alternative 

deactivation pathways effectively depopulating the excited states of the Ln3+ ions, provided the 

energy level of the vibrational species is lower than the excited state of the metal ion.96-97 A 



17 

 

representative example of energy transfer to molecular water is shown in Fig 1.6. According to the 

Energy Gap Law, the smaller the harmonic number of the vibrational species, the larger the 

effective quenching of the lanthanide ion.97-98 There have been, however, examples recently where 

high energy oscillators were observed to actually enhance Eu3+ luminescence in a CP through rise 

of band structure in the lanthanide-organic compound.53  

Fig. 1.6 Modified Jablonski diagram depicting possible NR deactivation by a high energy 

oscillator (O-H). A = absorption, F = fluorescence, NR = non-radiative decay, ET = energy 

transfer, ν = vibrational O-H energy levels of molecular water. 

 

1.3 Luminescent Metal-Organic Compounds 

 There are many different materials that possess photophysical properties, including inorganic 

phosphors, organic chromophores, and metal-organic compounds. Inorganic materials include the 

a diverse class of silicate and aluminosilicate materials or yttrium aluminum garnet (used in the 

well-known Nd:YAG laser).99-101 Strontium aluminate based pigments are widely used for glow-

in-the-dark faces on watches. Luminescent materials can also be based on solely organic 

components relaying on emissive transitions referred to in Section 1.2.1.102 An advantage of metal-

organic compounds over purely inorganic phosphors or organic chromophores is the ability to fine‐
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tune luminescent properties through the manipulation and functionalization of the organic moieties 

and judicious choice of  the metal ion and control of its speciation.  

1.3.1 Lanthanide-Based Compounds 

 Coordination compounds of 4f metals are well-known luminescent materials, finding 

applications in a variety of areas from display technologies to optics to biosensing and imaging.1, 

7, 13, 31, 103-105 As mentioned previously, careful choice of the organic ligand is key for successful 

Ln emission. Specifically, N- and O-donor ligands with appropriately paired triplet states have 

received much interest in the field of Ln-organic materials.1, 36, 43 There are a number of Ln CPs 

and MOFs built from 1,10-phenanthroline (phen), including the isomorphous 

[Ln3(bidc)4(phen)2(NO3)]·2H2O}n (Ln = Gd, Eu, Tb; H2bidc = benzimidazole-5,6-dicarboxylic 

acid) series reported by Jin et al displaying white light tuning.106 Complexation of β-diketonates 

with Ln ions has extensive use in past decades, allowing tuning of the emissive properties through 

tuning of ligand functional groups.107-109 Further, polycarboxylate ligands, especially aromatic 

ones, have been frequently used as organic linkers due to their abundant coordination modes and 

the Ln’s binding preference to hard Lewis bases.110 

1.3.2 Heavier Main Group Metal-Based Compounds 

 While underexplored in comparison to transition metals or lanthanide metals, luminescent 

bismuth-organic compounds display a rich breadth of visible light emission from blue to yellow 

to red. These photophysical behaviors result from a variety of possible energy migration pathways 

including ligand emission, metal-centered emission, and/or charge transfer transitions. As will be 

discussed further in Chapter 2 with respect to bismuth-organic compounds, the luminescence of 

6s2 metal-organic compounds can be compared to luminescence arising from d10 metal-organic 
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compounds.35, 54, 77, 111 Luminescence within both of these classes exhibit large Stokes shifts and 

regardless of the nature of the transition, exhibit excited states that are distinctly different than the 

ground states. 35, 54, 77, 111 Further, CT transitions including LMCT and MLCT often dominate the 

emissive behavior of these compounds. A few lanthanide-doped bismuth-organic compounds have 

been reported and show characteristic lanthanide emission, albeit lack a more in-depth analysis of 

the compound’s luminescent efficiency. A more detailed discussion on heavier main group metal-

organic compounds, specifically with regards to trivalent bismuth, is provided in Chapter 2. 

1.4 Dissertation Outlook 

 The work presented in this dissertation has focused on the synthesis and characterization of 

luminescent bismuth-organic compounds with the aims of (1) establishing viable synthetic avenues 

to access bismuth-organic materials and (2) elucidating underlying structure-property relationships 

within the materials to afford a more thorough understanding of their luminescent behavior. In 

Chapter 2, an introduction to bismuth-organic chemistry is discussed with a focus on bismuth’s 

unique coordination chemistry, luminescent properties, and our interest in photoactive bismuth-

organic materials. Chapter 3 describes the experimental techniques used to both synthesize and 

characterize the compounds reported herein. In Chapter 4, three series of luminescent bismuth-

organic compounds are explored: (1) bismuth-pyridinedicarboxylates, (2) polychlorobismuth 

terpyridine/phenanthroline compounds, and (3) polybromobismuth-terpyridine compounds. These 

phases vary in nuclearity, overall connectivity, dimensionality, and end product properties, 

highlighting the rich structural chemistry bismuth can afford. Computational analysis of the 

polychlorobismuth species is performed to help elucidate possible excitation pathways. In Chapter 

5, bismuth- and lanthanide-thiophenemonocarboxylates (TMC) and thiophenedicarboxylates 
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(TDC) are explored. Differences in the structural chemistries and reaction kinetics between the 

bismuth and lanthanide compounds are discussed. Further, Ln ions are doped into the Bi-TDC 

phases and the subsequent photophysical properties are outlined. Chapter 6 presents several 

heteroleptic bismuth- and europium-doped bismuth-organic compounds, wherein Eu3+ and Bi3+ 

are shown to adopt isostructural complexes. Eu3+ metal ions are incorporated into the bismuth-

organic compounds at low doping percentages, and the resulting luminescent behavior is 

discussed.  
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CHAPTER 2: BISMUTH(III)-ORGANIC MATERIALS 

 Although the use of bismuth as a metal alloy and as a remedy for stomach aches has been known 

since the Middle Ages, it was first characterized by J. Pott and T. Bergman in the 18th century.112 

Bismuth metal is a lustrous, silvery white metal found in the Earth’s crust at a rank of 65th for 

elemental abundance. It occurs naturally in several ores, including bismuthinite (Bi2S3), bismite 

(Bi2O3), or bismutite ((BiO)2CO3).
112-113 However, bismuth is produced primarily as a byproduct 

of smelting lead ores. In China, it is also a byproduct from fluorspar, tin, and tungsten ore 

processing.113 While imports constitute the majority of bismuth in the US, import sources are 

diverse, including China, Belgium, Mexico, South Korea, and others. Global demand for bismuth 

has steadily increased over the past several decades; in 2018 alone, the total value of bismuth as a 

commodity was estimated at $25 million.22 Some of this increased demand has been driven by a 

decrease in price of bismuth. In the past five years, the price per pound of bismuth has fallen by 

more than fifty percent to just under $11/kg.22 As of 2018, the price of bismuth has been relatively 

less expensive or similar in comparison to other metals employed as luminescent materials such 

as the lanthanides, defined by a volatile global market (Dy2O3 = $180/kg; Eu2O3 = $56/kg; Tb2O3 

= $461/kg), or transition metals (Cu = $7/kg; Zn=$3/kg, Ni = $14/kg).21, 114-115 In combination 

with a globally diverse and reliable market, bismuth-based compounds present an attractive area 

of materials research.  

 Owing to a flexible coordination environment and a possibly stereochemically active 6s2 lone 

electron pair, bismuth-based compounds can be difficult to predict. Coupled with a variety of 

synthetic obstacles (e.g. limited solubility, hydrolysis), accessing viable synthetic pathways and 

establishing structure-property trends in bismuth-organic phases has proven challenging. 
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However, their unique coordination chemistry and promising materials properties make accessing 

bismuth-based compounds an attractive vein of inquiry particularly with respect to accessing new 

classes of materials. This section introduces general bismuth-organic coordination chemistry and 

highlights interesting luminescent bismuth-organic compounds reported in the literature.  

2.1 General Attributes of Trivalent Bismuth 

 The chemistry of bismuth can generally be compared to that of the Group 15 elements. While 

there are many overall similarities, there are several key differences, often because of the s2 lone 

electron pair and its increased diffuseness down the group. Consequently, the pentavalent 

oxidation state of bismuth is uncommon and less stable than for P, As, or Sb.116 There are known 

Bi5+ organobismuth compounds, but the synthetic conditions must be rigorously controlled.116-120 

Bismuth is readily oxidized to Bi3+, though, which is its most common oxidation state. Bismuth 

and bismuth-based materials are generally considered environmentally benign and non-toxic, 

owing to low solubilities and proven use in medicinal applications.24-25, 27-28, 121 Additionally, 

bismuth is much larger than the lighter Group 15 elements, which allows it to adopt larger 

coordination numbers.  

2.1.1 Coordination Environment 

 Bismuth-organic compounds often form as crystalline materials, which allows a highly ordered 

and well-defined structure to be crystallographically resolved. As they incorporate both inorganic 

and organic parts, there is a high degree of tunability possible. This allows for systematic variation 

of the structural and chemical properties of the compounds and highly tunable materials. 

Understanding, however, the coordination preferences of Bi3+ and the structural chemistry of 

bismuth-organic compounds is important in design of these phases.   
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 Based on Pearson’s Hard–Soft Acid-Base theory, as outlined in section 1.1.3.1, Bi3+ is 

considered a borderline metal ion.45 As a strong Lewis acid, Bi3+ has a high affinity for forming 

complexes with both N and O donor atoms.116, 122 Consideration of the organic ligand, possible 

binding modes, and stability constants of the resulting bismuth-organic compounds are all 

important factors in designing bismuth compounds. Although Bi3+ has a strong tendency to 

hydrolyze (Section 2.3), strong chelating ligands can prevent hydrolysis by saturating the metal 

ion coordination environment and thereby stabilizing the compound even at higher pH ranges.122-

123 There are over 3,600 reported bismuth-containing compounds in the Cambridge Structural 

Database (CSD 2018); however, very few (<40) focus on the luminescent properties of the reported 

phases.124 Some common bismuth-organic phases have been built from O-, N-, and S-donor 

ligands and halides, and have been reviewed in recent years.121-122, 125-126 Depending on the organic 

ligand, multiple coordination modes are possible with bismuth, further highlighting the structural 

diversity of bismuth-organic compounds. For example, 2,6-pyridinedicarboxylic acid (dipicolinic 

acid) has been shown to bind to bismuth through a variety of coordination modes (Fig. 2.1).127-128  

Fig. 2.1 Possible coordination modes for 2,6-pyridinedicarboxylate binding to Bi3+.  

 One of the unique qualities of Bi3+ is its flexible coordination environment and its ability to 

form compounds that exceed the octet rule. Bi3+ ions are relatively large, with a Shannon ionic 

radii of 1.17 Å, and often adopt large coordination numbers of nine or ten.129 A cursory glance at 
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the CSD shows a large spread of possible coordination numbers for Bi (Fig. 2.2), varying from a 

four coordinate dichlorobismuth species bound to tetrahydrofuran and bis(trimethylsilyl)methyl 

reported by Breunig and Althaus to a six coordinate oxo-bridge bismuth-2,5-pyridinedicarboxylate 

phase reported by zur Loye et al. to a ten coordinate Bi(triethylenetetraaminehexaacetate)·3H2O 

reported by Declercq et al. and a twelve coordinate [Bi(1,4-benezendicarboxylate)2]·dma reported 

by Cheetham and coworkers.130-133  

Fig. 2.2 Histogram depicting the frequency of coordination number from all bismuth-organic 

compounds reported in the Cambridge Structural Database (CCDC 2018).  

 

2.1.1.1 Bismuth Carboxylates 

 Bismuth readily forms compounds with carboxylate donor ligands.116, 121-122 These are often 

formed through reaction of bismuth salts (e.g. halides, oxide, nitrate, acetate) with the carboxylic 

acid using a variety of synthetic methods, including nonaqueous synthetic techniques, 

mechanochemical methods, and hydro(solvo)thermal syntheses, to successfully access a range of 

bismuth-carboxylates from molecular complexes to clusters to extended networks.116, 134-139 

Utilizing ligands with polyaminocarboxylate and aminopolycarboxylate functionalities can afford 

dimensionality to the resulting compound by bridging metal centers through the ligand and give 

increased thermodynamic stability of the resulting phase. Collectively, bismuth-carboxylates 
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exhibit rich structural chemistry and functional properties. Carboxylate decorated bismuth-oxo 

clusters ranging in nuclearity from Bi2 to Bi50 have received considerable attention due to their 

photocatalytic activity and use in wastewater treatment.140-143 Further, bismuth-

aminopolycarboxylates have been used extensively in analytical chemistry for complexometric 

titrations and have shown stability at pH ranges as low at 0.5-1.0.122, 144  

2.1.1.2 Bismuth Halides 

 As Bi3+ is a good Lewis acid and can readily expand its octet, adducts between bismuth halides 

and donor ligands (e.g. pyridine or bipyridine derivatives) are often observed offering a vast 

structural library of bismuth-halide compounds.116, 126, 145-146 The halide ligands can help saturate 

the coordination sphere of the metal cation and also bridge Bi3+ metal centers to form polynuclear 

complexes. Due to this, a wide range of bismuth-halide anionic structural motifs have been 

accessed such as [BiX5]
2-, [BiX6]

3-, [Bi2X9]
3-, [Bi4X16]

4-, or [Bi8X28]
4, which are charge balanced 

by outer coordination sphere cations.116, 126, 147-149 Polymeric bismuth halide species have been 

observed, such as structures built from vertex-shared (BiX6)  octahedral.116, 126 Additionally, as 

discussed further in Chapter 4, bismuth-halide motifs within metal-organic compounds have been 

reported, including [Bi2X6L2], or [Bi2X6L4] where L = coordinating organic ligand.75, 150  

2.1.2 Stereochemically Active Lone Electron Pair 

 The coordination chemistry of bismuth and other 6s2 metals (i.e. Tl+, Pb2+) can be strongly 

influenced by the presence of this lone electron pair. The Bi3+ metal center is considered 

hemidirected when the lone pair of electrons is stereochemically active, but holodirected when the 

lone pair is stereochemically inactive. In the holodirected geometry, Bi-donor atom bonds are 

evenly distributed about the metal center coordination sphere. In the hemidirected geometry, 
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distorted geometries with evident "open faces", trans to the shortest Bi-donor atom bond distance, 

are apparent and result in asymmetrical bismuth-donor atom bonds. A few representative examples 

displaying the holo- (c,d) and hemi-directed (a,b) geometries of Bi3+ are given in Fig. 2.3.  

Fig. 2.3 Illustration highlighting the influence of lone pair activity on the coordination 

environments observed. (a) Hpy[Bi(TMC)4(HTMC)], (b) (Hpy)2[Bi(TDC)2(HTDC)]∙0.36H2O, 

(c) BiNO3(TTA)2(terpy), and (d) [Bi2Br6(terpy)2] (where TMC = 2-thiophenemonocarboxylic 

acid, TDC = 2,5-thiophenedicarboxylic acid, TTA = 2-thenoyltrifluoroacetone, terpy = 2,2';6',2"-

terpyridine, and Hpy = pyridinium cation). Arrows denote face of the apparent location of electrons 

on the polyhedron. The shortest Bi–O bonds for (a) and (b) are denoted “Ot”, corresponding to the 

O trans to the lone pair. For (c) and (d), the polyhedral are more symmetrical with no open face 

evident in which each Bi3+ metal center adopt a distorted capped square antiprismatic and distorted 

pentagonal bipyramidal geometry, respectively.  

 

 From a classic model approach, the lone pair is assumed to occupy an inert orbital in the ligand 

sphere on the metal ion after s and p orbital mixing, proposed by Orgel in the late 1950s.151-152 

Here, it remains chemically inert, but is stereochemially active. However, this classical view overly 

simplifies the lone pair and does not consider further mixing. For example, a stereochemically 

active lone pair is clearly seen in the structure of PbO.153 For larger chalcogenides (i.e. PbS, PbSe, 

PbTe), however, the influence of the 6s2 lone pair is not observed.154 A “revised” model of the 6s2 

lone pair has been developed in recent years using a quantum mechanical approach.155-156 The s2 

electrons were found to interact with the anion p states in the valance band, resulting in formation 

of bonding and anti-bonding states (Fig. 2.4) rather than a non-bonding electron pair. The 
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unoccupied cation p states can hybridize with the anti-bonding state, which results in further 

stabilization of the occupied energy states. Activity of the lone pair is dependent on the strength 

of interaction between the cation s and anion p states; the closer they are in energy, the stronger 

the interaction. Strong interactions then result in high-energy anti-bonding states with a large 

degree of cation s character in the upper valance band of the compound. More cation s character 

leads to stronger stabilization of mixing of the cation p states. In PbO, the oxygen anions have 

relatively low energy p states and lone pair effect is observed. Going down the series to heavier 

anions, the p states are higher in energy leading to less overlap and a weaker interaction with the 

Pb2+ s states; the compounds fail to maintain the stereochemically active lone pair. This holds true 

for Bi3+ as well for which Bi2O3 and Bi2S3 have a stereochemically active lone pair, and Bi2Se3 

and Bi2Te3 do not.157  

Fig. 2.4 Schematic adapted from Walsh et al. illustrating the interactions between the Bi 6s 

and 6p orbitals with the O 2p orbitals in Bi2O3.155  

 

 Taken together, the coordination environment plays a key role on the activity of the lone pair. 

It would be expected, due to these interactions, that presence of Bi-O bonds should likely result in 

stereochemical activity of the lone pair; this is observed in Chapters 4 and 5 with carboxylate donor 
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ligands. However, the lone pair effect has a strong anion dependence and consideration of the 

ligands can reduce the anisotropy of the coordination sphere of Bi3+. In Chapter 6, use of a β-

diketonate with both electron donating and electron withdrawing groups renders the bismuth lone 

pair inactive, effectively “controlling” the symmetry about the metal center.  

2.1.3 Hydrolysis 

 One of the inherent synthetic challenges when working with bismuth is the propensity of Bi3+ 

to hydrolyze, forming polynuclear complexes or intractable precipitates.139, 158-164 Bismuth halides, 

which are common bismuth starting materials, are hygroscopic and are readily converted into the 

oxyhalides BiOX (Equation 2.1) in the presence of water.116 This process has been shown to 

proceed via formation of a monohydrate intermediate at temperatures less than 50 °C.116, 165 

BiX3 + H2O → BiX3·H2O →BiOX + 2 HX    (Equation 2.1) 

 Several basic bismuth nitrates form from hydrolysis of bismuth nitrate pentahydrate depending 

on the reaction conditions (e.g. pH or solvent), such as [Bi6O4(OH)4(NO3)6]·H2O and 

[Bi6O4(OH)4(NO3)5(H2O)](NO3).
161, 166 The formation of these bismuth clusters is assumed to 

result from intramolecular condensation of hydrated Bi3+ ions in the reaction solution. Basic 

bismuth nitrates and their hydrolysis chemistry have warranted study due to their well-established 

medicinal properties and recently, interesting photocatalytic properties.26, 161, 167 For example, a 

nanocomposite based on Ag/AgCl and Bi6O4.46(OH)3.54(NO3)5.54 that was prepared from BiOCl 

has demonstrated antimicrobial resistance to E. coli bacteria.168   

 The hydrolytic instability of bismuth can lead to formation of many insoluble reaction species 

which prove problematic for phase purity. This requires careful synthetic consideration including 

exploration of difference synthetic conditions as well as separation techniques to remove the 
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impurities. For example, in Chapter 3, synthesis of a luminescent bismuth-terpyridine phase is 

reported; however, co-precipitation of an insoluble bismuth oxychloride was observed. By 

adjusting the synthetic conditions through addition of a ligand that did not incorporate into the 

bismuth compound, formation of bismuth oxychloride was prevented. Further, the bismuth-

thiophenemonocarboxylates (Bi-TMC) reported in Chapter 4 formed together with a basic bismuth 

nitrate impurity. Both gravity and manual separation techniques were used to separate the impurity 

from the desired Bi-TMC phase, such that bulk analyses could be performed on the product of 

interest.  

2.1.4 Common Applications 

 Bismuth-based materials find applications in a variety of areas from biomedicinal to catalysis 

to electronics.23-24, 26, 28-29, 112-113, 121-122, 169-170 For over 250 years, bismuth-organic compounds have 

been used for treatment of medical conditions (e.g. syphilis, diarrhea, and gastritis), and are well-

known for their antibacterial and antiparasitic properties.26-28, 169 The primary application of 

bismuth-based materials in the U.S. is in chemicals (~70%), mainly for pharmaceuticals such as 

the widely used Pepto-Bismol® (active ingredient is bismuth salicylate, BSS).113 Interestingly, 

despite the use of Pepto-Bismol for more than a century, it was only recently that a solid state 

structural model of BSS was reported; the mechanism of interaction with biological molecules still 

remains elusive.116, 163 Bismuth metal is also a major component of various alloys and finds use as 

a metallurgical additive.112-113 In particular, bismuth shot (alloyed with tin) has recently made an 

emergence as hunting ammo, a non-toxic alternative to lead- or steel-based pellets.171 Bismuth-

based pigments have been commercialized using non-toxic yellow bismuth vanadate and bismuth 

oxychloride for artificial pearl in cosmetics.121  
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2.2 Luminescent Bismuth-Organic Compounds 

 Several examples of emissive bismuth-based compounds have been reported from doped 

inorganic solids to coordination polymers and extended networks. Luminescence in bismuth-based 

materials has been proposed to originate from a variety of pathways such as ligand based processes 

(i.e. intraligand and charge transfer transitions, and aggregation induced emission; as discussed in 

section 1.2) or metal-centered processes resulting from the 6s2 electronic configuration of the Bi3+ 

metal ion (discussed in section 1.2.3.3). Elucidation, however, of the luminescent pathways 

involved in photoactive bismuth-based compounds can be difficult without parallel theoretical 

studies due to the multitude of processes and combinations possible. Of the reported luminescent 

bismuth-organic compounds, very few have reported computational studies to supplement the 

experimental data.172 All of these transitions can result in many different optical behaviors 

depending on the chemical environment and solid-state packing of the structure. Significant effort 

has been given to better understand the structure-luminescence relationships in Bi3+-doped 

inorganic phosphors, although translating these relationships to bismuth-organic materials (which 

increases the amount of possible electronic transitions and therefore, inherent complexity) remains 

challenging. This section reviews previously reported luminescent homometallic and doped 

bismuth-organic materials. 

2.2.1 Homometallic Bi3+-Organic Compounds 

 Several bismuth-organic compounds that exhibit interesting photophysical behaviors are 

known; a representative summary is given in Table 2.1. For example, several bismuth-carboxylate 

coordination compounds have displayed intraligand, LMCT, and/or metal-centered 6s2 

transitions.59, 172-175 For example, Brito et al. attributed emission of a bismuth-pyromellitic acid 
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species, [Bi(Hpyr)] to both intraligand (IL) luminescence and an intervalence charge transfer 

(IVCT).176 In some halide bismuth-organic phases, emission from metal-centered transitions in 

addition to halide-to-metal charge transfer (XMCT) has been observed.172, 177-179 Huang and co-

workers have reported on luminescent Bi3+‐containing ionic liquids of the general formula [1‐

butyl‐3‐methyl imidazolium][BiCl4(2,2′‐bipyridine)]. In the absence of theoretical data, precise 

assignment of these transitions proves difficult, though computational analysis has proven to aid 

in disentangling the possible emissive transitions. For example, Müller-Buschbaum et al. reported 

quantum modelling on a series of chlorobismuth-4,4'-bipyridine coordination polymers and 

identified MLCT transitions to be responsible for the excitation bands observed in their 

luminescence spectrum. 172  
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Table 2.1 Representative summary of previously reported luminescent Bi-organic 

compounds. 
Formula Emission Color Emission Mechanism λex (nm) λem (nm) Ref. 

(BPE)2[Bi2Cl10] Orange-Red MC or LC 480 590 180 

[Bi(bpmo)Cl4(dmso)]·dmso Orange MLCT and/or LC 380 560 178 

(TBA)[BiBr4(bpmo)] Yellow-Orange AIP, MLCT 352 540 64 

[BiBr3(bpmo)2] Yellow-Orange MLCT 352 544 64 

[Bi2Cl6(bipy)2] Yellow MLCT 360 540 172 

[Bi(PTC)(H2O)2] Yellow MC or LC 343 570 39 

K[Bi(tcbpe)] Yellow LC 455 553 59 

(H3O)[Bi2(PTC)(HPTC)2(H2O)2] Blue-Green MC or LC 347 483 39 

Bi2O2(TA) Blue-Green LMCT 340 482, 520 181 

[Bi(Hpyr)] matrix Blue LC, IVCT 325 420, 525 176 

Bi(2,5-pdc)2·(H3O+)(H2O)0.83 Blue LMCT or MC 340 481, 513 175 

(enH2)1.5[Bi3(ox)6(amox)]·6.5H2O Blue LMCT or MC 375 445 174 

Bi(BTC)(H2O) Blue LC 345 350-450 182 

Bi3(μ3-O)2(2,5-pdc)2(H2,5-pdc)(H2O)2 “White” LC, LMCT 380 ∼400-600 183 

The emission mechanisms listed are: LC = ligand centered, MLCT = metal-to-ligand charge transfer, AIP = aggregation‐induced 

phosphorescence, IVCT = intervalence charge transfer. Formula abbreviations are: BPE = 1,2-bis(pyridinium)ethane, tcbpe = , 

TBA = tetrabutylammonium, bpmo = N‐oxide‐4,4′‐bipyridine, PTC = 2,4,6-pyridine tricarboxylic acid, pyr = 1,2,4,5-

benzenetetracarboxylic acid, 2,5-pdc = 2,5-pyridinedicarboxylic acid, 2,6-pdc = 2,6-pyridinedicarboxylic acid, TA = terephthalic 

acid, ox = oxalate, amox = 2-((2-aminoethyl)amino)-1,2-dihydroxyethan-1-olate, bipy = 4,4’-bipyridine. 

 

2.2.2 Heterometallic Bi3+-Organic Compounds 

 Relatively few bismuth-based organic compounds containing additional metal ions have been 

reported. The strong Lewis acidity of the bismuth cation coupled with bismuth’s tendency to adopt 

irregular coordination geometries, often of high coordination numbers, can prove problematic for 

the design and synthesis of heterometallic bismuth-based compounds.184 Several non-luminescent 

heterometallic species have been synthesized, such as Cp2MoBi(μ2-OEt)2(OEt)2Cl (Cp = C5H5), 

BiTi2(μ3-O)(μ-OiPr)4(O
iPr)5, or [Bi2Pd2(O2CCF3)10(HO2CCF3)2], and have highlighted for their 

potential use as single source precursors.121, 184-188 Cheng et al. have observed a 2D framework, 

Bi2Cd(2,6-pyridinedicarboxylate)4(H2O)2·H2O, that emits blue light resulting from either LMCT 

or intraligand transitions, similar to reported blue luminescence in bismuth-only phases.43 
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Cheetham and coworkers have reported on several heterometallic alkali metal bismuth phases, 

such as Li5Bi(2,6-pyridinedicarboxylate)4(H2O)2 and [NaBi(1,4-

benzenedicarboxylate)2(DMF)(H2O)]·(DMF), displaying emission maxima of 420 nm in each case 

resulting from intraligand or charge transfer transitions.128, 189 This section will focus on 

luminescent lanthanide-doped bismuth-organic compounds.  

2.2.2.1 Lanthanide-Doped Bi3+-Organic Compounds 

 Bismuth-based materials can act as lanthanide hosts for optical applications such as in inorganic 

phosphors and have demonstrated effective sensitization of Ln3+ metal ions in these phases.72-74, 

190-191  For example, Fujii et al. reported enhanced erbium-based NIR luminescence in an erbium 

zeolite by co-doping with bismuth and observing effective energy transfer from the Bi3+ to the 

lanthanide ion.73 Within bismuth-organic compounds, however, there are only a handful of 

lanthanide-doped phases reported in the literature, including two published by our group.75, 128, 130, 

176, 182, 189, 192-196 These reports are summarized in Table 2.2. Examples include reports by Cheetham 

et al. employing 2,6-pyridinedicarboxylic acid and 1,4-benzenedicarboxylic acid to build Bi3+ 

extended networks which incorporate 2 mol-% Eu and Tb into the host framework as well as the 

work by Müller-Buschbaum and co. that reported the synthesis of 2D coordination polymers, 

2∞[Bi2Cl6(pyz)4], with subsequent Eu incorporation.75, 128, 130 Stock and colleagues explored 

doping into eight bismuth(III)-tri- and tetracarboxlyates; however, successful incorporation of the 

lanthanide metal center was only observed for one of the phases utilizing pyromellitic acid.195 All 

of the reported phases, except the one published by our group and discussed in Chapter 5, are the 

result from a hydro(solvo)thermal synthetic method. This could result from difficulties with 

differences in solubility of the metal salt precursors and/or different reaction kinetics, which 
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hydro(solvo)thermal conditions can lessen. Further, only doped phases containing the visible 

emitters, Sm3+, Eu3+, Tb3+, or Dy3+, and their subsequent visible light emission have been reported. 

Our group has demonstrated the first successful doping with NIR emitters, Nd3+, Sm3+, Eu3+, Tb3+, 

Dy3+, Er3+, Yb3+, showing that these doped phases have the potential to be tuned for applications 

beyond just visible light emission.  

Table 2.2 Summary of previously reported Ln-doped Bi-organic compounds. 

Formula 
Synthetic 

Method 

Structural 

Unit 
Ln3+ incorporated 

Corresp. 

Author 
Ref. 

[NaBi(1,4-BDC)2(DMF)(H2O)]·(DMF) Solvothermal 3D CP Eu3+, Tb3+ Cheetham 189 

[NaBi(1,3-BDC)2(DMF)] Solvothermal 3D CP Eu3+, Tb3+ Cheetham 189 

[Bi4(1,4‐BDC)7(HIm)]·(dma)2(dmf) Solvothermal 3D CP Eu3+, Tb3+ Cheetham 130 

[Bi(1,4‐BDC)2]·(dma) Solvothermal 3D CP Eu3+, Tb3+ Cheetham 130 

Bi(2,6-PDC)(2,6-pdcme)(MeOH) Solvothermal 3D CP Eu3+, Tb3+ Cheetham 128 

[LiBi(2,6-PDC)3(H2O)]·2(dma) Solvothermal 1D CP Eu3+, Tb3+ Cheetham 128 

[(CH3)2NH2][Bi(3,5-PDC)(BDC)]·2dmf Solvothermal 3D MOF Eu3+, Tb3+, Dy3+ Liu 196 

Bi2Cd(2,6-PDC)4(H2O)2·H2O Hydrothermal 2D CP Sm3+, Eu3+, Tb3+, Dy3+ Cheng 194 

[Bi2Cl6(pyz)4] 
Solvent free/pyz 

melt 
2D CP Sm3+, Eu3+, Tb3+, Dy3+ 

Müller-

Buschbaum 
75 

Bi2(O)(HPyr)(H2O) Hydrothermal 3D CP Eu3+, Tb3+ Stock 39 

[Bi(HPyr)] matrix Hydrothermal CP Sm3+, Eu3+, Tb3+, Dy3+ Brito 176 

[Bi(BTC)(H2O) Solvothermal MOF Eu3+, Tb3+ Zhang 182 

Hpy[Bi(TDC)2(H2O)]·1.5H2O 
Room 

Temperature 
2D CP 

Nd3+, Sm3+, Eu3+, Tb3+, 

Dy3+, Yb3+ 
Knope 192 

(Hpy)2[Bi(TDC)2(HTDC)]·0.36H2O 
Room 

Temperature 
2D CP Eu3+ Knope 192 

(terpy)Bi(TC)3⋅0.47 H2O Hydrothermal Monomer 
Nd3+, Sm3+, Eu3+, Tb3+, 

Dy3+, Er3+, Yb3+ 
Knope 193 

Formula abbreviations are: BTC = 1,3,5-benzenetricarboxylic acid, 2,6-PDC = 2,6-pyridinedicarboxylic acid, 3,5-PDC = 3,5-

pyridinedicarboxylic acid, 2,6-pdcme = 6-methyl-oxycarbonyl pyridine 2-carboxylate, 1,3-BDC = 1,3-benzenedicarboxylic acid, 1,4-

BDC = 1,4-benzenedicarboxylic acid, HIm = imidazole, pyz =pyrazine, pyr = 1,2,4,5‐benzenetetracarboxylic acid, py = pyridine, 

TDC = 2,5-thiophenedicarboxylic acid, terpy = 2,2′:6′,2′′-terpyridine, TC = 2-thiophenemonocarboxylic acid 

  In each paper, except the two reported by our group, only qualitative luminescence data 

(i.e. excitation/emission spectra and in some cases, emissive lifetimes) are given for the Ln-doped 
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phases. Parameters such as quantum yields, effective sensitization, and lifetimes are important for 

understanding the overall luminescent performance of a material, have often been neglected. 

Without these, it is difficult to establish trends and fully elucidate the effect doping has on the 

emissive performance of the Ln3+ metal ion. As such, there is limited mechanistic data on the 

electronic transitions within Ln-doped Bi-organic compounds and a lack of basic understanding of 

the possible energy transfer mechanisms in these systems. A modified Jablonski diagram is shown 

in Fig. 2.5 which highlights the multitude of energy migration pathways possible within a Ln-

doped Bi-organic compound. There are many possible routes for ET, either from the ligand to the 

Ln3+ (i.e. antenna effect), from Bi3+ to Ln3+, or even from the ligand to Bi3+. As the 3P1 and 1P1 

energy levels of Bi3+ vary depending on the chemical environment about the bismuth, it can make 

predicting electronic transitions in these phases difficult. If the non-doped Bi-organic phase 

exhibits luminescence, comparison of the Ln-doped Bi-organic compound excitation profile can 

help indicate what transitions are possible. For example, the Eu3+-doped phase 

2
∞[Bi2Cl6(pyrazine)4] reported by Müller-Buschbaum et al. showed an excitation spectra similar to 

that of the undoped compound.75 They conclude that an ET from an excited bismuth-based MLCT 

states (Bi3+ to the pyrazine ligand) is possible. Theoretical modelling of the host framework could 

help elucidate possible absorption transitions but have not been carried out for any Ln-doped Bi-

organic compounds thus far.  
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Fig. 2.5 Modified Jablonski diagram depicting possible antenna effect and electronic 

transitions within a Ln-doped Bi-organic compound. A = absorption, F = fluorescence, P = 

phosphorescence, ISC = intersystem crossing, ET = energy transfer, BT = back energy transfer, S 

= singlet state, T = triplet state. 

 

 Initially, bismuth and lanthanide metals appear to be promising diadochic partners. They have 

comparable Shannon ionic radii (Bi3+ = 1.17 Å, La3+-Lu3+ =  1.16 – 0.98 Å; eight coordinate metal 

center) and share a common trivalent oxidation state.129 However, synthetic challenges are 

prevalent in these systems due to differences in solubility of the metal salt precursors and 

coordination geometries, often stemming from the presence of bismuth's stereochemically active 

lone pair, as discussed earlier. Additionally, the reaction kinetics of bismuth and lanthanide 

compounds can vary even under analogous conditions. Synthetic difficulties in regards to Ln3+ 

doping are further discussed in Chapters 5 and 6. In addition to synthetic challenges, bismuth and 

lanthanide-organic compounds do not always adopt isomorphous structures in similar ligand 

systems. Analyzing BiTaO4, Sleight and Jones observed that while Bi3+ and La3+ have theoretically 

nearly identical radii, the size of Bi3+ in the solid state structure depends largely on the degree of 

6s2 lone-pair character present.197 In a structure where the lone pair is constrained, the isotypic 
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Bi3+ structure has a smaller volume than the La3+ analog.129, 197 As discussed previously, Bi3+ has 

a 6s2 lone electron pair whereas the Ln3+ metal ions do not. Due to the stereochemical activity of 

this lone pair, bismuth-organic compounds can adopt unique coordination geometries that their 

lanthanide counterparts are not able to. This further highlights the impact the 6s2 lone pair has on 

directing not only the structural diversity of bismuth-organic compounds, but also the difficulty in 

successfully doping bismuth-organic compounds as the metal coordination environment may not 

be conducive to hosting a Ln ion. Efforts to dope metal-organic CPs often result in one of three 

outcomes: a) site substitution or statistic replacement of the metals, b) formation of a new 

bimetallic phase, or c) lack of mixing of the metals yielding two different products.75 Moreover, 

low concentrations of dopants can make it difficult to identify the character of the products and 

demonstrate the dopant site in the host compound. Characterization techniques such as powder X-

ray diffraction or elemental analysis (phase homogeneity), inductively-coupled plasma mass 

spectrometry (Bi:Ln doping ratios), or energy-dispersive X-ray spectroscopy (Bi:Ln doping ratios, 

surface distribution) can help elucidate these answers.  
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CHAPTER 3: EXPERIMENTAL TECHNIQUES 

 The compounds presented in this work were prepared either through benchtop reactions under 

ambient, room temperature conditions or through hydro(solvo)thermal methods. Once 

synthesized, single crystals selected from the bulk sample were run on a single crystal X-ray 

diffractometer to determine the structure of the crystalline material. Powder X-ray diffraction was 

used to compare the single crystal data with the bulk material to confirm the single crystal was 

representative of the bulk. Both techniques are briefly discussed in section 3.2. Elemental analysis 

(EA) was used to further confirm phase purity. In the case of photoluminescent samples, 

luminescent measurements were carried out on the bulk sample and in the absence of phase purity, 

on single crystals pulled from the bulk and analyzed using a Raman microscope. These techniques 

are discussed in section 3.3. Additional characterization methods including thermogravimetric 

analysis (TGA), Raman and IR spectroscopy, and inductively-coupled plasma mass spectrometry 

(ICP-MS) were performed on many of the samples, though are not discussed in this chapter as they 

were not core experimental techniques.  

3.1 Syntheses 

 Formation of single crystals that can be used for subsequent X-ray diffraction structural analysis 

is often highly dependent on the synthetic conditions employed. More than 900 experiments were 

carried out in search of suitable (and in some cases, optimal) synthetic conditions for the 

compounds presented in this work. Variables such as temperature, solvent, metal:ligand ratio, 

metal salt precursor, pH of the reaction solution, and reaction time were all explored to arrive at 

phase purity for the compounds presented in the following chapters. A typical synthesis usually 

entailed initial exploration of one or two variables, such as solvent or metal salt precursor. For 
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example, three sets of reactions using three different bismuth salt precursors (i.e. bismuth nitrate, 

bismuth oxide, or bismuth chloride) would be made with three different solvents (i.e. water, 

acetonitrile, or ethanol) as product formation has been shown to be highly dependent on the 

counterions and relative solubility of the reactants. Subsequent reactions were based on inspection 

and outcome of the product, e.g. collecting PXRD data, collecting single crystal X-ray diffraction 

data, or collecting Raman or IR spectroscopy to help identify an unknown phase. Attempts to 

optimize the syntheses were based on this approach. As outlined in Chapter 2, bismuth-organic 

chemistry, and in particular, aqueous bismuth-organic chemistry, can be synthetically challenging. 

A great deal of synthetic work went into developing the syntheses reported herein and establishing 

synthetic strategies to successfully access bismuth-organic compounds through ambient and 

hydro(solvo)thermal means. In most cases, phase purity was achieved through systematic 

manipulation of the synthetic variables outlined; however, in a few cases, attempts to arrive at a 

phase pure compound were unsuccessful and precluded further bulk analysis. 

3.1.1 Room Temperature Syntheses  

 For the purpose of this work, room temperature syntheses refer to reactions performed at 

ambient temperature of the laboratory (~25 °C) in a closed vial. One benefit to this approach is 

that the reaction products are visually apparent and the reactions are easily followed over time. A 

typical room temperature reaction involved loading a 10 mL glass vial with the reactants and 

solvent. The glass vial was then capped and left on the benchtop undisturbed under ambient 

conditions. The reactants either went fully into solution upon which single crystals precipitated 

after 1-5 days or, more often, the reactants were sparingly soluble in solution and unreacted metal 

salt and ligand were observed in the vial. The reaction was deemed complete once single crystals 
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were visually observed, generally after 1-7 days. As formation of multiple phases (often insoluble 

precipitates such as bismuth oxychloride or bismuth subnitrate) is common in synthesis of 

bismuth-organic compounds, separation of the products was often required to arrive at a phase 

pure product. Manual separation via inspection under a microscope (capitalizing on differences in 

morphology, color, and/or luminescence) as well as density separation (employing a dense solvent 

to separate the products based on density) were used towards this end.  

3.1.2 Hydro(solvo)thermal Syntheses 

 Hydrothermal and solvothermal reaction conditions have been well-utilized techniques for 

synthesizing a variety of metal-organic compounds involving transition metals, lanthanides, and 

main-group metals.44 For the purpose of this work, a hydro(solvo)thermal synthesis refers to those 

reactions performed in Teflon-lined steel autoclaves that are heated statically above the boiling 

point of the solvent used. The precursors are introduced to the reaction vessel and heated past the 

boiling point of the solvent; the pressure is produced autogeneously and is dictated by the fill 

volume (percent of the reaction vessel volume filled with solvent) and the temperature of the 

reaction. Further, for hydrothermal reactions, the solvent properties (e.g. dielectric constant and 

viscosity) of water are affected.44 This has a significant effect on the solubility and speciation of 

the reactants and products of hydro(solvo)thermal syntheses versus room temperature reactions, 

allowing for sparingly soluble reactants to dissolve. Hydro(solvo)thermal reactions as compared 

to solid-state or molten flux reactions are generally considered mild, avoiding the decomposition 

of the organic constituents. Further, as these conditions affect the solubility and speciation of metal 

oxides and other metal salts, some of the known synthetic challenges in bismuth-based systems 

face can averted through use of hydrothermal or solvothermal conditions.44 
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 A typical hydro(solvo)thermal reaction involved loading a 23 mL Teflon lined Parr bomb with 

the reactants and solvent, often water (hydrothermal) or acetonitrile (solvothermal). The Parr bomb 

was then sealed and heated statically at 150 °C for 1-5 days. At the end of the reaction, the Parr 

bomb was removed from the oven and allowed to slow cool over approximately four to five hours. 

In several cases, use of a second, modulating ligand, such as 2,6-pyridinedicarboxylic acid or 2-

thenoyltrifluoroacetone, that did not incorporate into the crystal structure was observed to aid in 

crystallization of the bismuth-organic compounds, yield large single crystals and phase pure 

reaction products.   

3.2 X-ray Diffraction 

 X-ray diffraction (XRD) is an analytical technique that can be used for determining the atomic 

and molecular structure of a crystal, where the atoms within the material cause a beam of incident 

X-rays to diffract in many directions.198-199 A crystal or crystalline solid is a material that exhibits 

long range ordering such that the atoms, molecules, or ions that make up the material are arranged 

in a regular pattern, whereas an amorphous solid lacks long range order.198 Diffraction, then, 

consists of either the constructive or destructive interference of a crystalline material with 

electromagnetic radiation. Due to the regular arrangement of crystalline material, the diffraction 

intensity is much greater from these materials and can be used to resolve both the positions and 

types of atoms present. X-ray radiation (λ = 0.1-100 Å) makes an ideal type of radiation to observe 

the crystalline structure as the interatomic spacings within metal-organic materials are on the same 

order of magnitude (1-3 Å) as the incident radiation. Both molybdenum (λ=0.71073 Å) and copper 

(λ = 1.542 Å) sources were used in this work. 
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 In the past century, XRD has been a powerful tool for determining the 3D structure of small- 

and macromolecules.198-199 X-ray diffraction studies on single crystals and bulk powder samples 

were routinely employed in this work. These studies allowed for structure determination of the 

synthesized phases as well as identification and confirmation of phase purity of the bulk material.  

3.2.1 Single Crystal X-ray Diffraction (SCXRD) 

 Single crystals suitable for X-ray structural analysis (optically clear, not twinned, ca. 50-200 

microns) were selected from the bulk sample and mounted on MiTeGen micromounts in paratone. 

SCXRD data were collected at 100(2) K on a Bruker D8 Quest diffractometer equipped with an 

IuS X-ray source (Mo-Kα, λ=0.71073 Å) and a Photon 100 CMOS detector. Data were integrated 

using the SAINT software package included with APEX2.200-201 An absorption correction was 

applied using a multi-scan technique in SADABS.202 The structures were solved using direct 

methods via SHELXT and refined by full-matrix least-squares on F2 using the SHELXL software 

in WinGX.203-204. Confirmation of a reliable space group as well as analysis of the bond distances 

and intermolecular interactions was performed through Platon.205 Crystallographic data, where 

noted, were deposited in the Cambridge Structural Date Centre (CCDC) and can be found at 

http://www.ccdc.cam.ac.uk/ by referencing the codes given in the crystallographic refinement 

tables.  

3.2.2 Powder X-ray Diffraction (PXRD) 

A “powder” or microcrystalline sample consists of a vast number of randomly oriented 

crystals. Therefore, powder diffraction patterns appear as rings or cones of Bragg reflections 

instead of individual spots as observed in SCXRD. In this work, PXRD data were used to (a) 

confirm that the crystals selected for single crystal X-ray diffraction were representative of the 
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bulk material and (b) for phase identification of unknown microcrystalline samples not suitable 

for single crystal X-ray diffraction studies. For the lanthanide-doped bismuth phases, PXRD was 

also used to help confirm that phase separation did not occur. Powder X-ray diffraction data were 

collected on a Rigaku Ultima IV X-ray diffractometer (Cu-Kα, λ = 1.542 Å) from 3-40° in 2θ with 

a step speed of 1 degree/min and manipulated using CrystalDiffract.206 

3.3 Solid State Luminescence 

To better understand the photophysical behavior of the compounds exhibiting luminescence, 

solid state luminescence studies were performed. All spectra reported were collected on a Horiba 

PTI QM-400 system at room temperature, unless otherwise noted. Excitation and emission spectra 

as well as lifetime measurements were collected for powdered samples and/or crystals isolated 

from the bulk sample. The samples were placed between two glass slides and collected with 

fluorimeter excitation and emission monochromator slit widths of 1-5 nm. The 1st and 2nd 

harmonic oscillations from the excitation source were blocked using long pass filters ranging from 

350 to 420 nm. The wavelength of the peak of maximum intensity in the excitation spectrum was 

used to generate the emission spectrum. Lifetime and quantum yield measurements were run in 

triplicate and the reported values are the average of these runs with error given as standard 

deviation. Lifetime measurements were carried out with a lamp frequency of 300 Hz using 10,000 

shots, and the exponential decay curves were fit using a decay function in OriginPro 8.5. Lifetime 

measurements were collected using the peak of maximum intensity for both the excitation and 

emission spectra.  
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3.3.1 Quantum Efficiency Measurements 

Quantum yield values were collected on either bulk crystalline samples or crystalline samples 

diluted in a matrix of poly(methyl methacrylate) (PMMA) in the absence of sufficient amount of 

bulk sample to fill the sample holder. Typical dilutions were a 1:50 sample:PMMA ratio. The 

samples were placed in a Teflon powder holder at room temperature using an 8.9 cm integrating 

sphere coated in Spectralon fluoropolymer with 1-2 nm monochromator slit widths. The spectra 

recorded were background corrected using a blank sample holder and corrected for the wavelength 

dependence of the spectrofluorometer, sampling optics, and integrating sphere. The quantum yield 

of anthracene (φ=23%) was determined concurrently against the Eu-containing samples to ensure 

validity of the quantum yields. The total quantum yields (𝜑𝑡𝑜𝑡) were determined according to the 

following equation (Eq. 1) and were processed through Horiba’s software package, PTI FelixGX: 

𝜑𝑡𝑜𝑡 = (
𝐸𝑠−𝐸𝑏

𝐿𝑏−𝐿𝑠
)           (1) 

where Es is the integrated emission spectrum of the crystalline sample, Eb is the integrated emission 

spectrum of a blank (empty Teflon sample holder), Ls is the sample absorption at the excitation 

wavelength, and Lb is the blank absorption at the same excitation wavelength.  

To further explore the photophysical behavior, the radiative lifetime (τr), and subsequently, 

the overall sensitization efficiency (nsens) and intrinsic quantum yield (𝜑𝐸𝑢) for the europium-

containing phases were determined using Eqs. 2-4:68  

1

τr
= 𝐴𝑀𝐷𝑛3 (

𝐼𝑡𝑜𝑡

𝐼𝑀𝐷
)            (2) 

where AMD is the spontaneous emission probability of the 5D0 → 7F1 transition of Eu3+ (14.65 s-1), 

n is the refractive index for solid samples (1.5), and Itot/IMD is the ratio of the total integrated 
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emission (5D0 → 7FJ, J=0-6) to the integrated intensity of the magnetic dipole transition (5D0 → 

7F1),  

𝜑𝐸𝑢 =
τobs

τr
            (3) 

where τobs is the observed lifetime calculated from the exponential decay curve,  

ɳsens =
𝜑𝑡𝑜𝑡

𝜑𝐸𝑢
            (4) 

 These values were calculated through analysis of the emission profile of each compound 

manipulated in OriginPro 8.5. Generally, quantum yield can be understood as the ratio of number 

of photons emitted to photons absorbed, though distinction should be made between the overall 

and intrinsic quantum yield.68 The overall quantum yield refers to the total quantum yield of the 

metal-centered (MC) luminescence, in this case europium, upon excitation of the ligand and/or 

host material. The intrinsic quantum yield refers to the quantum yield of the MC luminescence (in 

this case, Eu3+) upon direct excitation into the 4f levels. It also reflects the effect of nonradiative 

deactivation processes that occur in both the inner- and outer coordination sphere of Eu3+, such as 

high energy oscillators discussed in Chapter 2. The two values are related via the overall 

sensitization efficiency quantifying the efficiency of population of charge transfer states and 

energy transfer processes to the Eu3+ ion.  

3.3.2 Determination of Ligand Singlet and Triplet States 

To determine the singlet and triplet states of the ligands, a mixture of gadolinium nitrate (1 

equiv.) and the ligand (3 equiv.) were prepared in a 1:1 MeOH:EtOH solution, and time-delayed 

emission spectra were collected. The excited state of Gd3+ lies much higher in energy than the 

excited states of the organic ligands used (6P7/2 → 8S7/2, 32100 cm-1), such that energy transfer 

from the ligand to Gd3+ is not possible.68 Therefore, the emission observed will belong exclusively 
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to the organic ligand and can be used to determine the excited singlet and triplet states of the ligand. 

As fluorescence is characterized by short lifetimes (<10-8 sec), use of a time delay can remove 

fluorescence emission, resulting in only phosphorescent ligand emission. For a typical setup, 3 

equivalents of the ligand and 1 equivalent of gadolinium nitrate were dissolved in a 1:1 MeOH–

EtOH mixture in a glass vial. As aliquot of each solution was introduced into an NMR tube for 

low temperature collection. Measurements were taken on a Horiba PTI QM‐400 system equipped 

with a liquid nitrogen dewar assembly and a pulsed-UV xenon flash lamp at 77 K. Spectra were 

first recorded using a time delay of 0.1 ms, a sample window of 0.9 ms, and 20 pulsed flashes to 

resolve both fluorescence (higher energy) and phosphorescence (lower energy) emission peaks. 

The singlet state is determined by the onset of the fluorescence peak. Next, using a time delay of 

1 ms to remove any residual fluorescence, phosphorescence of the Gd-ligand complexes was 

observed with a sample window of 0.5 ms and 20 pulsed flashes. The triplet state is determined by 

the onset of the phosphorescence peak.  

3.3.3 Raman Luminescence  

In the absence of a phase pure sample, a Raman microscope was used to measure emission 

spectra. Measurements were taken on a single crystal from the bulk identified using a handheld 

UV lamp on a Horiba LabRAM HR Evolution Raman Spectrometer using an excitation source of 

405 nm at 10-25% power. The emission data was collected from 415 – 800 nm using 10 

accumulations. The emission spectra were then analyzed in MATLAB to calculate CIE 

coordinates.207 
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CHAPTER 4: LUMINESCENT BISMUTH N-DONOR LIGAND COMPOUNDS 

  The syntheses, structural features, and spectroscopic properties of luminescent bismuth 

compounds bearing N-donor ligands is explored in the following sections. With the intent of 

developing luminescent phases, aromatic ligands that can be involved in intermolecular 

interactions (i.e. 2,6-pyridinedicarboxylic acid, 2,2′:6′,2′′-terpyridine, and 1,10-phenanthroline) as 

well as use of bismuth halide salt reactants were employed to facilitate charge transfer transitions 

(e.g. LLCT or MLCT) and subsequent luminescent properties. Further, the structures of the 

compounds presented herein are all built from molecular species that, some cases, form 1- and 2D 

supramolecular networks through intermolecular π-π stacking interactions, which make them ideal 

candidates for further computational analysis in comparison to more structurally complex 

coordination polymers.  

 This chapter presents several series of luminescent bismuth-organic compounds that vary in 

nuclearity and binding motifs, highlighting the vast and unique structural diversity afforded by 

bismuth-organic compounds through slight synthetic variation. Further, the work presented herein 

demonstrates the role intermolecular interactions play in the resulting emissive behavior, which 

should be considered when designing photoluminescent bismuth compounds.  

4.1 Bismuth-2,6-Pyridinedicarboxylates Isolated at Room Temperature 

 Pyridinedicarboxylates are good Bi chelators with N- and O- donor sites, can thwart Bi 

hydrolysis, and have been shown to result in PL bismuth-based materials. For these reasons, initial 

reactions examined the formation and photophysical properties of Bi-2,6-pyridinedicarboxylates. 

Bismuth chloride or nitrate was reacted with 2,6-pridinedicaboxylic acid (H2PDC) under ambient 

conditions to yield a non-luminescent bismuth-PDC phase, Bi2(PDC)4(MeOH)2∙2MeOH (1). The 
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structure consisted of dimeric units and π-π stacking interactions were notably absent. Addition of 

1,10-phenanthroline (phen) resulted in formation of several luminescent phases including, 

[HPDC]2-x[Hphen]x[Bi2(PDC)4(H2O)2], [Hphen]2[Bi2Cl2(HPDC)2(PDC)2], and [Bi(HPDC)3], 

which consisted of dimeric Bi-PDC/phen and monomeric Bi-PDC complexes, respectively. Weak 

intermolecular interactions were present in all the structures. The general synthesis involved 

reacting the respective bismuth salt with the ligands in the presence of nitric or hydrochloric acid 

at room temperature in a capped glass vial. PXRD data collected for the bulk reaction products can 

be found in Appendix A. Single crystals from the reaction products were used for single crystal 

X-ray diffraction studies, and details on the crystallographic refinements can be found in Table 

4.1. Single crystal X-ray diffraction data were collected at 100(2) K on a Bruker D8 Quest 

diffractometer equipped with an IuS X-ray source (Mo-Kα radiation; λ=0.71073 Å) and a Photon 

100 detector. Data were integrated using the SAINT software package included with APEX2.200-

201 The absorption correction was applied using a multi-scan technique in SADABS.202 The 

structures were solved using direct methods via SHELXT and refined by full-matrix least-squares 

on F2 using the SHELXL software in shelXle64.203, 208  

 Due to significant crystallographic disorder in 3, only a preliminary refinement is given. There 

is significant positional and substitutional disorder between an outer coordination sphere HPDC 

and Hphen ligand, but efforts to fully resolve this disorder were unsuccessful. However, the 

dimeric bismuth unit is mostly resolved and is discussed in section 4.1.2. Further, significant 

crystallographic challenges were experienced in collection of single crystal data for 4, as the 

crystals form as stacks of thin plates consisting of multiple component twins. As such, only a 

preliminary refinement is given here.  
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       Table 4.1 Crystallographic refinement details of compounds 1 – 4.  

 1 2 3 4 

Formula C34H38BiN4O22 NAa C52H48Bi2Cl2N8O24 C21H12BiN3O12 

MW (g mol-1) 1063.65 NA 1657.84 707.31 

T (K) 100(2) 102(2) 102(2) 102(2) 

λ (K α) 0.71073 0.71073 0.71073 0.71073 

μ (mm-1) 8.989 8.587 6.615 7.582 

Crystal system Triclinic Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 P-1 

a (Å) 9.3110(4) 9.2306(6) 10.0241(4) 7.9038(7) 

b (Å) 10.9287(4) 10.8453(6) 11.9736(5) 19.0477(13) 

c (Å) 11.3258(5) 11.4108(7) 13.5032(6) 25.4441(18) 

α (°) 105.435(2) 81.166(2) 112.4310(10) 110.945(2) 

β (°) 105.205(2) 71.530(2) 111.6370(10) 98.244(2) 

γ (°) 106.935(2) 72.264(2) 91.0590(10) 92.540(2) 

Volume (Å3) 987.96(7) 1029.92(11) 1368.43(10) 3521.5(4) 

Z 1 2 1 6 

Rint 0.0237 0.0392 0.0296 0.0499b 

R (I > 2σ) 0.0215 NA 0.0138 0.1217 

wR2 0.0558 NA 0.0354 0.2958 

GOOF 1.111 NA 1.117 1.154 

Residual density 

(max/min) 

1.917/-0.841 NA 0.633/-1.125 13.00/-9.23 

aAs the refinement of 2 is highly disordered and a reliable formula not determined, only a 

preliminary refinement is reported. 
bA preliminary refinement of 4 is reported here due to crystallographic challenges thus far. 

 

4.1.1 Bi2(HPDC)2(PDC)2(MeOH)2∙4MeOH (1) 

 Compound 1, Bi2(PDC)4(MeOH)2∙2MeOH, was synthesized through addition of BiCl3 (0.0158 

g, 0.05 mmol), 2,6 -pyridinedicarboxylic acid (0.0167 g, 0.10 mmol), and methanol (3.0 mL) to a 

10 mL glass vial. The vial was then capped and on the benchtop at room temperature. After one 

week, the mother liquor was removed. The product was then collected, washed with ethanol, and 

allowed to dry. Colorless, thin rods of 1 were obtained along with an unidentified impurity which 

was observed via PXRD data (A.1). Crystallographic refinement details are given in Table 4.1.  

 The structure of 1 is built from one crystallographically unique Bi3+ metal ion, one PDC ligand, 

and one HPDC ligand, one bound methanol, and two outer coordination sphere methanol 

molecules. Each metal center is eight coordinate, bound to two N atoms from two PDC ligands, 

five O atoms from three PDC ligands, and one O atom from a bound methanol. The Bi-N and Bi-
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O bond distances are 2.416(4) - 2.467(5) Å and 2.307(4) – 2.728(4) Å, respectively. As shown in 

Fig. 4.1a, each bismuth is bridged to an additional bismuth metal through two µ2-O atoms (O11 

and O11i) from two PDC ligands to form dimeric species. Four non-variable outer coordination 

sphere methanol molecules are seen per dimeric unit. No π-π stacking interactions less than 4.1 Å 

are observed between the pyridine rings; the shortest contact is 4.147(7) Å (Fig. 4.1b). One H-

bonding interaction, however, is observed between a bound and an outer sphere methanols with a 

donor-acceptor distance of O3(H)∙∙∙O4 = 2.613(5) Å with a O3-H-O4 angle of 168°.  

 

Fig. 4.1 (a) Illustration of 1 showing the dimeric unit. (b) Packing diagram viewed down the 

[111]. No π-π stacking interactions less than 4.1 Å are observed. Green=bismuth, blue=nitrogen, 

red=oxygen, orange=chloride, and black=carbon atoms. Hydrogen atoms and solvent molecules 

have been omitted for clarity. Symmetry operators: (i) -x+1, -y+1, -z. 

 

4.1.2 [HPDC]2-x[Hphen]x[Bi2(PDC)4(H2O)2] (2) 

 Compound 2, [HPDC]2-x[Hphen]x[Bi2(PDC)4(H2O)2], was synthesized through addition of 2,6-

pyridinedicarboxylic acid (0.0334 g, 0.20 mmol), 1,10-phenanthroline (0.0360 g, 0.20 mmol), and 

water (3.0 mL) to a 10 mL glass vial. Bismuth nitrate (0.0243 g, 0.05 mmol) was dissolved in 2 M 

nitric acid (0.5 mL) and then added to the vial. The vial was then capped and allowed to sit at room 
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temperature. After four hours, the solvent was removed. The product was then collected, washed 

with ethanol, and allowed to dry. Colorless, thin rods of 2 were obtained. PXRD data were 

collected (A.2). While the experimental bulk seems to index well with the calculated pattern, 

absence of a reliable formula precluded subsequent analysis as phase purity could not be 

established. Attempts were made to arrive at a reliable formula from elemental analysis of the bulk 

sample; however, inconsistencies in the elemental analysis of several “identical” reactions did not 

allow for an accurate formula determination.  

 Significant crystallographic disorder of the outer coordination sphere ligand and the bound 

nitrate were seen in the refinement. Therefore, only a preliminary refinement is discussed here. 

The dimeric unit, however, is very similar to the dimeric motif observed in 1 and 3 and is related 

to other reported bismuth-PDC dimers, including those observed in 

(Hphen)2[Bi(PDC)2(H2O)]2·5H2O reported by Moghimi et al or (2,3-diamino-

pyridinium)2[Bi(PDC)2(H2O)]2·4H2O reported by Notash and coworkers.127, 209 The asymmetric 

unit of 2 consists of one crystallographically unique Bi3+ metal ion, two PDC ligands, and a bound 

water. Each bismuth is eight coordinate, bound to two N atoms from two PDC ligands, five O 

atoms from three PDC ligands, and one O atom from a bound nitrate (Fig 4.2). Each bismuth is 

bridged to an additional bismuth metal through two µ2- O atoms (O11 and O11i) from two PDC 

ligands to form dimers.  



52 

 

Fig. 4.2 Preliminary illustration of the dimeric unit in 2. Refinement of the bound water was 

unsuccessful and is not included in the figure, though is likely bound in the open space on each 

bismuth metal similar to where the methanol and chloride reside in 1 and 3, respectively. 

Green=bismuth, blue=nitrogen, red=oxygen, and black=carbon atoms.  

 

4.1.3 [Hphen]2[Bi2Cl2(HPDC)2(PDC)2] (3) 

 Compound 3, [Hphen]2[Bi2Cl2(HPDC)2(PDC)2], was synthesized through addition of 2,6-

pyridinedicarboxylic acid (0.0334 g, 0.20 mmol), 1,10-phenanthroline (0.0360 g, 0.20 mmol), and 

water (3.0 mL) to a 10 mL glass vial. Bismuth chloride (0.0158 g, 0.05 mmol) was dissolved in 2 

M hydrochloric acid (0.5 mL) and then added to the vial. The vial was then capped and allowed to 

sit undisturbed at room temperature. After two days, the mother liquor was removed. The product 

was then collected, washed with ethanol, and allowed to dry. Colorless rectangular blocks of 3 

along with colorless prisms of 4 were obtained. Under a handheld UV lamp, 3 exhibits teal 

luminescence; 4 displays orange luminescence. Powder X-ray diffraction data can be found in A.3. 

 The structure of 3 is built from one crystallographically unique Bi3+ metal ion, one PDC ligand, 

one HPDC ligand, and one outer coordination sphere Hphen. Each metal center is eight coordinate, 

bound to two N atoms from two PDC ligands, five O atoms from three PDC ligands, and one Cl 

atom. The Bi-Cl distance is 2.8245(5) Å, the Bi-N bond distances are 2.4046(17) and 2.5118(17) 
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Å, and the Bi-O distances are 2.2972(14) - 2.6888(15) Å. As displayed in Fig. 4.3a, each bismuth 

is bridged to an additional bismuth metal through two µ2-O atoms (O11 and O11i) from two PDC 

ligands to form discrete dimeric complexes, [Bi2Cl2(HPDC)2(PDC)2]
2-. Each dimeric unit is charge 

balanced by a protonated outer coordination sphere Hphen. Intermolecular π-π stacking 

interactions that further stabilize the structure are observed between the Hphen and one PDC ligand 

(CPDC∙∙∙CHphen=3.7716(2) Å with a slip angle of 21.4°) and also between adjacent Hphen ligands 

(CPDC∙∙∙CHphen= 3.5726(2) Å with a slip angle of 18.4°) and connect the dimers into 2D 

supramolecular sheets along the [010] (Fig. 4.3b). 

 

Fig. 4.3 (a) Illustration showing the dimeric unit in 3. (b) A packing diagram viewed down the 

[010] depicting the π-π stacking interactions between PDC∙∙∙Hphen (blue dashed lines) and 

Hphen∙∙∙Hphen (purple dashed lines). Green=bismuth, blue=nitrogen, red=oxygen, 

orange=chloride, and black=carbon atoms. Hydrogen atoms have been omitted for clarity. 

Symmetry operators: (i) -x+1, -y+1, -z. 

 

4.1.4 [Bi(HPDC)3] (4) 

 Compound 4, [Bi(HPDC)3], was synthesized following the same procedure as 3 (Section 

4.1.3). The structure of 4 is built from three crystallographically unique Bi3+ metal ions and nine 

HPDC ligands. Each bismuth metal center is nine coordinate, adopting a distorted monocapped 

square antiprismatic coordination geometry. Each Bi3+ is bound to six O atoms and three N atoms 
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from three κ3-HPDC ligands Selected Bi-O and Bi-N distances are given in Table 4.2. Noticeable 

asymmetry of the Bi-O distances is observed, e.g. Bi1-O11=2.750(2) Å, Bi1-O13=2.305(18) Å. 

The monomeric species containing Bi1 and Bi2 are bridged into supramolecular 1D chains along 

the [100] via π-π stacking interactions between HPDC ligands bound to Bi1 and Bi2 (CPDC∙∙∙CPDC= 

3.917(3) Å with a slip angle of 21.9°) as shown in Fig. 4.4b. Interestingly, the HPDC ligands bound 

to Bi3 do not engage in any appreciable π-π stacking interactions <4.2 Å.  

           Table 4.2 Selected Bi-O and Bi-N distances (Å) in 4.  

Bond Distance (Å) Bond Distance (Å) Bond Distance (Å) 

Bi1-O11 2.754(17) Bi2-O41 2.331(17) Bi3-O71 2.324(16) 

Bi1-O13 2.305(18) Bi2-O43 2.675(19) Bi3-O73 2.687(18) 

Bi1-O21 2.295(18) Bi2-O51 2.358(15) Bi3-O81 2.345(16) 

Bi1-O23 2.857(18) Bi2-O53 2.657(21) Bi3-O83 2.820(28) 

Bi1-O31 2.302(15) Bi2-O61 2.357(17) Bi3-O91 2.333(18) 

Bi1-O33 2.739(19) Bi2-O63 2.675(15) Bi3-O93 2.806(15) 

Bi1-N11 2.568(19) Bi2-N41 2.611(19) Bi3-N71 2.462(23) 

Bi1-N21 2.508(26) Bi2-N51 2.494(27) Bi3-N81 2.550(19) 

Bi1-N31 2.516(18) Bi2-N61 2.498(18) Bi3-N91 2.551(18) 

 

 

Fig. 4.4 (a) Illustration showing the monomeric unit in 4. (b) Packing diagram viewed down 

the [010] depicting the π-π stacking interactions between PDC ligands (purple dashed lines). 

Green=bismuth, blue=nitrogen, red=oxygen, and black=carbon atoms. Hydrogen atoms have been 

omitted for clarity.  
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4.1.5 Synthetic Challenges 

 As outlined in Chapter 2, synthesis of phase pure bismuth-organic compounds can be 

challenging due to hydrolysis/condensation and the formation of multiple, often insoluble, phases. 

Efforts to arrive at phase pure samples of 1 – 4 were unsuccessful and precluded bulk 

characterization for 1 – 4. The reaction from which 3 and 4 were isolated yielded both phases, and 

variation of the synthetic parameters (i.e. duration, temperature, M:L ratio) did not yield a phase 

pure product in either case. Use of either 2M nitric or hydrochloric acid, respectively, was added 

to the reactions of 2 – 4 to help dissolve the bismuth salt. Without addition of acid, formation of 

the compounds was not observed (which is expected due to the higher pH and likely deprotonation 

of the ligands) in addition to formation of multiple, unidentified microcrystalline phases.  

4.1.6 Structural Systematics 

 Four molecular bismuth-organic compounds built from PDC and/or phen were synthesized 

under ambient conditions. The structures of the compounds consist of either monomeric or dimeric 

complexes. In the case of 3 and 4, weak intermolecular interactions further stitch the dimers into 

1D and 2D supramolecular structures, respectively. Whereas the connectivity of the dimeric 

species of 2 was resolved crystallographically, challenges with the crystallographic refinement 

precluded a full refinement of the outer coordination sphere ligands. However, observation of a 

Raman peak (~850 cm-1) in the spectrum of 2 is consistent with presence of phen. As the pH of 

the reaction solution (ca. 1-2) was below the pKa of phen (3.99) due to addition of HNO3, it is 

likely protonated as in 3.210 The dimeric unit observed in 1 – 3 is not uncommon to Bi-PDC 

compounds, such as (Hphen)2[Bi(PDC)2(H2O)]2·5H2O and (2,3-diamino-

pyridinium)2[Bi(PDC)2(H2O)]2·4H2O.127, 209  
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 Compound 4 is similar to a known bismuth monomer reported by Cheetham et al., 

[Bi(PDC)3]·3(dma), as both adopt nearly identical monomeric units.128 However, three dma 

solvent molecules are observed in their compound, whereas 4 contains no crystallographically 

resolved solvent molecules. Further, Cheethem and coworkers were not successful in achieving 

phase purity of this compound, owing to formation of multiple phases, one of which was 

unidentified. 

4.1.7 Luminescence of 2 – 4  

 In the absence of phase purity, bulk characterization of the luminescence behavior of 2 – 4 was 

not performed. Instead, single crystals from the bulk sample that were identified under a handheld 

UV lamp were selected and emission profiles were collected on a Raman microscope with a 405 

nm laser excitation source. Measurements were performed at room temperature using 10-25% laser 

power. Compound 2 displays an intense, broad emission with a maximum peak at 498 nm. Two 

lower intensity shoulders are observed at 467 and 528 nm. The emission profile of 3 displays a 

peak centered at 520 nm with a shoulder at 585 nm. Compound 4 has a broad emission centered 

at ca. 620 nm with a broad shoulder centered at 540 nm. Although 2 and 3 share similar structural 

motifs, there are distinct differences in the emission spectra of each phase. Differences in 

intermolecular interactions and packing as well as the presence of the bismuth-chloro subunit in 3 

might account for these differences. The emissions are significantly red shifted from the 

luminescence emission spectra of the free ligands (PDC λmax= 411 nm; phen λmax= 426 nm), and 

likely originate from either intraligand transitions facilitated through π-π stacking interactions, 

metal-to-ligand charge transfer transitions, or emission from the 3P1→
1S0 and 

1P1→
1S0  transitions 

of bismuth as has been proposed in other bismuth-PDC or Bi-phen compounds. 128, 175, 183  
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Fig. 4.5 Room temperature Raman luminescence collected from single crystals of (a) 2, (b) 3, 

and (c) 4.  

 

For each compound, the Commission Internationale L'Eclairage (CIE) coordinates were 

determined from the emission profile and are plotted in Fig. 4.6. The compounds display 

visible emission ranging from teal to orange.  

Fig. 4.6 CIE chromaticity coordinates for 2 – 4. 

4.1.8 Raman Spectra of 1 – 4 

 Raman spectra were collected for 1 - 4 on isolated single crystals at room temperature and 

display expected ligand bands. The peak around 230 cm-1 in the spectrum of 3 can be attributed to 
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a ν(Bi-Cl) vibration.150 Peaks in the range of ca. 1000 to 1570 cm-1 may be attributed to overlapping 

bands from the phen and PDC ligands.211-213 In the spectra of 2 and 3, peaks attributed to phen are 

observed around 845-850 cm-1. These are notably absent from 1 and 4, consistent with the presence 

of phen in 2.213-214 In each spectrum, the protonated HPDC O-H stretch can be seen at 

approximately 1315 cm-1, whereas the symmetric and asymmetric COO- stretching vibrations can 

be found at 1360-1415 and 1590-1600 cm-1, respectively. 

4.2 Solvothermal Chlorobismuth N-Donor Ligand Compounds    

Solvothermal treatment of otherwise identical reactions to those described in Section 4.1 

resulted in the isolation of three polychlorobismuth-organic phases. Solvothermal conditions 

yielded phase pure products for which subsequent bulk characterization was performed. It should 

be noted though that variation of the synthetic parameters led to impurities attributed to the 

synthetic challenges outlined in Section 4.2.4. The typical synthesis involved reaction of BiCl3 

with PDC and/or phenanthroline at 150 °C for 1-5 days. Details on the crystallographic refinements 

can be found in Table 4.3. The structure of 6 at 295 K has been previously reported;150 however, 

for the sake of comparison with the structures reported herein a low temperature dataset for 6 was 

recollected at 100 K. 

Compound 5 was processed as a two-component twin, but only the first domain was used 

for the subsequent refinement. Non-overlapping reflections from the primary orientation were used 

for phasing and refinement. Due to the high amount of overlap in both domains, inclusion of the 

minor orientation resulted in a less reliable model. The primary orientation still contains over 96% 

completeness; thus, a reliable model could be determined from only the first domain. One 

acetonitrile was modelled in the outer coordination sphere; one acetonitrile solvent molecule was 
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disordered across a symmetry site and squeezed from the structure.215 The electron count from the 

"squeezed" model converged in good agreement with the number of solvate molecules predicted 

by the complete refinement. 

       Table 4.3 Crystallographic structure refinement details for 5 – 7.  

 5 6 7 

Chemical formula C66H44Bi4Cl8N12O8 C24H16BiCl3N4 C30H22Bi2Cl6N6 

MW (gmol-1) 2252.67 675.75 1097.21 

T (K) 100(2) 100(2) 100(2) 

λ (Mo Kα) 0.71073 0.71073 0.71073 

μ (mm-1) 10.813 8.433 11.446 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P-1 P21/c P21/n 

a (Å) 9.7898(6) 9.6115(3) 12.7368(6) 

b (Å) 13.7846(13) 31.7985(1) 9.4838(4) 

c (Å) 27.4465(18) 7.5977(2) 13.6313(6) 

α (°) 102.725(2) 90 90 

β (°) 90.442(2) 109.328(1) 102.0880(10) 

γ (°) 110.737(2) 90 90 

Volume (Å3) 3363.9(4) 2191.22(11) 1610.06(12) 

Z 2 4 4 

Rint NAa 0.0224 0.0567 

R (I > 2σ) 0.0270 0.0152 0.0247 

wR2 0.0627 0.0317 0.0635 

GooF 1.076 1.166 1.099 

CCDC number 1841302 1841303 1841304 

a Compound 1 was processed as a two component twin and therefore, an 

Rint is not reported 

 

4.2.1 [Bi4Cl8(PDC)2(phen)4]∙2MeCN (5)  

 Compound 5, [Bi4Cl8(PDC)2(phen)4]∙2MeCN, was synthesized through the  addition of bismuth 

chloride (0.0313 grams, 0.1 mmol), 2,6-pyridinedicarboxylic acid (0.0165 grams, 0.1 mmol), 1,10-

phenanthroline (0.0180 grams, 0.1 mmol), and acetonitrile (3 mL) into a 23-mL Teflon-lined 

stainless steel autoclave. The autoclave was heated statically at 150C. After 24 hours the reaction 
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was removed from the over and allowed to slow cool to room temperature over 4 hours. The 

reaction vessel was left undisturbed for a week after which the products were collected, washed 

with ethanol, and allowed to dry under ambient conditions. Colorless, thick needles of 5 and large 

blocks of 6 (a minor impurity identified as 6 via PXRD) were obtained (A.4). Manual separation 

of 5 allowed for subsequent characterization (A.5). Details of the data collection and refinement 

can be found in Table 4.3. Estimated Yield of 5: 40% (based on Bi). Elemental Analysis for 

C66H44Bi4Cl8N12O8: Calc. (Obs.): C, 35.18 (34.95); H, 1.98 (1.74); N, 7.46 (7.17%). Raman 5 ῦ = 

1658, 1590, 1518, 1453, 1421, 1300, 1105, 1053, 1027, 724, 557, 518, 422, 286, 250 cm-1. 

 The solid state structure of 5 is built up from four crystallographically unique Bi3+ ions, eight 

chloride ions, four bidentate phen ligands, and two PDC ligands. Bi1 and Bi3 are both seven 

coordinate, bound to three Cl ions, two N atoms from one κ2-phen, and two O atoms from PDC. 

The Bi1-O distances are 2.5498(2) and 2.7644(2) Å, the Bi1-Cl distances range from 2.6678(2) to 

2.7021(2) Å, and the Bi1-N distances are 2.4538(2) and 2.4806(2) Å. For Bi3, Bi3-O distances are 

2.5854(2) and 2.7926(2) Å, Bi3-Cl distances range from 2.6333(2) to 2.6864(2) Å, and the Bi3-N 

distances are 2.4424(2) and 2.5008(2) Å. Bi2 and Bi4 are also each seven coordinate, bound to 

two chloride ions, three nitrogen atoms from one κ2-phen and one PDC, and two oxygen atoms 

from the PDC. The Bi2-O distances are 2.5609(2) and 2.2869(1) Å and the Bi2-N distances range 

from 2.4406(2) to 2.5875(2) Å. The Bi2-Cl4 distance is 2.4917(2) Å, and two long Bi-Cl bonds 

are observed as 3.2081(2) and 3.4579(2) Å, within the sum of the van der Waals radii.216 The Bi4-

O distances are 2.5633(2) and 2.2811(1) Å with the Bi4-N distances ranging from 2.4271(2) to 

2.5745(2) Å. The Bi4-Cl8 distance is 2.4917(2) Å, and two long Bi-Cl bonds are observed as 

3.2147(2) and 3.4905(2) Å. Bi1 and Bi2 are bridged through one oxygen atom (O52) of the 
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carboxylate of the PDC ligand, forming dimeric units. These dimers are then further bridged 

through two chloride atoms (Cl2 and Cl3) to form discrete molecular tetramers (Fig. 4.7a). Bi3 

and Bi4 are similarly bridged through the carboxylate oxygen of one PDC ligand (O62) to form 

dimeric units that are then further bridged into tetramers by two chloride atoms (Cl6 and Cl7) (Fig. 

4.7b). There is one fully resolved acetonitrile molecule per formula unit in the outer coordination 

sphere. Due to disorder, the remaining electron density in the outer coordination sphere was 

squeezed but is likely one acetonitrile molecule disordered across a symmetry site. Although the 

two tetramers adopt almost identical structural motifs, position of the acetonitrile molecules likely 

break the symmetry of the crystalline packing, resulting in two distinct tetramers.  

 

Fig. 4.7 Illustration depicting the tetrameric units of (a) Bi1 and Bi2 and (b) Bi3 and Bi4 in 

5 viewed down the [100]. Green, red, orange, blue, and black spheres represent bismuth, oxygen, 

chlorine, nitrogen, and carbon atoms, respectively. Hydrogen atoms and acetonitrile solvent 

molecules have been omitted for clarity. Symmetry operators: (i) 2 - x, 1 - y, 1 - z; (ii) 1 - x, 1 - y, 

-z.  

 

 Several intermolecular π-π interactions are observed between the metal bound phen and 

pyridine rings that constitute the tetrameric units. As seen in Fig. 4.8a, the phen ligands bound to 

Bi1 and Bi3 (designated as phen1 and phen3, respectively) exhibit moderate π-π stacking 

interactions between the rings. For example, the centroids of the two 6-membered pyridine rings 
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labeled with N11 and N32 were calculated in Platon205 as Cphen1∙∙∙Cphen3=3.4792(2) Å with a slip 

angle of 16.2°. For the rings labeled with N31 and N12, Cphen3∙∙∙Cphen1=3.5088(2) Å with a slip 

angle of 18.4°. Furthermore, the pyridine rings of each PDC ligand are seen to weakly interact 

with the phen ligand bound to Bi2 or Bi4, as depicted in Fig. 4.7b. For the PDC bound to Bi1 and 

Bi2 (PDC5) and the phen bound to Bi2 (phen2), Cphen2∙∙∙CPDC5=3.8167(3) Å and the slip angle is 

equal to 20.2°. In the case of the PDC bound to Bi3 and Bi4 (PDC6) and the phen bound to Bi4 

(phen4), Cphen4∙∙∙CPDC6=3.8811(3) Å with a slip angle of 24.6°.  

 

Fig. 4.8 Polyhedral representation showing π-π stacking interactions (blue dashed line) 

between (a) phen1-phen3 and (b) phen2-PDC5 in 5. For the sake of simplicity, only the phen2-

PDC5 interaction is shown; however, the phen4-PDC6 would look nearly identical. Green 

polyhedra, red, orange, blue, and black spheres represent bismuth, oxygen, chlorine, nitrogen, and 

carbon atoms, respectively. Hydrogen atoms and acetonitrile solvent molecules have been omitted 

for clarity.  

 

4.2.2 BiCl3(phen)2 (6) 

 A microcrystalline powder identified as 6, BiCl3(phen)2, formed as a co-precipitate in the 

reaction presented in section 4.2.1. The reported literature synthesis was followed to synthesize 6  

to access a phase pure product for characterization of the luminscence.150 Bismuth chloride (0.25 

g, 0.79 mmol), 1,10-phenanthroline (0.43 grams, 2 mmol), and acetonitrile (20 mL) were heated 

to reflux under constant stirring (500 rpm). A white solid precipitated and gradually turned a faint 
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pink after ca. two hours at which point the product was filtered. As single crystals were isolated 

during the formation of 5 (section 5.1.1), further extraction into dimethyl 

sulfoxide/dichloromethane and evaporation to obtain single crystals was not carried out. Powder 

X-ray diffraction data were collected, and the observed pattern was compared to the calculated to 

confirm the single crystal was representative of the bulk (A.6). Although a room temperature 

dataset has been previously reported for 6, a low temperature dataset was collected to offer 

comparison with 5 and 7. Yield: 87% (based on Bi). Elemental Analysis for C24H16BiCl3N4: Calc. 

(Obs.): C, 42.65 (42.77); H, 2.39 (2.26); N, 8.29 (8.28 %). 

 As the structure of 6 has been previously reported, only a brief structural description is provided 

here.150 It is built from one crystallographically unique Bi3+ metal center, three chloride ions, and 

two bidentate phen ligands. The bismuth ion is seven coordinate, bound to three Cl ions and four 

N atoms from the phen ligands (Fig. 4.9). The Bi-Cl bond distances range from 2.598(1) to 

2.748(1) Å, and the Bi-N distances range from 2.476(2) to 2.771(2) Å. Intermolecular π-π 

interactions are observed throughout the structure between adjacent phen rings, with the distance 

between the centroids found to be Cphen∙∙∙Cphen=3.7557(1) Å with a slip angle of 22.2°. 

 

Fig. 4.9 Illustration depicting the monomeric unit in 6. Green, orange, blue, and black spheres 

represent bismuth, chlorine, nitrogen, and carbon atoms, respectively. Hydrogen atoms have been 

omitted for clarity.  
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4.2.3 Bi2Cl6(terpy)2 (7) 

Compound 7, Bi2Cl6(terpy)2, was synthesized through addition of bismuth chloride (0.0319 

g, 0.1 mmol), 2,6-pyridinedicarboxylic acid (0.0164 g, 0.1 mmol), 2,2’:6’,2’’-terpyridine (0.0236 

g, 0.1 mmol), and acetonitrile (5 mL) into a 23 mL Teflon-lined stainless steel autoclave. The 

autoclave was heated statically at 150 for five days, and then removed and allowed to slow cool 

overnight. Large, rectangular prisms of 7 were collected and washed with ethanol and allowed to 

dry under ambient conditions. Details of the data collection and refinement can be found in Table 

5.1. Powder X-ray diffraction data were collected, and the observed pattern was compared to the 

calculated to confirm the single crystal was representative of the bulk (A.7). Yield: 83% (based on 

Bi). Elemental Analysis for C30H22Bi2Cl6N6: Calc. (Obs.): C, 32.83 (32.86); H, 2.02 (2.13); N, 

7.66 (7.70%). Raman 3 ῦ = 1591, 1563, 1497, 1482, 1456, 1331, 1302, 1288, 1116, 1080, 1042, 

1005, 827, 721, 655, 403, 301, 271, 250 cm-1. 

The structure of 7 is built from one crystallographically unique Bi3+ ion, one tridentate 

terpy, and three chloride ions. Each metal center is seven coordinate, adopting a distorted 

pentagonal bipyramidal geometry, and is bound to three N atoms from one terpy ligand and four 

Cl atoms. The Bi-Cl distances range from 2.592(1) to 2.814(1) Å, while the Bi-N bond distances 

range from 2.479(3) to 2.626(3) Å. As seen in Fig. 4.10, bridging chloride atoms, Cl1 and Cl1', 

link the bismuth metal centers to form discrete molecular dimers. The two non-bridging Cl atoms 

are bound to the bismuth metal center cis relative to each other. Interestingly, the closest centroid-

centroid distances between terpy rings are >4.2 Å. 
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Fig. 4.10 Illustration depicting the dimeric unit in 7. Green, orange, blue, and black spheres 

represent bismuth, chlorine, nitrogen, and carbon atoms, respectively. Hydrogen atoms have been 

omitted for clarity. Symmetry operators: (i) -x, -y + 1, -z + 1. 

 

4.2.4 Synthetic Challenges 

Synthetic avenues to access bismuth-based materials can be challenging, in part, due to the 

limited solubility of bismuth precursors and the hydrolytic instability of bismuth. As the 

reaction for 5 additionally produced 6 as a minor impurity, manual separation of the phases 

was necessary to perform subsequent characterization of the major phase. Extensive 

variation of reaction parameters was performed to afford a phase-pure product of 5 but 

proved unsuccessful. However, a synthesis that enabled a clean manual separation 

(supported by elemental analysis and PXRD) was achieved and is reported here. While not 

incorporated into the solid state structure, addition of 2,6-pyridinedicarboxylic acid to the 

reaction vessel facilitated the formation of large block crystals of 7, acting as a 

modulator.217-218 Reactions with various other secondary ligands (e.g. 2,5-H2PDC and 3,4-

H2PDC) were also attempted, but in each case, formation of 7 dominated, which can give 

some indication as to the persistence of the phase only containing terpy ligands. The same 

reaction without the use of H2PDC resulted in formation of 7 as a microcrystalline powder. 
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Additionally, partial hydrolysis of the bismuth precursor BiCl3 to BiOCl was observed in 

the absence of H2PDC (A.8).219 Of the more than eighty bismuth compounds bearing 2,6-

H2PDC, phen, and/or terpy, less than half have utilized BiX3 (X=Cl, Br, I) as the bismuth 

salt precursor and even fewer have use BiCl3. This could be, in part, due to the hydrolytic 

instability of BiCl3 as discussed in Chapter 2. Here, solvothermal reactions were used to 

help mitigate formation of bismuth oxychloride. Furthermore, the addition of H2PDC may 

help drive formation of 7 and subsequently, preclude formation of BiOCl, although the 

exact role of this interaction is unknown.  

4.2.5 Structural Systematics 

In the more than eighty bismuth-organic compounds containing either bound phen 

or 2,6-H2PDC, the majority are found as either discrete monomeric or dimeric units or 

crystallize as extended networks.128, 194, 196, 211-212, 220-221 Zhang and Feng reported the 

formation of a dimeric bismuth compound containing both 2,6-H2PDC and phen, [Bi2(2,6-

PDC)2(N3)2(phen)2]·4H2O, under ionothermal conditions wherein the bismuth metal 

centers are bridged through the carboxylate of the PDC.211 To the best of our knowledge, 5 

marks the first reported bismuth tetramer decorated with phen and/or 2,6-PDC ligands. In 

the Cambridge Structural Database 2018, reports of discrete chlorobismuth tetramers are 

limited, including only nine chlorobismuth tetramers with organic ligands bound directly 

to the bismuth metal center. Most of these tetramers are predominately examples of 

polychlorobismuthates following the formula [Bi4Clx]
12-x (where x=16, 18, or 20); the 

anionic units are charge balanced by outer coordination sphere metal and/or ligand cations. 

The dimeric motif of 7 is commonly seen in the literature for bismuth-organic materials, 
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though this is the first example of a bimsuth-terpy species incorporating chloride into the 

inner coordination sphere of the metal. The other four bismuth-terpy species contain either 

bound nitrate or iodine resulting from the respective bismuth salt used in the reactions.222-

225 The structural unit of 7 is isostructural to the bromobismuth-phen dimer published by 

White et al., [Bi2Br6(phen)4], though attempts by the authors to produce the chloride analog 

were reportedly unsuccessful.221 It is interesting that when using terpy as the ligand, the 

chlorobismuth dimer is accessible, possibly owing to the increased denticity of terpy and 

its ability to better saturate the metal coordination sphere. Furthermore, it is of note that 

none of the three compounds display significant indication of the stereochemically active 

6s2 lone pair about the bismuth centers, commonly evidenced by a distorted metal 

coordination geometry with "open faces" and distinct asymmetry of the metal-donor atom 

bond lengths.  

It is also worth noting that addition of heat (i.e. solvothermal conditions) yields a 

tetrameric species, 5, rather than the dimers 3 or 4. This could be due to an increase in 

temperature and pressure during the reaction, which can lead to more dense phases. It is 

also possible the influence of pH via the addition of HCl during the reaction of 3 and 4 

leads to protonation of the phen which precludes chelation of Bi3+. Attempts to explore the 

dependence on pH for the reaction producing 3 and 4 have been carried out. However, a 

microcrystalline powder that does not index to 3, 4, or a known bismuth phase has 

precluded further investigation.  
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4.2.6 Luminescence of 5 – 7 

Luminescence spectra for each compound were collected on solid samples of the bulk 

phase at room temperature. The luminescence spectra of the free ligands H2PDC, phen, and 

terpy were also collected. Upon excitation at 343, 363, and 348 nm, respectively, broad 

emission bands for the ligands were observed which are centered between 370-430 nm. 

Compounds 5 – 7 exhibit broad visible light emission peaks centered at 570, 590, and 537 

nm, respectively, as seen in Fig. 4.11. A summary of the peak excitation and emission 

wavelengths along with lifetime measurements for the compounds is given in Table 4.4. 

Both 5 and 6 displayed short-lived luminescence lifetimes with a biexponential decay of 

9(1) μs and 75(15) μs and a monoexponential decay of 8(1) μs, respectively. A longer 

fluorescence lifetime of 215(6) μs was revealed in the case of 7. 

 

         Table 4.4 Photophysical measurements for 5 – 7.  
 

 Maximum excitation (nm) Maximum emission (nm) Lifetime (μs) 

5 385 570 9(1), 75(15) 

6 415 590 8(1) 

7 387 537 215(6) 

 

 

Fig. 4.11 Room temperature excitation (dashed lines) and emission (solid lines) for (a) 

5, (b) 6, and (c) 7.  
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For each compound, the Commission Internationale L'Eclairage (CIE) coordinates were 

determined from the emission profile and are plotted in Fig. 4.12. Each displays the visible 

yellow-green to orange emission upon exposure to UV light as confirmed by the solid-state 

luminescence measurements. 

Fig. 4.12 CIE chromaticity coordinates for 5 – 7. 

Several luminescent bismuth-organic compounds have been reported to date.75, 94, 

130, 173, 175, 177, 183, 226-227 However, precise assignment of the luminescence mechanism 

occurring in these compounds is often not trivial, as a wide variety of charge-transfer 

processes including halide-to-ligand CT and metal-to-ligand CT can play a role in the 

resulting luminescence as discussed in Chapter 1. Computational analysis of the three 

compounds was then carried out to further elucidate possible electronic transitions and is 

detailed in the next section.  

4.2.7 Theoretical Analysis of the Luminescent Behavior in 5 – 7  

To further our insight into the electronic states and possible transitions correlating to 

the reported luminescence, preliminary quantum mechanical methods have been applied 
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using the ORCA 4.1 software package.228 Various cluster cut-outs of each compound were 

rendered and used as model systems to compute theoretical UV-Vis absorption spectra, e.g. 

one dimeric unit and two dimeric units. These theoretical spectra were compared to 

experimental data. Additionally, molecular orbitals implied by the main excitation bands 

from the absorption spectra were calculated for each compound. While there is a degree of 

uncertainty in the exact numerical values calculated, the preliminary data has established 

approximate methods to help explain the transitions responsible for the emissive behaviour 

in the compounds.  

For 5, several cluster cut-outs were prepared and used for subsequent calculations, 

including the as-reported tetramer, [Bi4Cl8(PDC)2(phen)4], and several dimers of tetramers, 

[Bi4Cl8(PDC)2(phen)4]2. Analysis of the theoretical absorption spectra at the spin-free level 

(SF) identified various regions in the absorption spectrum with strong absorption bands as 

shown in Fig. 4.13. The lower energy bands involve excitation from the bismuth-chloride 

subunit to the phen groups (HOMO-1 → LUMO+2) in a “metal”-to-ligand charge transfer. 

This is different than typical MLCT in that there is strong mixing of the chloride atoms 

with the Bi3+, thus it is not exclusively metal character involved in the CT. Upon de-

excitation, these transitions should correspond to a ligand-to-“metal” charge transfer 

(LMCT). Interestingly, the PDC ligand does not appear to be involved in CT at lower 

energies. Higher energy absorption bands can be attributed to ligand-to-ligand charge 

transfer between the ligands, however.  
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Fig. 4.13 (a) Computed UV-vis absorption spectrum of 5 with two different gaussian 

heights (black and red solid lines) calculated with one tetramer. (b) Computed UV-vis 

absorption spectrum of 5 calculated with two tetramers in various orientations (C, D, E, & 

F) overlaid with the experimental spectrum (black dashed line). The lower part of the 

theoretical spectrum is reported in the box (squares represent the position of all the states 

in that specific region). 
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Fig. 4.14 Molecular orbitals implied in the main first excitations of 5. 

 

To further explore the absorption, the calculated spectra (solid lines) were compared to 

the experimental absorption spectrum (black dashed line) (Fig. 4.13b). The intensity of the 

simulated spectrum was scaled for easier comparison. From the overlay, the general shape 

of the theoretical spectrum is in reasonable agreement with the available experimental data.  
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Looking towards the neutral monomer 6, three cluster sizes were prepared including the 

as-reported monomer, [BiCl3phen2], a pseudo dimer built from two monomeric units, 

[BiCl3phen2]2, and a pseudo trimer built from three monomeric units, [BiCl3phen2]3 (Fig. 

S22). GS calculations indicate that the BiCl3 subunit tends to strongly attract the electrons 

from the two donor groups, though predominately from the one with the shortest Bi-N 

distances. The population analysis of the GS yields with Mulliken to give a total charge on 

the bismuth center of 1.5 e-, indicating some degree of covalency between bismuth and the 

phen. Using an extended transition state method for energy decomposition analysis 

combined with natural orbitals for chemical valence theory (ETS-NOCV), we have also 

reported the density deformation induced by the association of the BiCl3 and the 

phenanthroline groups (Fig. 4.15). The red area corresponds to a decrease of the density 

when compared to the isolated phenanthroline system, while the blue part corresponds to a 

gain of electron density. 

Fig. 4.15 Density deformation of 6. The red area corresponds to a decrease of the density 

compared to the isolated system (phenanthroline), while the blue part corresponds to a gain 

of electron density. 

 

In Fig. 4.16a, the absorption spectra at the SF level show the effect of the gaussian 

height used to convolute the spectrum as well as the cluster size effects. Going from the 
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cut-out of one monomer to a cut-out with three monomers, the most intense absorption 

bands are slightly red-shifted for the larger aggregate, whereas the band at ~450 nm for the 

monomer is blue-shifted to 425 nm for the larger cut-out (Fig. 4.16b). Looking to the 

molecular orbitals (Fig. 4.17), the band at 420 nm results from an excitation from the 

bismuth-chloride subunit to the π* orbitals of the ligand (HOMO-2 → LUMO), similar to 

the MLCT observed in 5.  

Fig. 4.16 (a) Computed UV-vis absorption spectrum of 6 with three different gaussian 

heights (red, blue, and purple solid lines) calculated with one monomer. (b) Computed 

UV-vis absorption spectrum of 6 calculated with one monomer (dashed purple line) and 

three monomers (solid lines) overlaid with the experimental spectrum (black dashed line). 

The lower part of the theoretical spectrum is reported in the box (squares represent the 

position of all the states in that specific region). 
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Fig. 4.17 Molecular orbitals implied in the main first excitations of 6. 

 

In the case of 7, four cluster cut-outs were rendered: (1) the dimeric unit, 

[Bi2Cl6(terpy)2], two different dimer of dimers, (2) [Bi2Cl6(terpy)2]2 with the ligands 

perpendicular to each other (ortho) and (3) [Bi2Cl6(terpy)2]2 with the dimers in parallel to 

each other (in plane), and (4) a trimer of dimers, [Bi2Cl6(terpy)2]3, incorporating both 

perpendicular and parallel orientations. As shown in Fig 4.18, many bands are common 

between the considered systems. When going from the discrete dimer to larger cut-outs, an 

increase in the number of states is observe which is expected from larger aggregates. 

However, the main features of the spectra do not appear to change substantially. The 

absorption peak around 411 nm can be attributed to excitation of the bismuth-chloride 
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subunit to the closet terpyridine ligand, i.e. the terpy ligand coordinated to the BiCl3 group, 

(HOMO-6 → LUMO+6) as depicted in Fig. 4.19. The other two lower wavenumber 

absorption peaks can be attributed to MLCT to terpy ligands bound to adjacent dimeric 

units (HOMO-15 → LUMO+1 and HOMO-14 → LUMO+2). However, comparison 

between the experimental data and the simulation is rather poor, as shown in Fig 4.18c. 

Two clear absorption bands are observed experimentally, located at 240 and 350 nm and 

none above 500 nm, while the simulated data propose one main band at 250 nm and a 

second peak at 500 nm. Regarding the two previous cases and the existing coherence, we 

do not see any reasonable explanation for such a disagreement. Additional calculations are 

currently ongoing to see if this might explain these discrepancies.   

 

Fig. 4.18 (a) Computed UV-vis absorption spectrum of 7 with three different gaussian 

heights (red, blue, and purple solid lines) calculated with one dimer. (b) Computed UV-

vis absorption spectrum of 7 calculated with one dimer (dashed purple line) and two dimer 

of dimers (solid lines) in two different orientations. (c) Computed UV-vis absorption 

spectrum of 7 calculated with one dimer (dashed purple line) and a trimer of dimers (solid 

red line) overlaid with the experimental spectrum (black dashed line). The lower part of the 

theoretical spectrum is reported in the box (squares represent the position of all the states 

in that specific region). 
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Fig. 4.19 Molecular orbitals implied in the main first excitations of 7. 

 

 Our theoretical analysis compares well with other polychlorobismuth-organic compounds such 

as those reported by Müller-Buschbaum et al. concerning the luminescence of several 

chlorobismuth-4,4'-bipyridine coordination polymers.227 Computational studies identified MLCT 

as being responsible for the excitation bands seen in the compounds, originating from the occupied 

orbitals of the bismuth chloride subunit (in their case, Bi2Cl6) to ligand orbitals delocalized over 

several ligands, with subsequent emission resulting from the corresponding LMCT. 
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4.2.8 Thermogravimetric Analysis of 5 and 7 

The thermal stabilities of compounds 5 and 7 were investigated using thermogravimetric 

analysis under flowing air. For 5, the total weight loss was 56.1% occurring over four consecutive 

steps. The first weight loss of roughly 13.2% began around 200 C and continued just past 275 C. 

The second weight loss of 25.9% was complete by 350 C. The third weight loss (4.8%) was 

complete by 425 C, and the final weight loss of 12.1% was finished by 600 C. For 7, the total 

weight loss was 67.3% occurring over two consecutive steps. The first weight loss of 23.5% began 

around 180 C and continued just before 300  C. The second weight loss of 43.8% was complete 

by 360 C. The PXRD pattern of the thermal product of 5 did not index to any known bismuth 

oxide, bismuth chloride, or bismuth oxychloride phases (Fig. S17). However, the PXRD pattern 

of the thermal decomposition product of 7 is consistent with a mixture of both BiOCl (calc. 52.5%) 

and Bi24O31Cl10 (calc 55.5%). Since the total weight loss for 7 was greater than what could be 

accounted for as decomposition to either BiOCl or Bi24O31Cl10, the onset of BiCl3 sublimation 

above 300 C formed in situ could possibly account for this discrepancy.75  

4.2.9 Raman Spectra of 5 and 7 

Raman spectra were collected for 5 and 7 on solid samples of the bulk phase at room 

temperature. At lower wavenumbers, the peak around 245 cm-1 in each spectrum can be 

attributed to a ν(Bi-Cl) vibration.150 Peaks for 5 and 7 in the range of ca. 1000 to 1570 cm-

1 may be attributed to phen/PDC and terpy ligands, respectively.211-212  

4.3 Solvothermal Bromobismuth-Terpyridine Compounds 

 To offer comparison with the chlorobismuth phases and explore the strength of the metal 

halide-ligand interaction and its role in emissive behavior, polybromobismuth compounds bearing 
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terpyridine and 4′-chloro-2,2′:6′,2′′-terpyridine (Cl-terpy) were synthesized under solvothermal 

conditions. In sp2 metal compounds, increased sp/LMCT mixing is observed when going from 

chloride to bromide, which should result in weaker luminescence of bismuth-bromides than their 

chloride analogs presented in Section 4.2.229 

The typical synthesis involved reaction of BiBr3 with terpy and Cl-terpy at 120 °C for two 

days. Four phases were isolated and single crystals confirmed by PXRD data to be representative 

of the bulk sample were used for single crystal X-ray diffraction studies. Details on the 

crystallographic refinements can be found in Table 4.5.  

 A disordered acetonitrile solvent molecule was modelled during the refinement of 10 and 

was disordered over two positions; the ratio of Part A to Part B refined to 0.41.  In 11, a Br atom 

(Br24/Br34) was disordered over two positions. The N-H atoms in 11 were found; the distances 

were fixed to 0.88(1) A. All other H atoms were included as riding idealized contributors. 
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             Table 4.5 Crystallographic refinement details of 8 – 11.  

 8 9 10 11 

Formula C30H22Bi2Br6N6 C30H22Bi2Br6Cl2N6 C34H26Bi2Br6Cl2N8 C30H26Bi2Br10N6 

MW (gmol-1) 1363.92 1432.81 1514.95 1687.56 

T (K) 100(2) 100(2) 100(2) 100(2) 

λ (K α) 0.71073 0.71073 0.71073 0.71073 

μ (mm-1) 17.375 16.652 14.497  

Crystal System Monoclinic Monoclinic Triclinic Triclinic 

Space Group P21/n P21/c P-1 P-1 

a (Å) 8.6525(3) 13.3943(7) 9.0053(6) 10.3292(5) 

b (Å) 12.3536(4) 17.0710(9) 10.6081(7) 11.0679(5) 

c (Å) 15.9765(5) 16.1879(9) 20.4181(13) 19.5843(9) 

α (°) 90 90 89.248(2) 89.404(2) 

β (°) 93.5350(10) 104.125(2) 78.252(2) 87.421(2) 

γ (°) 90 90 88.799(2) 66.7690(10) 

Volume (Å3) 1704.47(10) 3589.4(3) 1909.2(2) 2055.25(17) 

Z 2 4 4 2 

Rint 0.0293 0.0502 0.0279 0.0586 

R (I > 2σ) 0.0137 0.0175 0.0251 0.0321 

wR2 0.0298 0.0393 0.0621 0.0592 

GooF 1.157 1.064 1.122 1.044 

Residual density 

(max/min) 
0.42/-0.70 1.77/-0.69 0.96/-2.19 1.694/-0.928 

 

4.3.1 Bi2Br6(terpy)2 (8) 

Compound 8, Bi2Br6(terpy)2, was synthesized through addition of bismuth bromide (0.022 

grams, 0.05 mmol), TTA (0.022 grams, 0.1 mmol), terpy (0.0112 grams, 0.05 mmol), and 

methanol (3 mL) into a 23 mL Teflon-lined stainless-steel autoclave. The autoclave was heated 

statically at 120 for two days, and then removed from the oven and allowed to slow cool to room 

temperature over four hours. Thick yellow needles of 8 were collected, washed with ethanol, and 

allowed to dry under ambient conditions. Details of the data collection and refinement can be found 
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in Table 4.5. Powder X-ray diffraction data were collected, and the observed pattern was compared 

to the calculated to confirm the single crystal was representative of the bulk (A.9). Yield: 43 % 

(based on Bi). Elemental Analysis for C30H22Bi2Br6N6: Calc. (Obs.): C, 26.42 (26.58); H, 1.63 

(1.65); N, 6.16 (6.07 %).  

The structure of 8 is built from one crystallographically unique bismuth ion, one tridentate 

terpy, and three chloride ions. It is isostructural to 7. Each metal center is seven coordinate, 

adopting a distorted pentagonal bipyramidal geometry, bound to three nitrogen atoms from the 

terpy ligand and four chloride atoms. The Bi-Br distances range from 2.7507(1) to 2.8967(1) Å 

with a long bond of Bi1-Br2’=3.2382(1) Å, while the Bi-N bond distances range from 2.4452(1) 

to 2.6043(1) Å. As shown in Fig. 4.20a, two bridging bromide atoms, Br2 and Br2', link the 

bismuth metal centers into discrete molecular dimers. The Bi1∙∙∙Bi1i distance is 4.669(5) Å. The 

closest π-π stacking interactions observed between the aromatic rings on the terpy is a very weak 

interaction, with centroid distances between terpy rings of Cterpy∙∙∙Cterpy=3.9146(15) Å with a slip 

angle of 18.4° (Fig. 4.20b).  
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Fig. 4.20 (a) Illustration showing the dimeric unit in 8. (b) Packing diagram of 8 viewed down 

the [001] depicting π-π stacking interactions between terpy∙∙∙terpy (purple dashed lines). 

Green=bismuth, red=oxygen, brown=bromine, blue=nitrogen, and black=carbon atoms. Hydrogen 

atoms have been omitted for clarity. Symmetry operators: (i) -x + 1, -y + 1, -z + 1. 

4.3.2 Bi2Br6(Cl-terpy)2 (9) 

Compound 9, Bi2Br6(Cl-terpy)2, was synthesized through addition of bismuth bromide 

(0.022 grams, 0.05 mmol), TTA (0.022 grams, 0.1 mmol), Cl-terpy (0.0134 grams, 0.05 mmol), 

and methanol or acetonitrile (3 mL) into a 23 mL Teflon-lined stainless steel autoclave. The 

autoclave was heated and maintained at 120 for two days, and then removed and allowed to slow 

cool over four hours (pHf≈7). Thick yellow needles of 9 were collected, washed with ethanol, and 

allowed to dry under ambient conditions. Details of the data collection and refinement can be found 

in Table 4.5. Powder X-ray diffraction data were collected, and the observed pattern was compared 

to the calculated to confirm the single crystal was representative of the bulk (A.10). Yield: 44 % 

(based on Bi). Elemental Analysis for C30H22Bi2Br6Cl2N6: Calc. (Obs.): C, 25.11 (24.94); H, 1.54 

(1.53); N, 5.86 (5.74 %). 

The asymmetric unit of 9 is comprised of two unique Bi atoms, two κ3-Cl-terpy ligands, 

and six Br atoms. Each bismuth center is seven-coordinate, bound to three N atoms from the Cl-
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terpy ligand, two bridging Br atoms, and two additionally bound Br. The structure consists of 

discrete molecular dimers wherein the bismuth sites are bridged through two Br atoms, Br3 and 

Br4 (Fig. 4.21a). The Bi1-Br bond distances range from 2.7195(4) to 3.0323(4) Å, and the Bi1-N 

distances range from 2.533(3) to 2.639(3) Å. The Bi2-Br bond distances range from 2.7544(4) to 

3.0942(4) Å, and the Bi2-N distances range from 2.496(3) to 2.545(3) Å. The Bi1∙∙∙Bi2 distance 

is 4.498(2) Å. The two singly bound Br atoms (Br1, Br2 and Br5, Br6) coordinate cis relative to 

each other. The two terpy ligands are off set from one another (i.e. parallel, but not in the same 

plane). Intermolecular π-π interactions are seen between terpy rings, with the distance between the 

centroids found to be Cterpy1∙∙∙Cterpy1=3.702(2) Å with a slip angle of 20.2° and 

Cterpy2∙∙∙Cterpy2=3.614(2) Å with a slip angle of 24.1° (Fig. 4.21b). Further, a halogen-π interaction 

is observed between Cl11 and the first pyridine ring of terpy1 (Cl11∙∙∙Cterpy1=3.7502(17) Å, 

α=25.3°) as seen in Fig. 4.21b.  

 

 

Fig. 4.21 (a) Illustration showing the dimeric unit in 9. (b) Packing diagram of 9 viewed down 

the [101] depicting π-π stacking interactions between terpy1∙∙∙terpy1 (purple dashed lines) and 

terpy2∙∙∙terpy2 (blue dashed lines) as well as the Cl11∙∙∙terpy1 interaction (orange dashed lines). 

Green=bismuth, red=oxygen, brown=bromine, orange=chlorine, blue=nitrogen, and black=carbon 

atoms. Hydrogen atoms have been omitted for clarity. 
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4.3.3 [Bi2Br6(Cl-terpy)2]∙2MeCN (10) 

Compound 10, [Bi2Br6(Cl-terpy)2]∙2MeCN, was synthesized through addition of bismuth 

bromide (0.022 grams, 0.05 mmol), Cl-terpy (0.0 grams, 0.05 mmol), and acetonitrile (3 mL) into 

a 23 mL Teflon-lined stainless steel autoclave. The autoclave was heated statically at 120 for two 

days, and then removed and allowed to slow cool over four hours. Thick yellow needles of 10 were 

collected, washed with ethanol, and allowed to dry under ambient conditions. Details of the data 

collection and refinement can be found in Table 4.5. Powder X-ray diffraction data were collected, 

and the observed pattern was compared to the calculated; however, several peaks are present in 

the bulk product that are not accounted for by the calculated pattern (A.11). Yield: 40 % (based on 

Bi).  

The asymmetric unit of 10 consists of one unique Bi atoms, one κ3-Cl-terpy ligand, and 

three Br atoms, half the asymmetric unit of 9. The bismuth center is seven-coordinate, bound to 

three N atoms from the Cl-terpy ligand, two bridging Br atoms, and two additionally bound Br. 

The compound forms a discrete molecular dimer wherein the bismuths are bridged through two Br 

atoms, Br2 and Br2i (Fig. 4.22a). The Bi-Br bond distances range from 2.7643(6) to 2.9852(7) Å 

with a long Bi1-Br2i distance of 3.1711(7) Å. The Bi-N distances range from 2.454(4) to 2.549(4) 

Å and the Bi1∙∙∙Bi1i distance is 4.986(6) Å. The two singly bound Br atoms (Br1 and Br3) are 

trans relative to each other. The terpy ligands are perpendicular to Br1 and Br3 and are roughly 

parallel. Two acetonitrile solvent molecules are present in the outer coordination sphere per 

dimeric unit. Weak intermolecular π-π interactions are seen between terpy rings, with the distance 

between the centroids found to be Cterpy1∙∙∙Cterpy1=3.8169(2) Å with a slip angle of 25.6° and 

Cterpy2∙∙∙Cterpy3=3.8550(2) Å with a slip angle of 19.8° (Fig. 4.22b).  
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Fig. 4.22 (a) Illustration showing the dimeric unit in 10. (b) Packing diagram of 10 viewed 

down the [101] depicting π-π stacking interactions between terpy1∙∙∙terpy1 (purple dashed lines) 

and terpy2∙∙∙terpy2 (blue dashed lines) as well as the Cl11∙∙∙terpy1 interaction (orange dashed 

lines). Green=bismuth, red=oxygen, brown=bromine, orange=chlorine, blue=nitrogen, and 

black=carbon atoms. Hydrogen atoms and solvent molecules have been omitted for clarity. 

Symmetry operators: (i) -x+1, -y+1, -z. 

 

4.3.4 [H2terpy]2[Bi2Br10] (11) 

Compound 11, [H2terpy]2[Bi2Br10], was synthesized through addition of bismuth bromide 

(0.022 grams, 0.05 mmol) dissolved in 2 M HBr (0.5 mL), terpy (0.0112 grams, 0.05 mmol), and 

methanol (3 mL) into a 23 mL Teflon-lined stainless steel autoclave (pHi≈1). The autoclave was 

heated statically at 120 for two days, and then removed and allowed to slow cool over four hours. 

Beige microcrystalline powder of 11 was collected, washed with ethanol, and allowed to dry under 

ambient conditions. Plate crystals suitable for single crystal X-ray diffraction were obtained upon 

addition of TTA (0.022 grams, 0.1 mmol) to the reaction mixture prior to heating. Crystallographic 

refinement details are given in Table 4.5. Powder X-ray diffraction data were collected, and the 

observed pattern was compared to the calculated to confirm the single crystal was representative 

of the bulk (A.12). Yield: 36 % (based on Bi). Elemental Analysis for C30H26Bi2Br10N6: Calc. 

(Obs.): C, 21.35 (21.19); H, 1.55 (1.49); N, 4.98 (4.89 %).  
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Compound 11 consists of two crystallographically unique Bi3+ ions, two H2terpy ligands, 

and ten Br atoms. Both Bi centers are coordinated to six Br atoms, forming an octahedral 

coordination geometry. Each [BiBr6]
3- octahedra edge-shares with another [BiBr6]

3- octahedra 

through two µ2-bridging Br atoms. Bi1 is bridged to Bi1i via Br13 and Br13i to form a discrete 

dimer, [Bi2Br10]
4- (Fig. 4.23a). Bi2 is bridged to Bi2ii through Br25 and Br25ii, forming an 

additional [Bi2Br10]
4- dimer. The Bi1-Br bond distances range from 2.7023(7) to 3.0565(7) Å and 

the Bi2-Br distances range from 2.7101(8) to 3.0720(8) Å. The intermolecular Bi1∙∙∙Bi1i and 

Bi2∙∙∙Bi2ii distances are 4.316(6) and 4.542(5) Å, respectively. The two crystallographically 

unique [Bi2Br10]
4- dimers are charge balanced by two outer coordination sphere H2terpy ligands. 

A weak intermolecular π-π interaction (longer than 3.8 Å) between terpy ligands is observed with 

the distance between the centroids found to be Cterpy∙∙∙Cterpy=3.9454(2) Å with a slip angle of 27.3° 

(Fig. 4.23b). However, several halogen-π interactions are seen in the packing diagram between Br 

atoms and terpy ligands including Br12∙∙∙Cterpy=3.4951(2) Å, α= ° and Br24∙∙∙Cterpy=3.6912(2) Å, 

α= ° (Fig. 4.23b).  

 

Fig. 4.23 (a) Illustration of the local coordination sphere of Bi1 and Bi2 and outer 

coordination sphere H2terpy in 11. (b) Packing diagram of 11 depicting π-π stacking (purple 

dashed lines) and Br-π interactions (orange dashed lines). Green =bismuth, brown=bromine, 

blue=nitrogen, and black=carbon atoms. Hydrogen atoms have been omitted for clarity. Symmetry 

operators: (i) -x, -y + 1, -z + 1, (ii) -x +2, -y + 2, -z. 
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4.3.5 Structural Systematics 

Although all phases reported form as discrete dimeric species, the packing in the four bismuth-

bromo phases are different. Incorporation of outer coordination sphere acetonitrile breaks the 

symmetry. Yet compounds 8 and 10 consist of similar dimeric units wherein the Br atoms are 

bound trans to each other. In 9, the Br atoms are cis relative to each other. This results in different 

Bi---Bi intermolecular distances, with that in 9 being much shorter (4.498(2) Å). Structural 

differences observed in 8 and 10 likely arise from the presence of the outer coordination sphere 

acetonitrile in 10. Looking at the packing of each phase, 8 and 10 both are connected via 

intermolecular π-π stacking interactions to form 1D chains. These interactions also are present for 

9, but further Br-π interactions allow formation of 2D sheets. There have been only a handful of 

bismuth-terpy compounds reported and none employing Cl-terpy; these bismuth-terpy species 

contain either bound nitrate or iodine and form either a hydroxo-bridged dimer or discrete 

monomeric species, repsectively.222-225 We have also reported on a heteroleptic bismuth-terpy-

thiophenemonocarboxylate monomer under hydrothermal conditions, but observed no visible 

luminescence from the bismuth-only phase.193 The [Bi2X6] structural moiety is not unknown for 

polyhalobismuth compounds, though only two other examples of the [Bi2Br6] unit bound to a 

chelating N-donor ligand have been reported with 2,2’-bipyridine and 1,10-phenathroline.150, 230-

231 The halide bridged dimer is also observed in 7, Bi2Cl6(terpy)2, for which the non-bridging Cl 

atoms are cis relative to each other as observed in 9.  

Due to the low pH of the reaction, 11 forms as a polybromobismutate, adopting the 

complex species, [Bi2Br10]
4-. This anionic unit is charge balanced by outer coordination sphere 

protonated terpyridine ligands. This structural complex is well established in the literature for 
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bismuth halides, as discussed in Chapter 2, with cations such as 4,4’-bipyridinium, 4,4′-

ethylenepyridinium, and 4-methylpyridinium.126, 232-234  

4.3.6 Luminescence of 8 - 11 

The room temperature solid-state luminescence of each compound was measured and 

displayed weak emission in the visible region (Table 4.6). The room temperature luminescence 

spectra of the free ligands terpy and Cl-terpy were collected and showed weak emission with peaks 

centered at 373 and 539 nm, respectively (D.3-D.4). This emission likely results from intra-ligand 

π → π* and/or n → π* transitions.  

Compound 8 shows a maximum emission peak centered at 467 nm when excited at 312 

nm (Fig. 4.24a). There are two additional, weaker intensity peaks centered at 378 and 700 nm. 

When excited at 315 nm, 9 displays a broad emission peak centered at 455 nm with a slight 

shoulder centered at 403 nm (Fig. 4.24b). The emission of 10 is similar in profile to 8, with a 

maximum emission peak at 466 nm with two weaker intensity peaks centered at 373 and 700 nm 

(Fig.4.24c). However, as phase purity of 10 was not successfully achieved, the bulk luminescent 

behavior cannot be uniquely attributed to 10. Compound 11 excites at 328 nm, resulting in a broad 

emission band centered at 547 nm (Fig. 4.24d). Two additional weaker peaks are observed at 392 

and 677 nm. Lifetime measurements were collected on 8 – 11 and are provided in Table 4.6. Only 

compound 1 displayed a lifetime value higher than the acceptable error range of the instrument. 
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Table 4.6 Photophysical properties of compounds 8 – 11. 

 λex (nm) λem (nm) lifetime (μs) 

8 312 467 170(11), 7(1) 

9 315 455 6(1) 

10 314 466 5(1) 

11 328 547 7(1) 

 

Fig. 4.24 Room temperature excitation (dashed line) and emission (solid line) spectra of (a) 

8, (b) 9, (c) 10, and (d) 11. 

 

For each compound, the Commission Internationale L'Eclairage (CIE) coordinates were 

determined from their emission profiles (Fig. 4.25). Compounds 8 – 10 display blue emission upon 

exposure to UV light as confirmed by the solid-state luminescence measurements, while 11 emits 

pale yellow emission. The difference in emission may be attributed to differences in the structural 

motifs present in 8 – 10, [Bi2Br6], versus 11, [Bi2Br10]
4-.  
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Fig. 4.25 Room temperature CIE chromaticity coordinates for 8 – 11. 

The excitation spectra for each compound are consistent with several chloride and bromide 

containing bismuth coordination polymers.64, 172 In these compounds, the absorptions are attributed 

through computational analysis to metal-to-ligand charge transfer (MLCT) transitions, such as for 

[Bi2X6(bipy)2] (X = Cl, Br) (max. excitations = 310 – 390 nm)172, (TBA)[BiBr4(bp4mo)] (TBA: 

tetrabutyl-ammonium, bp4mo: N-oxide-4,4′-bipyridine) (415 nm)64, and [BiBr3(bp4mo)] (410 

nm)64. Therefore, emission likely results from subsequent ligand-to-metal charge transfer 

(LMCT). The emission profiles of 8 and 10 are quite similar and distinct from 9 and 11. The main 

emission peak in 11 is significantly red shifted from that of 8 – 10. This difference likely arises 

from the difference in the polybromobismuth motif present, i.e. [Bi2Br10]
4- (11) vs. [Bi2Br6] (8 – 

10). The dimeric structure of 8 and 10 are similar, whereas 9 is different, in direct correlation with 

the similar emissive profile and relative intensities for 8 and 10 compared to 9. Further, halide-π 

interactions are observed in 9 and 11, which could also contribute to any charge transfer transitions 

present in the system. 
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 Consistent with the calculation reported in section 4.2 as well as other bismuth halide 

organic compounds, the excitations of 8 – 11 might originate from charge transfer transitions 

between the bismuth-bromo “metal” species and the ligands, resulting in LMCT 

phosphorescence.126, 177 Further, dependence on intermolecular interactions has been observed by 

Huang and coworkers, where differences in their luminescence spectra were attributed to 

differences in π-π stacking interactions.177 As has been reported in other halobismuth-organic 

systems, 8 – 11 display weaker luminescence and shorter emissive lifetimes than the 

chlorobismuth phases 5 – 7.  Bromo sp2 metal compounds have increased sp/LMCT mixing 

causing the luminescence of bismuth-bromides to be weaker than their chloride analogs, which 

could be an indication that charge transfer transitions between the [BiBr3] or [BiBr6]
3- metal-halide 

species and the ligands could be possible.229 Computational analysis is currently ongoing to help 

elucidate the possible electronic transitions responsible for the observed emission spectra.  

4.3.7 Raman Spectra of 8 – 11 

    Raman spectra was collected for 8 - 11 on solid samples of the bulk phase at room temperature 

(Appendix C). At lower wavenumbers, the peak around below 250 cm-1 in each spectrum can be 

attributed to a ν(Bi-Br) vibration.150 Peaks in the range of ca. 1000 to 1570 cm-1 may be attributed 

to absorptions from the terpy and Cl-terpy ligands.211-212 

4.3.8 Thermogravimetric Analysis of 8 - 11 

The thermal stability of 8 – 11 was explored under flowing N2 from 30 – 600 °C (Appendix 

B). The thermal decomposition of 8 had an overall weight loss of 96.1% (B.5). The first weight 

loss (3%) began at 150 °C and was complete just after 250 °C. The second weight loss (93%), 

which began at 275 °C, concluded by 350 °C. The thermal decomposition of 9 had an overall 
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weight loss of 96.6% over two consecutive steps (B.6). The first weight loss (85.6%) started just 

past 100 °C and was complete at about 400 °C. The second weight loss (10.9%) was complete by 

525 °C. The thermal decomposition of 10 had an overall weight loss of 97.7% over one step (B.7). 

The weight loss started just past 200 °C and was complete by 350 °C. The thermal decomposition 

of 11 had an overall weight loss of 97.8% (B.8). Weight loss began around 200 °C and was 

complete just before 350 °C. In each case, complete loss of product was observed which precluded 

any characterization on the decomposition product. The complete decomposition of 

polybromobismuth-organic compounds has been observed previously, resulting from sublimation 

of BiBr3, which is likely the case in the thermal decomposition of 8 – 11.145, 235  

4.4 Summary  

 Bismuth-organic compounds exhibit rich structural chemistry. Though many synthetic 

challenges persist in developing these phases, careful tuning of the reaction conditions and 

synthetic approach may yield phase pure samples. These compounds also display interesting 

optical chemistry; careful selection of aromatic ligands and/or presence of a metal-halide center 

promote charge transfer transitions and subsequent emissive properties. In this Chapter, we 

describe the synthesis and characterization of eleven bismuth-organic compounds built from N-

donor heterocycles and/or pyridinedicarboxylate. Room temperature and solvothermal conditions 

have been explored, giving rise to compounds built from discrete molecular compounds that vary 

in nuclearity. Intermolecular interactions such as π-π stacking and halide-π interactions are present 

and extend the molecular complexes into 1D and 2D supramolecular networks. Almost all the 

compounds display visible emission in the blue or yellow-orange region that likely is derived from 

these intermolecular interactions and/or interaction of the metal halide center to surrounding 
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ligands. Through preliminary theoretical modelling, ligand-to-ligand and ligand-to-“metal” charge 

transfer transitions were found to contribute to the emission observed in 5 – 7. Here, LCCT does 

not result purely from the metal but from the bismuth-chloride subunit as strong mixing of the 

chloride atom with the bismuth metal center is observed. In comparison to more complex 

coordination polymers, these molecular species can serve as a basis to probe the role that 

intermolecular interactions play in emissive behavior and make an ideal system for systematic 

computational analysis. Further calculations are ongoing for the polybromobismuth compounds to 

better understand the electronic transitions in these phases.  
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CHAPTER 5:  HOMOLEPTIC BISMUTH AND LANTHANIDE 

THIOPHENECARBOXYLATES 

 Homo- and heterometallic bismuth based compounds have recently received significant interest 

due to their attractive materials properties and their promising application in areas such as 

biomedicine,27, 236-238 catalysis,23, 239-241 magnetism,242-244 data storage,245-246 and non-linear optic 

and luminescent materials.64-65, 75, 94, 189, 195, 247-249 Yet in contrast to other main group elements, as 

well as those of the d- and f-block, the structural chemistry of bismuth-carboxylates is relatively 

less explored.75, 128, 130, 195-196, 250-251 This may be attributed in part to the limited solubility of 

bismuth salts, as well as the propensity of Lewis acids to hydrolyze and thereby form polynuclear 

complexes and/or intractable precipitates.139, 252-253 Bismuth-organic materials have shown 

promise as luminescent materials, as has been discussed throughout this dissertation. Bismuth 

carboxylates, in particular, have been important compounds for chemotherapy254 and, more 

recently, as photoactive materials.130, 183, 194-195, 220 Our interest in thiophene-based ligand systems 

stems from their diverse biological properties as well as their application to electronics and 

optoelectronics,255-257 medicine,258-259 and materials.260-262 Moreover, while there are only a few 

reports examining Bi-thiopenecarboxylates, those phases reported have displayed unique 

structural chemistry,263 and in some instances, anticancer activity.254 Further, 

thiophenecarboxylates are well-established Ln3+ ion sensitizers.264-271 Emerging concerns 

regarding continued use of Ln-based materials, due to a lack of diverse global availability, high 

costs, and the heavy environmental impact of their separations and processing, however promote 

the need to develop new luminescent materials and those that make more efficient use of critical 

elements.16  We have, thus, explored various synthetic routes to access new Bi-based materials and 



*Reproduced in part with permission from John Wiley and Sons, Hoboken, NJ, USA and from the American Chemical 

Society, Washington, DC, USA. Adcock, A. K.; Batrice, R. J.; Bertke, J. A.; Knope, K. E. Eur. J. Inorg. Chem. 2017, 

1435-1445, Copyright 2017 John Wiley and Sons. Batrice, R. J.; Adcock, A. K.; Cantos, P. M.; Bertke, J. A.; Knope, 

K. E. Crystal Growth & Design, 2017, 17, 4603-4612, Copyright 2017 ACS.  
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their Ln-doped analogs with the aim of developing new photoluminescent materials. This chapter 

outlines room temperature synthetic strategies towards synthesis of bismuth-

thiophenemonocarboxylates (Bi-TMC) and -thiophenedicarboxylates (Bi-TDC) under aqueous 

conditions as well as Ln-doped Bi-TDC phases. Presence of the 6s2 stereochemically active lone 

pair is observed in each series and together with differences in the relative solubility of Bi3+ and 

Ln3+ phases likely affects the amenability of Ln3+ doping. To understand the differences in 

synthetic and structural chemistry, analogous Ln-TMC and Ln-TDC were also prepared and show 

dissimilar metal ion coordination geometries and different reaction kinetics than the bismuth-only 

phases.  

 The work presented in sections 5.1.1-5.1.9 has been published in the European Journal of 

Inorganic Chemistry while the work presented in section 5.1.10 has been published in Crystal 

Growth & Design.272-273 The work in section 5.2 has been published in Dalton Transactions.192 

5.1 Bismuth and Lanthanide 2-Thiophenemonocarboxylates*  

 The diverse binding modes of carboxylates to metal ions is understood to be advantageous 

toward the formation of novel molecular and extended structures.188, 274-275 For example, within 

bismuth-salicylic acid ligand systems, structural units ranging from phenolic–OH bridged Bi3+ 

pseudo dimers and dinuclear carboxylate bridged Bi3+ pseudo dimers137, 276 to ligand decorated Bi9 

and Bi38 oxo clusters have been reported.277-279 Pyridine mono- and dicarboxylate complexes of 

Bi3+, such as those discussed in Chapter 4, have also been of significant interest, adopting 

mononuclear and dinuclear molecular complexes, 1D chains, 2D sheets, and 3D supramolecular 

networks with interesting catalytic activity, semiconductor properties, and optical properties.94, 175, 
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211, 280-284 The use of thiophene ring substituents in particular has been found to impart attractive 

photophysical properties to the resulting metal-carboxylate species. These features arise from two 

dominant features of this type of ligand. First, the presence of the sulfur atom within the five-

membered heterocycle aids in maintaining the robust aromaticity of the ring.285-286 Second, and 

perhaps more important when considering Ln3+ doping, the triplet state of 2-thiophenecarboxylate 

(TMC) at approximately 22,624 cm–1 is uniquely situated to sensitize several of the lanthanide 

ions.264 When complexed to a lanthanide ion, thiophenecarboxylate and similar derivatives often 

impose enhanced luminescent properties with many potential applications in optical devices.264-271  

 This section reports the syntheses and characterization of a series of Bi3+ and Ln3+-TMC phases 

isolated from aqueous solution. Tunability of the Bi-TMC system was observed through adjusting 

metal:ligand ratios, though impurities observed in the bulk product were observed for several 

phases. Ln3+ ion incorporation into the Bi-TMC phases was unsuccessful. However, comparison 

with the Ln-TMC analogs (section 5.1.11) lends important insight towards understanding 

lanthanide doping into Bi3+ systems. The Bi and Ln phases exhibited different metal ion 

coordination geometries (and activity of the 6s2 lone pair in the Bi-TMC phases) and differences 

in the reaction kinetics of the two series. Taken together, these factors likely preclude Ln3+ ion 

incorporation.  

5.1.1 Syntheses  

 Five Bi3+ carboxylates were isolated from room‐temperature aqueous reactions of bismuth 

nitrate or bismuth oxide with 2‐thiophenecarboxylic acid (TMC) in the presence of pyridine (py) 

as outlined in Table 5.1. Single crystal X-ray diffraction data were collected for single crystals 

isolated from the bulk product, and crystallographic information is given in Table 5.2. Powder 
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X-ray diffraction data for each reaction of the bulk material is presented in Appendix A (A.13-

16). When bismuth nitrate was used, an increase in the relative ratio of metal‐bound nitrate was 

seen upon increasing the metal‐to‐ligand ratio of the reaction mixture. From a cursory 

examination of this trend, such findings are reasonable, considering the increased local 

concentration of nitrate ion in solution originating from the metal precursor. While the synthetic 

procedures used to prepare these complexes show remarkable similarities, slight variations give 

rise to drastic differences in the resulting nuclearity, dimensionality, and overall connectivity. 

The room‐temperature reactions utilized illustrate the versatility of these protocols, and further 

expand upon the rich structural chemistry of bismuth–carboxylate complexes and extended 

networks. 
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Table 5.1 Synthetic details for formation of compounds 12 – 16. 

 12 13 14 15 16 

Bismuth salt 

Bi(NO3)3; 0.0194 

g  

(0.04 mmol) 

Bi(NO3)3; 0.0360 g (0.075 

mmol) 

Bi(NO3)3; 0.0727 g (0.15 

mmol) 

Bi2O3; 0.0190 g 

(0.04 mmol) 

Bi2O3; 0.0190 g 

(0.04 mmol) 

TMC 
0.0400 g  

(0.3 mmol) 

0.0400 g  

(0.3 mmol) 

0.0400 g  

(0.3 mmol) 

0.0400 g  

(0.3 mmol) 

0.0400 g  

(0.3 mmol) 

Pyridine 
20 µL (0.249 

mmol) 
20 µL (0.249 mmol) 20 µL (0.249 mmol) 

20 µL (0.249 

mmol) 

20 µL (0.249 

mmol) 

Water 1.5 mL 1.5 mL 1.5 mL 1.5 mL 1.5 mL 

Molar Ratios  1:7.5 1:4 1:2 1:7.5 1:7.5 

pHi 3-4 3-4 1-2 4-5 4-5 

Time (days) 3 3 3 1 1 

Crystal Color Colorless Colorless Colorless Colorless Colorless 

Crystal Habit Blocks Prisms Plates Blocks Blocks 

Yield (Based on 

metal) 
37 NAa 44 %b ~42 % NAd 

EA Calc. (Obs.) 

C 37.64 (37.68) 

H 2.27 (2.38) 

N 1.76 (1.91 %) 

NAa 

C 32.79 (3.38) 

H 2.06 (2.11) 

N 3.82 (2.76 %) 

NAc NAd 

aTrace amounts of 14 were also observed in the reaction product; efforts to separate the phases were unsuccessful. bA minor 

impurity, Bi6O5(OH)3(NO3)5(H2O)3 was identified via PXRD.164 Single crystals of 14 were separated from the bulk via gravity 

separation using dibromomethane. cAn unidentified minor impurity formed with 15, precluding bulk characterization. 
dCompounds 15 and 16 were formed from the same reaction; on one occasion, blocks of 16 was observed. Efforts to repeat the 

synthesis of 16 for further characterization proved unsuccessful.  

For the syntheses of 12–14, bismuth(III) nitrate pentahydrate was used as the bismuth source. 

To obtain the monomeric Bi3+ complex observed in 12, a large excess of ligand was used (7.5 

equiv.), which saturated the metal center with the thiophenemonocarboxylate moiety, giving rise 

to the product observed. When the ligand ratio was reduced to four equivalents, a marked change 

in the coordination chemistry about the bismuth metal was evident; using a relatively higher 

metal/ligand ratio permits the competitive reaction of the TMC with the nitrate anion, generating 

the nitrate‐bridged polymeric bismuth chain in 13. Upon reducing the ligand‐to‐metal ratio even 

further to 2:1, the reaction yielded a bismuth dimer, wherein adjacent metal centers are bridged by 

two nitrate ions. As compared with the stoichiometry observed in 13, the reaction mixture yielding 
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the bismuth dimer in 14 contains a relatively larger amount of bismuth precursor, and thereby, a 

greater concentration of nitrate ion. These ratios clearly manifest in the 1:1 ratio of bismuth to 

nitrate in the final product. One notable feature of this structure is the propagation of the bismuth 

dimers through π–π stacking interactions of the thiophene rings and pyridinium cations, a pattern 

absent from the previously discussed structures. With respect to the synthetic conditions, efforts 

to examine the effects of pH on the formation of compounds 12–14 resulted only in the formation 

of an amorphous product above a pH of 4. When the metal precursor was changed to bismuth 

oxide, the absence of the nitrate ions resulted in the formation of a dimeric product bridged through 

the carboxylate moieties of the TMC ligand. Interestingly, altering the metal‐to‐ligand ratio or 

adjusting the pH over a range of 4 to 6 did not markedly affect the product distribution, but 

consistently produced 15, and in one instance, 16. Yet, at lower pH values, only the protonated 

ligand (HTMC) was isolated. The inability to exclusively form one of these products is a limitation 

of this reaction; however, the consistent formation of the bismuth tetrakis(thiophenecarboxylate) 

anion as the empirical moiety of the reaction informs us of the thermodynamic stability of these 

complexes when the reaction is performed at room temperature. While complexes 15 and 16 

appear to assume different solid‐state structures, closer scrutiny of the structures shows that the 

chief difference arises from the interatomic bismuth distances that permit additional bridging 

through the carboxylate unit of TMC. It is possible that cation or solvent interactions create the 

nuances seen between these two structures; however, no such interactions are clearly evident in 

the structures.  

Single crystals of 12 – 16 were selected from the bulk sample and mounted on MiTeGen 

micromounts in mineral oil. Single crystal X-ray diffraction data were collected on a Bruker D8 
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diffractometer using Mo-Kα radiation (λ=0.71073 Å) at 100-102 K. The data were integrated and 

corrected for absorption using the APEX2 suite of crystallographic software. 287-288 The structure 

of 12 was solved using SIR-92, 289 and compounds  13 – 16 were solved by direct methods using 

SHELXT. 290 All structures were refined using SHELXL.291 Significant positional disorder was 

observed in each of the crystallographic refinements. All the thiophene groups were disordered 

over two sites in 12. In 13, the pyridinium cation was disordered over a symmetry site and two 

positions and each thiophene portion of the anionic ligands was disordered over two sites. The 

refinement of 14 contained a disordered pyridinium cation, a disordered nitrate, and disordered 

thiophene groups, each disordered over two positions. In 15, one ligand was completely disordered 

over two positions while the thiophene moiety of the three other ligands was disordered over two 

positions. Finally, the thiophene portion of seven of the eight ligands in 16 were disordered over 

two position. For all structures, similar displacement amplitudes (esd 0.01) were imposed on 

disordered sites overlapping by less than the sum of van der Waals radii. 
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Table 5.2 Crystallographic refinement details of compounds 12 – 16. 

 12 13 14 15 16 

Formula C30H22BiNO10S5 C35H24Bi2N2O15S6 C20H15BiN2O9S3 C50H36Bi2N2O16S8 C50H36Bi2N2O16S8 

MW (g mol-1) 925.76 1322.88 732.50 1595.25 1595.25 

T (K) 100(2) 102(2) 102(2) 102(2) 100(2) 

λ (K α) 0.71073 0.71073 0.71073 0.71073 0.71073 

μ (mm-1) 5.699 9.181 7.942 7.024 6.988 

Crystal system Triclinic Monoclinic Triclinic Monoclinic Triclinic 

Space group P-1 C2/c P-1 P21/n P-1 

a (Å) 10.1163(6) 22.7779(15) 9.5894(5) 12.3597(12) 11.7235(7) 

b (Å) 11.1761(6) 9.4778(6) 10.5348(6) 18.8736(18) 13.9326(9) 

c (Å) 16.6028(10) 18.7614(12) 13.1707(7) 12.8051(12) 16.7559(10) 

α (°) 75.672(2) 90 107.413(2) 90 100.753(2) 

β (°) 79.053(2) 99.320(2) 92.862(2) 117.5470(10) 97.265(2) 

γ (°) 66.179(1) 90 111.971(2) 90 92.133(2) 

Volume (Å3) 1655.21(17) 3996.8 1157.48(11) 2648.4(4) 2662.0(3) 

Z 2 4 2 2 2 

Rint 0.0392 0.0426 0.0506 0.0397 0.0522 

R (I > 2σ) 0.0234 0.0237 0.0265 0.0217 0.0357 

wR2 0.0380 0.0393 0.0408 0.0392 0.0626 

GOOF 1.033 1.038 1.026 1.037 1.033 

Residual density 

(max/min) 

0.523/-0.464 0.829/-0.922 0.77/-0.88 0.870/-0.699 1.933/-1.907 

CCDC 1484649 1484650 1484651 1484652 1484653 

5.1.2 Hpy[Bi(TMC)4(HTMC)] (12) 

 Compound 12 consists of monomeric Bi-TMC units with each metal center bound to nine O 

atoms from four bidentate TMC units and one monodentate HTMC ligand (Fig. 5.1a) to form 

[Bi(TMC)4(HTMC)]- complexes. The Bi-O bond lengths for the κ2-carboxylate ligands range 

from 2.239(3) to 2.977(3) Å, with each carboxylate displaying significant asymmetry in both the 



102 

 

donor C-O bond lengths (e.g. C25-O21 1.275(3) Å, C25-O22 1.254(4) Å) and the resulting Bi-O 

bond distances (e.g. Bi1-O21 2.357(3) Å, Bi1-O22 2.849(3) Å). The neutral HTMC is bound to 

the bismuth center through the carbonyl moiety of the acid (Bi1-O51 3.022(2) Å); O52 is unbound 

and protonated with an O52(H)∙∙∙Bi1 distance of 4.25 Å. Hydrogen bonding interactions exist 

between the unbound O atom (O52) of the carboxylate with O atom (O42) of one of the κ2-

carboxylates, (O(52)-H∙∙∙O42 2.609(4) Å). Pyridinium cations reside between the Bi-TMC 

molecular complexes and charge balance the anionic Bi(TMC)4(HTMC)]- units as shown in Fig. 

5.1b. The protonated pyridinium exhibits H-bonding interactions with O22, with an N-H∙∙∙O22 

distance of 2.625(3) Å. The C-H∙∙∙π distances from the C atoms of the pyridinium cation closest to 

the calculated centroid of the nearest thiophene ring range from 3.847 Å to 3.868 Å, suggesting 

little to no significant interaction.292-293 Moreover, no significant interactions exist between the 

thiophene rings of adjacent Bi(TMC)4(HTMC)]- units. 
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Fig. 5.1 Illustration of 12 showing (a) the local structure about the Bi3+ center and (b) a 

packing diagram. Mononuclear [Bi(TMC)4(HTMC)]- anionic units are charge balanced by 

pyridinium cations. Green spheres represent nine coordinate Bi3+ metal centers.  Green, red, black, 

and yellow spheres represent Bi, O, C, and S atoms, respectively. H atoms have been omitted for 

clarity. 

 

5.1.3 Hpy[Bi2(TMC)6(NO3)] (13) 

 The structure of 13 consists of one crystallographically unique Bi3+ cation, three 

thiophenemonocarboxylates, a bound nitrate anion, and one pyridinium cation. The carboxylate 

ligands bridge adjacent metal centers to form [Bi2(TMC)6] dimers which are linked further via 

nitrate anions into anionic, one dimensional chains that are charge‐balanced by pyridinium cations 

(Figure 5.2a). Each Bi3+ metal center is eight coordinate, bound by oxygen atoms from two 

bidentate TMC units, one bridging, bidentate TMC ligand, one bridging, monodentate TMC 

ligand, and one nitrate ion. As shown in Figure 5.2a, the bridging κ2‐carboxylates link adjacent 

Bi3+ centers into dimeric [Bi2(TMC)6] units via O21 and O21i with a Bi···Bi distance of 4.360(2) 

Å. The resulting units are further connected via nitrate anions into extended, one‐dimensional 
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chains that propagate along the [010] axis, and are charge‐balanced by pyridinium cations that 

reside between the chains (Figure 5.2b). As observed in compound 12, the Bi–O bond lengths of 

each of the chelating κ2‐(O,O′) carboxylate ligands show significant asymmetry, forming one short 

and one long Bi–O bond, with distances ranging from 2.209(2)–2.258(3) Å and 2.511(3)–2.696(2) 

Å, respectively. Similarly, the bridging κ2‐(O,O′) carboxylate ligand in 13 shows significant 

asymmetry, with Bi–O bond lengths of 2.209(2) Å and 2.696(2) Å, with the latter corresponding 

to the oxygen (O21) shared with an adjacent bismuth cation. Moreover, the Bi–O distance resulting 

from the interaction of Bi with the carboxylate oxygen (O21i) of the bridging monodentate TMC 

unit is elongated, with a distance of 3.057(4) Å. 

Fig. 5.2 Illustration of 13 showing (a) carboxylate‐bridged dimers linked via nitrate anions 

into one‐dimensional chains and (b) a packing diagram. Chains of anionic [Bi(TMC)3(NO3)]
– 

units propagate along [010]. The anionic units are charge‐balanced by pyridinium cations that 

reside in the channels formed by adjacent chains. Hydrogen atoms are omitted for clarity. 

Superscript (i) denotes symmetry equivalent atoms. 

5.1.4 Hpy[Bi(TMC)3NO3] (14) 

 The structure of compound 14 consists of nitrate‐bridged anionic [Bi(TMC)3(NO3)]
– dimers 

that are charge‐balanced bypyridinium cations (Figure 5.3). Each BiIII is bound to nine oxygen 
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atoms from three chelating TMC units, one monodentate‐ and one bidentate nitrate group. The 

nitrate groups bridge two Bi3+ cations into dimeric units with Bi···Bi internuclear distances of 

5.593(8) Å. The bismuth–oxygen bond lengths for the κ2‐carboxylate ligands range from 2.234(3) 

to 2.656(3) Å, with each carboxylate displaying significant asymmetry for both the donor C–O 

and the resulting Bi–O bond lengths. The Bi–O bond lengths for the oxygen atoms of the nitrate 

vary in length, with one short Bi1–O1 distance of 2.572(9) Å, and two longer Bi1–O2 and Bi1–

O3 bonds [2.992(19) and 2.901(16) Å, respectively]. In addition, intermolecular interactions serve 

to further stabilize the complex. Hydrogen bonding occurs from the proton of the pyridinium 

nitrogen to the oxygen atom (O22) of one of the κ2‐carboxylates, with an N–H···O22 distance of 

2.774(12) Å. Moreover, offset π–π stacking interactions further stabilize the solid‐state structure, 

namely those between the thiophene rings of the TMC ligands from adjacent dimeric units, and 

between thiophene rings of the TMC units and the pyridinium cations. The π–π interaction 

distances were found by measuring the linear distance between calculated centroids (CHPY and 

CTMC) corresponding to the center of gravity of the aromatic rings: CHPY–CTMC 3.726(5) Å and 

CTMC–CTMC 3.671(5) Å. The displacement angle of the aromatic rings was calculated using an 

approach described previously by Janiak et al.,293-294 and the angles between the planes of the 

corresponding rings through the respective centroids were found to be: ∡HPY–TMC = 19.9° and 

∡TMC–TMC = 17.7°. Taken together, the centroid–centroid distances and angles are indicative of 

relatively strong π–π interactions for which centroid–centroid distances and ∡Cg–Cg slip angles are 

usually less than 3.8 Å and 20°, respectively.293-294 
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Fig. 5.3 Illustration of the nitrate‐bridged [Bi2(TMC)6(NO3)2]2– dimers in 14. Pyridinium 

cations charge‐balance the anionic units. Offset π–π interactions between the thiophene and 

pyridinium rings (blue dashed lines), as well as π–π interactions between the thiophene rings of 

the 2‐TMC units from adjacent dimeric units (red dashed lines) are shown. Green, red, black, 

yellow, and blue spheres represent bismuth, oxygen, carbon, sulfur, and nitrogen atoms, 

respectively. Hydrogen atoms have been omitted for clarity. 

 

5.1.5 Hpy[Bi(TMC)4] (15) 

 The structure of compound 15 is built from one crystallographically unique bismuth, four TMC 

anions, and one pyridinium cation. Each Bi3+ is nine coordinate, bound to eight oxygen atoms 

(O11, O12, O21, O22, O31, O32, O41, O42) from four κ2‐carboxylate donor ligands and one 

oxygen atom (O41i) from a monodentate TMC ligand. Two of the carboxylate oxygen atoms (O41 

and its symmetry equivalent, O41i) bridge Bi3+ centers into the dinuclear [Bi2(TMC)8]
2– units 

shown in Figure 5.4a with Bi···Bi distances of 5.046(1) Å. Consistent with other Bi–TMC 

compounds reported herein, significant asymmetry is observed in the Bi–O bond lengths for each 

of the κ2‐TMC ligands, with the short Bi–O bond lengths ranging from 2.241(2) to 2.500(6) Å and 
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the long Bi–O bond lengths ranging from 2.560(2) to 2.869(2) Å. The Bi–O bond length of oxygen 

O41i of the bridging monodentate TMC is elongated, with a distance of 3.098(3) Å. Weak 

hydrogen‐bonding interactions exist between the hydrogen atom bound to the nitrogen of the 

pyridinium cation and a carboxylate oxygen atom, (O32), with an N(51)–H···O32 distance of 

2.949(8) Å. Moreover, no significant π–π interactions are observed between the aromatic rings 

(Figure 5.4b). 

 

Fig. 5.4 Illustration of 15 depicting (a) the anionic [Bi2(TMC)8]2– dimer and (b) packing 

diagram viewed along the [001]. Anionic [Bi2(TMC)8]
2– dimers are charge‐balanced by 

pyridinium cations. Hydrogen atoms have been omitted for clarity. 

 

5.1.6 (Hpy)2[Bi2(TMC)8] (16) 

 The molecular structure of compound 16 is built from two crystallographically unique Bi3+ ions, 

eight TMC molecules, and two pyridinium cations (Figure 5.5a). The anionic units are charge‐

balanced by pyridinium cations as is seen for the previously discussed compounds and are built 

from the same formula units observed in 4. The local coordination of the carboxylates about the 

Bi3+ sites, however, is markedly different in the structure of 5. Each Bi cation is ten coordinate and 

bound to eight oxygen atoms from four κ2‐carboxylate donor ligands and two oxygen atoms (O11 
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and O82 for Bi1; O42 and O52 for Bi2) from bridging monodentate TMC ligands. Bismuth–

oxygen bond lengths range from 2.222(4) to 2.9971(4) Å for Bi(1), and 2.225(4) to 3.009(4) Å for 

Bi(2), with the longest of these distances corresponding to the Bi–O bonds resulting from 

coordination of the oxygen from the monodentate carboxylate. The two BiIII cations are linked via 

oxygen atoms (O11, O42, O52, O82) from four µ2‐carboxylate donor ligands with a Bi···Bi 

distance of 4.017(3) Å. Hydrogen‐bonding interactions exist between the hydrogen atom of the 

pyridinium cations and the oxygen atoms (O22 and O62) of two TMC ligands (Figure 5.5b), with 

N(91)–H···O22 and N(101)–H···O62 distances of 2.683(6) and 2.707(8) Å, respectively. 

Fig. 5.5 Illustration of 16 showing (a) carboxylate‐bridged [Bi2(TMC)8]2– dimeric units 

observed and (b) packing diagram viewed along the [001]. The anionic [Bi2(TMC)8]
2– 

complexes are charge‐balanced by pyridinium cations. The nitrogen atoms, N91 and N101, of the 

pyridinium cations are protonated and form hydrogen‐bonding interactions with carboxylate 

oxygen atoms O22 and O62, respectively. Hydrogen atoms are removed for clarity. 

 

5.1.7 Structural Systematics 

 The structural diversity of bismuth–carboxylate complexes and networks has proven rich, and 

as such, has attracted considerable attention in recent years. A recent review by Stavila and co‐

workers investigated various bismuth(III) complexes containing aminopolycarboxylates and 

polyaminopolycarboxylate ligands, and further characterized the general binding motifs of 
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bismuth(III) carboxylates.122 From the breadth of these compounds currently in literature, a strong 

propensity is seen for the formation of dimers or polymeric networks,130, 136, 189, 295 with few 

examples showing monomeric Bi3+ centers.128 Until recently, the vast majority of these studies 

have focused on benzoate‐based ligands, yet the use of other heterocycles remains largely absent. 

Inspired by the observed coordination chemistry and the potential for utilizing other valuable 

heterocycles to achieve interesting photophysical properties, this research has turned to thiophene‐

based carboxylate ligands toward the development of novel Bi3+–carboxylate complexes.  

 Thiophenecarboxylates are well known as suitable ligands in transition metal, main group, and 

lanthanide chemistry;266, 268, 296-321 however, related studies incorporating bismuth remain limited. 

Nonetheless, examples of bismuth–thiophenecarboxylate complexes are known in the recent 

literature, though none of these reactions have been performed with bismuth nitrate, and as such, 

none of the resulting structures show the incorporation of the nitrate ion in the final products. In 

the literature, Bi5+–TMC complexes are more prevalent; 254, 263 however, only a single study 

utilizing this ligand scaffold with Bi3+ exists.135 Moreover, certain considerations must first be 

regarded in comparing these two classes of compounds, not least of which is the alcohol solution 

and elevated temperatures needed to form the aforementioned organobismuth complexes; in 

contrast, aqueous conditions are employed in this study under ambient conditions. The difference 

in coordination between these two classes of complexes, while subtle, illustrates the influence of 

the ligand environment upon the coordination sphere of the metal, and the impact of the bismuth 

lone‐pair electrons. In the work presented by Anjaneyulu et al., for example, triphenylbismuth was 

treated with three equivalents of HTMC in ethanol under reflux to yield two discrete bismuth 
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compounds of the formula [Ph2Bi(TMC)]n and [PhBi(TMC)2]2. One of the most pronounced 

features in these structures arises from the stereochemically active bismuth lone‐pair electrons.  

 The lone‐pair electrons of bismuth(III), while spectroscopically invisible, manifest in unique 

structural variances within organometallic and inorganic complexes and extended networks. A 

more detailed look at this stereochemical activity is given in Chapter 2. Numerous works focusing 

on bismuth carboxylates have revealed Bi3+ complexes with coordination geometries influenced 

to varying degrees by the stereochemical activity of the metal lone‐pair electrons (Figure 5.6). 

Bismuth centers bearing 2,5‐pyridinedicarboxylates prepared by Wibowo et al., for example, show 

a hemidirected coordination geometry, presenting a high degree of stereochemical activity of the 

lone pair. Such structural behavior is evident in the solid state, owing to two distinct features: (1) 

significant distortion away from idealized geometry resulting in an “open face” on the resulting 

polyhedron and (2) a shortening of the metal–heteroatom bond trans to the apparent site of the 

lone pair (Figure 5.6a).135, 254, 263 In contrast to these features, the Bi3+–terephthalate networks 

prepared by Thirumurugan et al. show a greater propensity toward holodirected coordination 

geometries, resulting in more symmetric metal‐ion coordination spheres (Figure 5.6d and Figure 

5.6e). In the structures of these compounds, slight distortions are still present, as evidenced by the 

open face of the polyhedron and shortened Bi–O bonds; however, they are much less pronounced 

as compared with the abovementioned pyridinedicarboxylate–bismuth complex. The structures of 

compounds 12 – 16, in comparison with these complexes, show varying degrees of Bi3+ lone‐pair 

activity, again supported by select structural features, including significant distortions from the 

idealized geometry, an open face, and shortening of the Bi–O bond trans to the apparent location 

of the lone‐pair electrons (Figure 5.6b and Figure 5.6c).  
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Fig 5.6 Illustration highlighting the varying degrees of activity of BiIII lone‐pair electrons as 

observed. (a) Bi3(µ3‐O)2(pydc)2(Hpydc)(H2O)2
183; (b) compound 12; (c) compound 16; (d) 

[Bi(1,4‐bdc)2(dmf)]·(dma)(dmf)2; and (e) [Bi4(1,4‐bdc)2(HIm)]·(dma)2(dmf)2
130 (where pydc = 

2,5‐pyridinedicarboxylate, 1,4‐bdc = terephthalic acid, dmf = dimethylformamide, dma = 

dimethylammonium cation, and HIm = imidazole). Arrows denote face of apparent location of 

electrons on the polyhedron. In (d) and (e), the location of the lone‐pair electrons is less clear and 

thus dashed arrows are used. The shortest Bi–O bonds for (a)–(e) are denoted “Ot”, corresponding 

to the O trans to the lone pair, and are 2.106(6), 2.231(2), 2.225(3), 2.300(3), and 2.382(8) Å, 

respectively. 

 

5.1.8 Thermogravimetric Analysis of 12 and 14 

 The thermal stabilities of compounds 12 and 14 were investigated in the range of 25 °C to 600 

°C. The thermogravimetric curve for 12 exhibited a total weight loss of 65.9 % and occurred in 

three steps, the first of which (ca. 10 %) took place between 100 and 125 °C, and is consistent with 

the loss of pyridine or a pyridine derivative from the structure. The second continuous weight loss 

occurred from 125 to 270 °C, while the third step began at 310 °C and was complete by 350 °C. 

Together, these weight losses are consistent with decomposition of the (Bi3+–TMC) compounds 

seen by Anjaneyulu et al.135 The total weight loss for 14 was 57 % and also occurred in three 

consecutive steps. Weight loss started at 140 °C, and decomposition of 14 was complete by 350 

°C. The weight losses for 12 and 14 are consistent with decomposition of the compounds into a 

basic bismuth sulfate, Bi(OH)SO4: 12 calcd. 65.2 %; found 65.9 %; 14 calcd. 56.0 %; found 

57.0 %. Such thermal decomposition of metal thiophenecarboxylates to sulfate‐bearing phases has 
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been previously observed for related lanthanide compounds.266, 268 The IR spectra of the resulting 

powders show multiple peaks at 1152, 1097, 1036, 968, 601, 583, and 492 cm–1 in 12, and 1039, 

600, and 495 cm–1 in 14, consistent with a sulfate‐containing phase. Moreover, SEM‐EDS of both 

12 and 14 confirm the presence of sulfur in the resulting powder. Additionally, peaks are also 

observed in the IR spectra of the thermally treated powders at 3438–3436 cm–1, 1635–1627, and 

1384 cm–1. The peaks at ~3400 and 1630 cm–1 are attributed to O–H vibrations resulting from a 

hydrated phase that may form subsequent to thermal treatment, whereas the peak at 1384 cm–1 is 

consistent with a carbonate species.322 Powder X‐ray diffraction data was collected for the products 

obtained after thermal treatment; however, the powder patterns did not match those of any known 

Bi–sulfate phases. 

5.1.9 Raman Spectra of 12 – 15 

 Raman spectra were collected for a powdered sample of 2‐thiophenecarboxylic acid and single 

crystals of 12 –15. The spectra for 12 – 15 show bands that are characteristic of the ligand and 

pyridinium cations, and for 13 and 14, nitrate anions (C.11). The band at 1679 cm–1 is consistent 

with protonation of one of the thiophenemonocarboxylic acid units in 12. The peaks from 1520–

1600 cm–1 are attributed to C–C vibrations within the thiophene and pyridinium rings.322-324 Each 

spectrum is also characterized by a strong band at 1413 cm–1 (HTMC) to 1427 cm–1 that, based on 

literature reports, may be assigned to overlapping bands from the v(C–O) and v(C–C). Multiple 

bands in the range of 900–1300 cm–1 are observed in all spectra, and are attributed to overlapping 

bands from COO– and C–H, ring vibrations of the thiophene ligand and pyridinium cation, and the 

nitrate anion in 13 and 14.322-324 Aside from those peaks that may be assigned to vibrations 

originating in the ligand, the spectra for 12 – 15 also show a strong band at approximately 830 cm–
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1 that is absent from the free ligand. This band may be assigned to the symmetric stretching 

vibration arising from Bi–O bonding.325 These assignments are further supported by the IR spectra 

collected for the protonated ligand, and compounds 12 and 15.  

5.1.10 Lanthanide Doping 

 Efforts to dope compounds 12 and 14 with Eu3+ were unsuccessful and resulted in no clear 

evidence of lanthanide incorporation based on visual inspection under a UV lamp. This might be 

due to differences in solubility of the bismuth nitrate and oxide salts versus the europium nitrate 

and oxides salts, differences in the reaction kinetics, or due to a highly unfavorable asymmetric 

metal coordination environment. To better understand this result, the lanthanide analogs were 

prepared and are discussed in section 5.1.11.  

5.1.11 Ln(III) Thiophenemonocarboxylates 

 An isomorphous series of lanthanide-thiophenemonocarboxylate compounds (Ln = La−Lu, 

except Pm) was prepared under mild aqueous conditions.  

5.1.11.1 [(Ln(TMC)3(H2O)2)·(HPy·TMC) (Ln = La – Lu, except Pr) (17) 

 All reactions of 17 were carried out in 10 mL glass vials in common atmosphere. To each vial, 

approximately 0.90 mmol of 2-thiophenecarboxylic acid (HTC) and 4 mL of nanopure water was 

added. Stock solutions containing the appropriate lanthanide nitrate hydrate in water were used to 

add 0.23 mmol of the metal precursor to the ligand suspension, followed by the addition of 200 

μL (2.48 mmol) pyridine. Reactions were then capped and placed in a heating block set to 70 °C 

for 3 days. Reaction mixtures were filtered while hot and the filtrate was allowed to evaporate in 

open vials at room temperature. Needles of varying color (dependent on the respective Ln3+ ion) 

deposited over 3–10 days.  
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 The full series of lanthanum(III) through lutetium(III), excluding promethium(III), was 

observed. As a representative example, the praseodymium(III) structure (Pr-17) is discussed here; 

the crystallographic refinement details are given in Table 5.3.  

         Table 5.3 Crystallographic data for Pr-17.  

 Pr-17 

Chemical Formula C25H22NO10S4Pr 

Formula Weight 765.58 

Crystal System Triclinic 

Space Group P-1 

a (Å) 9.8233(7) 

b (Å) 11.8728(8) 

c (Å) 12.6154(9) 

 (°) 98.5804(18) 

 (°) 98.2167(18) 

 (°) 95.5700(18) 

V (Å3) 1429.36(17) 

Z 2 

T (K) 100 

 (Mo-K) 0.71073 

Dcalc (g cm-3) 1.779 

µ (mm-1) 2.053 

Rint 0.0164 

R1 [I > 2(I)] 0.0136 

wR2 [I > 2(I)] 0.0350 

CCDC Number 1535038 

 

 The structure of Pr-17 is built from one crystallographically unique Pr3+ ion, two water 

molecules, one distinct bidentate thiophenecarboxylate, two unique bridging 

thiophenecarboxylates, and a disordered 2-thiophenecarboxylate in close association with a 

pyridinium cation (Fig. 5.8a). Overall the metal center adopts a square antiprismatic coordination 

geometry with Pr1 bound to eight oxygen atoms from four monodentate, bridging TMC units, one 

bidentate TMC, and two water molecules as shown in Fig. 5.7a. Pr–O bond distances range from 

2.382(3) to 2.589(2) Å. The four bridging TMC units connect mononuclear PrO8 polyhedra into 
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neutral 1D chains that extend infinitely along [100] (Fig. 5.7b) with an average Pr---Pr separation 

of 4.94(5) Å. As illustrated in Fig. 5.8c, an unbound TMC and a pyridinium cation exist between 

the (Pr(TC)3(H2O)2)n chains, with the two metal bound water molecules forming hydrogen bonding 

interactions with the carbonyl of the unbound TMC moiety with O7–H···O10 and O8–H···O10 

distances of 2.797(3) and 2.704(2) Å, respectively. The unbound TMC also forms hydrogen 

bonding interactions with the outer sphere pyridinium with an N–H···O distance of 2.64(1) Å. The 

structure is further stabilized by weak π–π stacking interactions that exist between the thiophene 

rings of TMC units from adjacent chains as well as those from the thiophene rings of metal bound 

TMC with the outer coordination sphere Hpy cations. 

Fig. 5.7 (a) Illustration of 1 showing the local structure about the Pr3+ metal center. Symmetry 

codes: (i) −x+1, −y+1, −z+1; (ii) −x, -y+1, −z+1. (b) Polyhedral representation of Pr-17. PrO8 

polyhedra are bridged through TMC units to form 1D chains that propagate along the [100] 

direction. (c) Packing diagram of Pr-17 viewed along [100] direction. Green polyhedra represent 

8-coordinate Pr3+ metal centers. Disorder in the thiophene rings has been removed for clarity. Red, 

yellow, black, and blue spheres are oxygen, sulfur, carbon, and nitrogen atoms, respectively. 

  

 Characteristic optical behavior is observed, emitting visible light for the europium, terbium, 

and dysprosium phases, and NIR emission from the neodymium and erbium phases. Further, color 
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tuning was reported by mixing stoichiometric amounts of europium and terbium to afford 

tunability of the resulting emission. A more detailed discussion of the photophysical properties as 

well as thermal behavior is given in the article published in Crystal Growth & Design.273  

5.1.12 Synthetic and Structural Comparison   

 Using an identical synthetic method as the bismuth-only phase, 12, the Ln-TMC phase was 

formed in ca. four hours. A minor impurity was also formed in this reaction; the addition of heat 

allowed for a phase pure compound to be isolated. The bismuth-containing phase formed over 

three days which highlights the different reaction kinetics between both systems. This mayaccount 

for the difficulty in attempting to dope the Bi-TMC phases with Ln3+ ions, as the lanthanide phase 

formed too rapidly to adequately dope into the Bi3+-TMC host material.  

 As expected, the Bi-TMC and Ln-TMC phases have quite different metal ion coordination 

environments and packing. Noticeable asymmetry of the Bi-O bonds is observed in the Bi phases; 

there is no apparent asymmetry in the Ln phases. This results from presence of the 6s2 

stereochemically active lone electron pair on the Bi3+ ion. The Bi-TMC compounds form discrete 

monomeric or dimeric compounds, while under similar synthetic conditions, the Ln-only 

compounds exclusively form 1D exclusively chains. The structural motifs of the Bi-TMC phases 

can additionally not be accessed as a lanthanide-only phase via similar synthetic techniques. 

Moreover, of the few Ln-TMC structure types reported in the Cambridge Structural Database, 

none are isostructural with the bismuth-containing phases described here.264-265, 326 Further, the 

lanthanide-TMC phases contain two bound water molecules which may act as high energy 

oscillators and provide nonradiative pathways that could serve to diminish Ln luminescence.31, 327 

In the Bi-TMC compounds, there is a lack of solvent in the coordination environment. While Ln 



*Reproduced in part from “Adcock, A. K.; Gibbons, B.; Einkauf, J. D.; Bertke, J. A.; Rubinson, J. F.; de Lill, D. T.; 

Knope, K. E. Dalton Trans. 2018, 47, 13419-13433" with permission from the Royal Society of Chemistry.192  
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doping was unsuccessful, this demonstrates the promising application of utilizing Bi-host 

frameworks for Ln incorporation as unique structural chemistry can be accessed through Bi-based 

compounds that otherwise would remain inaccessible in Ln-only species.  

5.2 Bismuth and Europium 2,5-Thiophenedicarboxylates* 

 Expanding on our results from section 5.1, the dicarboxylate 2,5-thiophenedicarboxylic acid 

(H2TDC), a well-established Ln3+ sensitizing ligand, 266-268, 270-271, 321, 328-344, was chosen to explore 

bismuth-organic compounds that could be amenable for lanthanide ion incorporation. Use of a 

dicarboxylate instead of the monocarboxylate can give dimensionality to the resulting phases and 

different reaction kinetics could be more favorable to lanthanide doping during the synthesis. We 

have examined the syntheses, structural properties, and spectroscopic behavior of three Bi3+-TDC 

phases and the Ln3+-doped analogs of two of these phases. To allow comparison between Bi3+ and 

Ln3+, two Eu3+-TDC phases were also synthesized under similar synthetic conditions and 

characterized. The photophysical behavior of the emissive compounds is discussed.  

5.2.1 Hpy[Bi(TDC)2(H2O)]∙1.5H2O (18) 

 Compound 18, Hpy[Bi(TDC)2(H2O)]∙1.5H2O, was synthesized through the addition of an 

aliquot of a 0.0267 M solution of bismuth nitrate in glacial acetic acid (1.5 mL, 0.04 mmol), an 

aliquot of a 0.2 M solution of H2TDC in ethanol (1.5 mL, 0.3 mmol), and pyridine (40 μL, 0.5 

mmol) into a 10 mL glass vial (pH  ≈ 4). An opaque, white suspension was initially observed upon 

addition of the reactants. The vial was capped and left on the benchtop at room temperature. After 

five to seven days, crystallization was observed. The products were filtered, washed in water and 

ethanol, and allowed to air dry. Large colorless plates of 18 were collected. Details of the data 

collection and refinement can be found in Table 5.4. Powder X-ray diffraction data were collected, 
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and the observed pattern was compared to the calculated to confirm the single crystal was 

representative of the bulk (A.18). Yield: 94% (based on Bi). Elemental Analysis: Calc. (Obs.): C, 

30.27 (30.26); H, 2.25 (2.18); N, 2.08, (2.13 %). Raman 18 ῦ = 1528, 1479, 1400,1315, 1202, 

1124, 1009, 835, 392 cm-1. 

 Compound 18 is built from one crystallographically unique Bi3+ metal center, two unique 

κ2-TDC ligands, one coordinated water molecule, and one pyridinium cation. Each Bi3+ metal 

center is nine-coordinate, bound to eight O atoms from four κ2-TDC ligands and one O atom from 

a bound water molecule (Fig. 5.8a). The Bi-O bond distances vary from 2.351(2) to 2.685(2) Å, 

with noticeable asymmetry of the Bi-O bond lengths, (e.g. Bi1-O11 and Bi1-O12 (2.629(2) and 

2.351(2) Å, respectively, and Bi1-O21 and Bi1-O22 2.389(2) and 2.562(2) Å, respectively). The 

Bi-O bond lengths of the positionally disordered water are 2.530(4) and 2.522(5) Å for Bi1-O30 

and Bi1-O30B, respectively. Two of the TDC ligands bridge the bismuth metal center along the [-

110] to form zigzag chains as shown in Fig. 5.9a, with Bi∙∙∙Bi distances of 10.814(4) Å. These 

chains are then connected down the [101], with a Bi∙∙∙Bi distance of 10.591(6) Å, by the remaining 

TDC ligands resulting in 2D anionic sheets that are charge balanced by pyridinium cations (Figure 

5.10b). As shown in Figs. 5.10c and 5.10d, an additional sheet is generated through symmetry, 

resulting in an interpenetrated network. The sheets stack down the [010], where the bound water 

molecule, O30, points into the interlayer as seen in Fig. 5.8b. Intermolecular π-π stacking and 

hydrogen-bonding interactions help stabilize the structure. There are two non-variable solvent 

water molecules (O40 and O41) present in the lattice, with O41 being only partially occupied 

(49.6%). The solvent water molecules display moderate hydrogen bonding interactions to the 

oxygen atom of the bound water, with O(40)-H∙∙∙O30=2.775(5) Å, O(40)-H∙∙∙O30B=2.768(5) Å, 
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O(41)-H∙∙∙O30= 2.673(7) Å, and O(41)-H∙∙∙O30B= 2.499(7) Å. The proton of the pyridinium 

nitrogen shows acceptable hydrogen bonding interactions with the fully occupied solvent water, 

with N(50)-H∙∙∙O40= 2.728(4) Å. Furthermore, H-bonding interactions between solvent water 

molecules and a bound carboxylate group, O(41)-H∙∙∙O23= 2.606(7) Å and O(40)-H∙∙∙O24= 

2.626(4) Å, are present in the structure. The compound is then further stabilized by strong π-π 

interactions occurring between adjacent thiophene rings across the interlayer as shown in Fig. 5.8b. 

The π-π interactions were determined through Platon205 with the distance between the centroids 

CTDC∙∙∙CTDC=3.5311(2) Å and a slip angle of 20.9°.  

 

Fig. 5.8 (a) Illustration of the local coordination sphere of Bi1 in 18. (b) Packing diagram of 

18 viewed along [100]. For simplicity, only one sheet is depicted. Red dashed line and circle 

highlight π-π interactions. Hydrogen atoms and solvent water molecules have been omitted for 

clarity. Bi = green, S = yellow, O = red, C = black. Symmetry operators: (i) x - 1/2, -y + 3/2, z + 

1/2; (ii) x - 1, y, z - 1. 
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Fig. 5.9 Polyhedral representation of 18 highlighting the connectivity of (a) one single chain, 

(b) one sheet, (c) interpenetrated chains, and (d) interpenetrated sheets. Both (a) and (c) are 

viewed down the [101], while (b) and (d) are shown down the [010]. Hydrogen atoms, solvent 

water molecules, and pyridinium cations have been omitted for clarity. Bi=green or orange 

polyhedra, O=red, S=yellow, C=black. 

 

5.2.2 [Hpy]3[Bi2(TDC)4(HTDC)H2O)]∙0.74H2O (19) and 

(Hpy)2[Bi(TDC)2(HTDC)]∙0.36H2O (20) 

 The two compounds 19, [Hpy]3[Bi2(TDC)4(HTDC)H2O)]∙0.74H2O, and 20, 

(Hpy)2[Bi(TDC)2(HTDC)]∙0.36H2O, were synthesized upon addition of bismuth nitrate (0.0182 

grams, 0.04 mmol), H2TDC (0.054 grams, 0.3 mmol), water (2 mL), and ethanol (1 mL) into a 10 

mL glass vial. Pyridine (40 μL, 0.5 mmol) was used to adjust the final pH between 4-5. The glass 
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vial was capped and placed on the benchtop at room temperature. After five days, the products 

were filtered, washed in water and ethanol, and allowed to dry. A white, microcrystalline phase 

identified via powder X-ray diffraction as 19 along with colorless plates of compound 20 were 

collected. Colorless plates of compound 19 suitable for structural analysis by single crystal X-ray 

diffraction could be prepared by heating compound 20 at 50 °C overnight; however, a complete 

phase conversion was not observed. Details of the data collections and refinements can be found 

in Table 5.4. Powder X-ray diffraction data were collected and confirmed presence of both 

compounds in the bulk sample (A.19). Raman 19 ῦ = 1648, 1576, 1472, 1394, 1315, 1114, 1006, 

831, 462, 389 cm-1. Raman 20 ῦ = 1650, 1590, 1463, 1397, 1318, 1111, 1006, 831 cm-1. 

 The asymmetric unit of 19 consists of two crystallographically unique Bi3+ metal centers 

(Bi1 and Bi2), four unique κ2-TDC ligands, one unique κ1-HTDC ligand, and one coordinated 

water molecule. Additionally, there are three disordered pyridinium rings per formula unit that 

charge balance the bismuth anionic unit. Bi1 is ten-coordinate, bound to ten O atoms from five κ2-

TDC ligands, and Bi2 is nine-coordinate, bound to nine O atoms from three κ2-TDC, one κ2-HTDC 

ligand, and one water molecule (Fig. 5.10a). The Bi1-O bond lengths range from 2.3546(2) to 

2.6578(2) Å, while Bi2-O range from 2.3625(2) to 2.7981(2) Å, again displaying asymmetry in 

the Bi-O bond lengths as observed in 18. The Bi2-O(91)H2 distance is 2.564(9) Å. Bi1 and Bi2 are 

bridged through one of the TDC ligands, with a Bi∙∙∙Bi distance of 10.771(11) Å, propagating into 

zigzag chains along [110] similar to the connectivity in 18 (Fig. 5.10b). The remaining TDC further 

link the resulting chains down the [1-10] into sheets. Additional chains are then generated by 

symmetry, forming a 2D interpenetrated network like that in 18. The sheets pack along the [001], 

with alternating HTDC and bound water molecules pointing into the interlayer spacing (Fig. 
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5.10c). The closest Bi1∙∙∙Bi1 distance between sheets is 10.096(5) Å and 6.197(5) Å for Bi2∙∙∙Bi2, 

demonstrating the effect of the alternating ligation on the packing of the sheets. Furthermore, π-π 

interactions from TDC ligands across the interlayer formed by Bi2 metal centers are observed with 

centroid-centroid distances given as CTDC∙∙∙CTDC=3.5487(2) Å with a slip angle of 20.2°. 

Crystallographic challenges precluded satisfactory refinement of the solvent water molecules, and 

therefore, these interactions are not commented on herein.  

 

Fig. 5.10 (a) Illustration of the local coordination spheres of Bi1 and Bi2 in 19. (b) Polyhedral 

representation of 19 viewed down the [-110] of one chain. (c) Packing diagram of 2 viewed in the 

[100]. For simplicity, only one sheet is depicted. Red dashed line and circle indicate π-π 

interaction. Hydrogen atoms as well as solvent water molecules and pyridinium cations have been 

omitted for clarity. Bi = green, S = yellow, O = red, C = black. Symmetry operators: (i) x - 1, y + 

1, z; (ii) x - 1, y - 1, z. 

 

Compound 20 consists of one crystallographically unique Bi3+ metal center, two κ2-TDC, 

one κ1-HTDC, two pyridinium cations, and one partially occupied water. Each Bi3+ metal center is 
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ten-coordinate, bound to ten O atoms from four κ2-TDC ligands and one κ2-HTDC ligand as shown 

in Fig. 5.11a. The Bi-O bond lengths range from 2.360(4) to 2.737(4) Å, displaying noticeable and 

more pronounced asymmetry in the Bi-O(carboxylate) bond distances than those of 18 and 19, e.g. 

Bi1-O11=2.694(5) Å and Bi1-O12=2.402(5) Å. One long Bi1∙∙∙O34 interaction is seen at 

3.0359(3) Å. The bismuth metal center is bridged through a TDC ligand along the [-101] to another 

bismuth center (Bi∙∙∙Bi=10.827(3) Å), forming zigzag chains akin to those observed in 18 and 19 

(Fig. 5.11b). These units are further connected through another TDC ligand, linking bismuth metal 

centers in the [101] direction (Bi∙∙∙Bi=10.639(10) Å) to form thick 2D sheets. These sheets stack 

down the [010], with the shortest Bi∙∙∙Bi distance found to be 10.128(4) Å across adjacent sheets. 

Terminal HTDC ligands point into the interlayer space between the sheets. Hydrogen-bonding is 

observed between the protonated OH of the terminal HTDC ligand and the partially occupied 

water, with O(14)H∙∙∙O(61) donor-acceptor distances of 2.744(10) Å, and π-π stacking interactions 

are observed between the thiophene ring of the terminal HTDC and a nearby pyridinium cation, 

with centroid-centroid distances of CHTDC∙∙∙CHpy=3.7147(14) Å with a slip angle of 24.1° (Fig. 

5.11c).  
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Fig. 5.11 (a) Illustration of the local coordination sphere of Bi1 in 20. (b) Polyhedral 

representation of 20 viewed down the [101] of one chain. (c) Packing diagram of # viewed in the 

[100]. For simplicity, only one sheet is depicted. Red dashed line and circle indicate π-π 

interaction. Hydrogen atoms as well as solvent water molecules and pyridinium cations have been 

omitted for clarity. Bi = green, S = yellow, O = red, C = black. Symmetry operators: (i) x - 1, y + 

1, z; (ii) x - 1, y - 1, z. 

 

5.2.3 [Eu(TDC)(NO3)(H2O)] (21) 

Compound 21, [Eu(TDC)(NO3)(H2O)], was synthesized through addition of an aliquot of 

a 0.0267 M solution of europium nitrate in glacial acetic acid (1.5 mL, 0.04 mmol), an aliquot of 

a 0.2 M solution of H2TDC in ethanol (1.5 mL, 0.3 mmol), and pyridine (40 μL, 0.5 mmol) loaded 

into a 10 mL glass vial. The vial was capped and left on the benchtop at room temperature. 

Colorless crystals formed overnight and deposited at the bottom of the vial. The products were 

filtered, washed in water and ethanol, and allowed to air dry. Large colorless plates identified as 4 
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were collected. Details of the data collection and refinement can be found in Table 5.4. Though 

not readily apparent in the powder pattern, a minor phase impurity identified via elemental analysis 

precluded subsequent characterization that required bulk purity (A.20). Raman ῦ = 1546, 1476, 

1405, 1325, 1217, 1131, 1033, 793, 760, 680 cm-1.   

As compound 21 has been previously reported,35 only a brief structural description is 

provided. The asymmetric unit of 21 consists of one unique Eu3+ metal center, one κ1-TDC ligand, 

one nitrate ion, and one water molecule. Each Eu3+ metal center is eight-coordinate and bound to 

three O atoms from three κ1-TDC ligands, three O atoms from one κ1-nitrate and one κ2-nitrate, 

and one O atom from a bound water molecule, forming a dodecahedron coordination geometry. 

The Eu1-O bond distances of the carboxylates vary from 2.336(3) to 2.366(4) Å. Eu-O distances 

of the bound water molecule and the nitrate are 2.417(4) Å and 2.389(3) to 2.525(3) Å, 

respectively. The metal centers are bridged through the TDC ligands as well as the bound nitrates 

to form a 3D network.  

5.2.4 [Eu2(TDC)3(H2O)9]∙5H2O (22) 

Compound 22, [Eu2(TDC)3(H2O)9]∙5H2O, was synthesized through addition of europium 

nitrate (0.0178 grams, 0.04 mmol), H2TDC (0.054 grams, 0.3 mmol), water (2 mL), and ethanol 

(1 mL) into a 10 mL glass vial. Pyridine (40 μL, 0.5 mmol) was used to adjust the final pH between 

3-4. The glass vial was capped and placed on the benchtop at ambient temperature. After one day, 

the products were filtered, washed with water and ethanol, and allowed to dry under ambient 

conditions. Colorless needles of 22 were collected. Details of the data collection and refinement 

can be found in Table 5.4. Powder X-ray diffraction data were collected, and the observed pattern 

was compared to the calculated to confirm the single crystal was representative of the bulk (A.21). 
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Yield= 39.5% (based on Eu). Elemental Analysis: Calc. (Obs.): C, 20.27 (20.63); H, 3.21 (3.07). 

Raman ῦ = 1539, 1521, 1479, 1409, 1317, 1120, 1034, 822, 758 cm-1.  

Compound 22 crystallizes in the orthorhombic space group, Pbcn, and consists of three 

crystallographically unique TDC ligands and nine coordinated water molecules. Eu1 is eight 

coordinate, forming a square antiprism coordination geometry, and is bound to three O atoms from 

three κ1-TDC ligands, two O atoms from one κ2-TDC ligand, and three water molecules (Fig. 

5.12a). Eu2 also adopts a square antiprism coordination geometry bound to two O atoms from two 

κ1-TDC ligands and six coordinated water molecules (Fig. 5.12a). The Eu1-O bond distances of 

the carboxylates and water molecules vary from 2.288(4) to 2.486(4) Å and 2.361(4) to 2.487(5) 

Å, respectively. The Eu2-O bond distances of the carboxylate O atoms are 2.369(4) Å (Eu2-O24) 

and 2.375(4) Å (Eu2-O32). The Eu2-O distances for the bound water molecules range from 

2.382(5) to 2.472(5) Å. Eu1 is bridged to one Eu2 metal center through the carboxylate of a TDC 

ligand in the [001] direction as well as a second Eu2 metal center through the TDC ligand in the 

[100] direction as shown in Fig. 5.12b. Further, Eu1 is bound to a symmetry equivalent Eu1 

through two TDC ligands along the [100]. These europium units extend to form staircase-like 2D 

sheets along the [100] and [001] (Fig. 5.12c). Additionally, a second chain is generated through 

symmetry resulting in an interpenetrated network, as illustrated by the purple and blue polyhedra 

in Fig. 5.12d. The sheets are further stabilized by both hydrogen-bonding interactions and π-π 

stacking. The five solvent water molecules display moderate hydrogen bonding interactions to the 

oxygen atom of the bound water, namely O(61)-H∙∙∙O41=2.788(6) Å, O(62)-H∙∙∙O52=2.809(7) Å, 

O(63)-H∙∙∙O52=2.663(7) Å, O(64)-H∙∙∙O53=2.811(7) Å, and O(65)-H∙∙∙O53=2.758(7) Å. 

Moderate π-π interactions occur between thiophene rings of the TDC ligands that bridge Eu1 to a 
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symmetry equivalent Eu1 in the same sheet, and between two thiophene rings in adjacent 

interpenetrated sheets (Fig. 5.12c and 5.12d, respectively). The π-π interactions were calculated 

from Platon and given as the distances between the centroids CTDC∙∙∙CTDC=3.5832(1)Å with a slip 

angle of 18.2° and CTDC∙∙∙CTDC=3.7999(2) Å and a slip angle of 14.1°, respectively.  

 

Fig. 5.12 (a) Illustration showing the connectivity of Eu1 and Eu2 in 22. Bound water 

molecules are labeled as O41-O43 and O51-O56. (b) Polyhedral representation of 22 displaying 

one sheet viewed down the [010]. (c) Packing diagram of 5 shown along [001] illustrating two 

parallel sheets. (d) Packing diagram of 22 shown along [00] showing four interpenetrated sheets. 

Connectivity of the Eu3+ metal centers is shown by either the purple or blue polyhedra. Red dashed 

lines indicate π-π stacking interactions. Red dashed line and circle indicate π-π interaction. 

Eu=purple or blue, S=yellow, O=red, C=black. Symmetry codes: (i) -x + 1, -y, -z + 1; (ii) -x + 1/2, 

-y + 1/2, z + 1/2. 
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Table 5.4 Crystallographic structure refinement details for compounds 18 – 22. 

 18 19 20 21 22 

Formula C17H15BiNO10.50S2 
C45H29Bi2N3O22.90S

5 
C28H19.72BiN2O12.36S3 C6H4EuNO8S C18H34Eu2O26S3 

MW (gmol-1) 674.40 1541.35 887.11 402.12 1066.57 

T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 

λ (K α) 0.71073 0.71073 0.71073 0.71073 0.71073 

μ (mm-1) 8.869 7.479 6.484 6.081 3.992 

Crystal System Monoclinic Triclinic Monoclinic Monoclinic Orthorhombic 

Space Group P21/n P-1 P21/n P21/c Pbcn 

a (Å) 8.5780(6) 8.8032(6) 8.913(3) 9.9248(4) 36.9994(14) 

b (Å) 25.4265(16) 9.9506(7) 35.065(13) 14.3297(6) 7.5906(3) 

c (Å) 10.0899(6) 30.2245(19) 9.735(3) 7.7249(3) 23.8697(9) 

α (°) 90 88.023(2) 90 90 90 

β (°) 111.421(2) 87.299(2) 110.591(13) 102.940(1) 90 

γ (°) 90 68.843(2) 90 90 90 

Volume (Å3) 2048.7(2) 2465.9(3) 2847.9(17) 1070.73(7) 6703.7(4) 

Z 4 2 4 4 8 

Rint 0.0341 0.0617 0.0493 NAa 0.0977 

R (I > 2σ) 0.0230 0.0490 0.0504 0.0319 0.0392 

wR2 0.0392 0.0949 0.1072 0.0724 0.0783 

GooF 1.1486 1.090 1.112 1.077 1.046 

Residual 

density 

(max/min) 

0.772/ -1.318 3.86/-3.03 2.075/ -2.703 0.989/-1.197 0.859/ -0.923 

CCDC No. 1589868 1589869 1589870 1589871 1589872 

a The refinement of 21 was processed as a two component twin and therefore a Rint is not reported. 

 

5.2.5 Structural Systematics and Comparison 

The three bismuth compounds reported here consist of metal centers that adopt high 

coordination numbers (nine or ten), common for bismuth carboxylates.121-122 Furthermore, they 

each display significant asymmetry in their inner coordination sphere with Bi-O bond lengths 

ranging from 2.351(2) to 2.685(2) Å in 18 and 2.360(4) to 2.737(4)  Å in 20. We attribute this 

asymmetry in part to the stereochemically active lone pair of bismuth. Upon further inspection of 
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the bismuth centers, distorted geometries with evident "open faces," which are trans to the shortest 

Bi-O bond distance are apparent. This is characteristic of an active 6s2 lone pair (Figure 5.13a,b). 

By comparison, the europium metal centers in 21 and 22 have much more isotropic coordination 

spheres. A cursory glance at the average metal-oxygen bond distances in 18, 20, 21, and 22 

(including O atoms from carboxylates and O atoms from water molecules) shows relatively 

comparable average metal-oxygen bond distances: Bi1-O=2.528 Å (18); Bi1-O=2.559 Å (20); 

Eu1-O= 2.402 Å (21); Eu1-O= 2.402 Å (22); Eu2-O= 2.411 Å (22).   

 

Fig. 5.13 Polyhedral representations of the metal center (a) Bi1 in 18, (b) Bi1 in 20, (c) Eu1 

in 21, (d) Eu1 in 22, and (e) Eu2 in 22 with an arrow indicating possible direction of the 

stereochemically active lone pair on the bismuth metal center. The shortest Bi-O bond distance 

is labeled as Ot, trans to the proposed direction of the lone pair. The two unique bismuth centers 

in 19, Bi1 and Bi2, are nearly identical to the bismuth centers in 18 and 20, respectively. Noticeable 

distortion of the geometry about the metal center is seen in both bismuth polyhedra, whereas the 

europium centers for 22 each display square antiprism coordination environments and 

dodecahedron coordination for 21. Bi=green polyhedra, Eu=purple polyhedra, O=red. 

   

 However, closer inspection of these values indicates significant asymmetry of the Bi-O bond 

lengths from the chelating carboxylates that is not seen in the Eu-O carboxylate bond distances 

(Figure 5.14a). This results in a greater distribution of the Bi-O bond lengths as compared to 

europium. In 18 and 20, the Bi-O bond distances range from 2.351(2) to 2.685(2) Å and 2.360(4) 

to 2.737(4) Å (with a long Bi-O interaction of 3.0359(3) Å), respectively. For Eu1 and Eu2 in 22, 

the range of Eu-O bond is much smaller with Eu1-O and Eu2-O distances of 2.287(4) to 2.487(4) 
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Å and 2.369(4) to 2.472(2) Å, respectively. In 21, the Eu-O bond distances range from 2.336(3) to 

2.525(3) Å. This difference in the symmetry about the Bi and Eu metal centers is further 

highlighted by differences in the Bi-O bond distances from the carboxylate groups chelating the 

bismuth metal centers. For example, in 18, the Bi1-O11 and Bi1-O12 bond lengths are 2.629(2) 

and 2.351(2) Å, respectively. In 22, the Eu1-O13 and Eu1-O14 bond distances are 2.486(4) and 

2.483(4) Å, respectively. Extending this comparison to include metal-O bond distances in all 

reported Bi-carboxylate and Eu-carboxylate compounds, a search through the Cambridge 

Structural Database124 (Version 5.39) again gave rise to a similar bond distance distribution (Figure 

5.14b,c). Here, the Bi-O distances have a much greater distribution from approximately 2.2 to 3.0 

Å, while this range is notably smaller for the Eu-O distances.  
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Fig. 5.14 Histograms displaying the range and frequency of metal-oxygen bond distances (a) 

in this work, (b) Bi-O bonds in all deposited Bi-carboxylates, and (c) Eu-O bonds in all 

deposited Eu-carboxylates. Bi-O and Eu-O bond distances for (b) and (c) were found using the 

Cambridge Structural Database Version 5.39,124 updated November 2017; the metal-O bond 

distances were defined as a 3D parameter in ConQuest345 and the resulting output was analyzed 

through Mercury.345-346 For sake of comparison, Bi1 and Bi2 in 19 were not included due to only 

a preliminary structure refinement being reported. 

 

 Over twenty unique lanthanide-TDC phases have been reported in addition to the ones 

described here and none are isostructural with the three Bi-TDC phases.266-268, 270-271, 321, 328-344 One 

bismuth-TDC phase has been presented previously in the literature, 

[(CH3)2NH2][Bi(TDC)2]·1.5DMF; however, this phase was isolated via solvothermal conditions 



132 

 

using methanol and dimethylformamide (DMF).196 By comparison, the compounds reported herein 

were isolated under aqueous conditions, without the need of heat or organic solvents. Moreover, 

the structural diversity afforded by these compounds, particularly in the interlayer spacing 

highlights the diverse extended networks bismuth can afford upon slight variation of reaction 

conditions. Despite adopting similar topologies, the structures of compounds 18 - 20 exhibit 

different interlayer interactions. In 18, bound water molecules point into the interlayer, whereas in 

19, alternating water and terminal HTDC molecules point into the interlayer. By contrast, 

compound 20 displays only terminal HTDC molecules extend into the interlayer spacing.  

 To offer both a structural comparison and analyze the resulting effect on photophysical 

properties from lanthanide-doping, analogous synthetic methods were used to form related 

europium-TDC phases. Reacting europium nitrate with H2TDC under identical synthetic 

conditions as those used to isolate 18 and 20, yielded compounds 21 and 22, which are structurally 

different than the bismuth phases. These differences arise from differences in preferred 

coordination geometries of the metal ions. Taken together with differences in the relative solubility 

of the Ln and Bi phases, these factors are likely responsible for the low doping levels observed in 

this work. The maximum doping achieved was less than 4% lanthanide incorporation. The inability 

to dope these compounds with greater amounts may, in part, be attributed to activity of the Bi3+ 

lone pair, wherein the anisotropy it might impart on the coordination geometry about the metal 

center is significant enough to lead to an unfavorable environment for the lanthanide ion, thereby 

limiting Ln incorporation.  
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5.2.6 Lanthanide-Doped Bismuth Thiophenedicarboxylates 

In the case of Bi1-xLnx-18 and Bi0.997Eu0.003-20, incorporation of the lanthanide ion into the 

bismuth framework is seen, as confirmed by powder XRD, ICP-MS, Raman, and luminescence 

data. To dope 18 and 20, an aliquot of the respective lanthanide nitrate hydrate solution vide infra 

was added prior to crystallization of the bismuth-only phases. To obtain the doped analog of 1, the 

lanthanide solution was added two days after the start of the reaction, while a white suspension 

was still present. In the case of 20, the lanthanide solution was added prior to visual evidence of 

crystallization of 20. Upon addition of the lanthanide solution at the start of the reaction, separation 

of the Ln- and Bi-TDC phases was observed, identified based on differences in the morphologies 

of the Bi- and Ln-TDC phases. Adding the lanthanide solution subsequent to complete 

crystallization of the Bi-TDC phase resulted in no incorporation of the lanthanide ion into the 

structure. These results may be attributed to differences in the solubility and/or crystallization 

kinetics of the Bi- and Ln- phases which we hypothesize may be overcome, albeit to a very limited 

extent given the doping levels, by first allowing the Bi-ligand units to form in solution prior to 

addition of the Ln metal center.  

5.2.6.1 Hpy[Bi1-xLnx(TDC)2(H2O)]∙1.5H2O (Bi1-xLnx-18) 

 The doped compound Bi1-xLnx-18, Hpy[Bi1-xLnx(TDC)2(H2O)]∙1.5H2O, was synthesized 

following the synthetic approach in section 6.1.1. After 2 days, an aliquot of an aqueous 0.025M 

lanthanide nitrate solution (167 μL, 0.00417 mmol) was added to the glass vial which contained a 

white suspension. After five to seven additional days, the solution was clear and colorless, and 

colorless crystals had deposited at the bottom of the vial. The products were filtered, washed in 

water and ethanol, and allowed to air dry. Clear, colorless plates of Bi1-xLnx-18 were observed. 
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Powder X-ray diffraction data were collected and supported elemental analysis in establishing 

phase purity of the bulk sample (A.18). Yield: 80-90% (based on Bi). Elemental Analysis: Ln=Nd, 

Calc. (Obs.): C, 30.39 (30.43); H, 2.25 (2.29); N, 2.06 (2.15%); Ln=Sm, Calc. (Obs.): C, 30.44 

(30.31); H, 2.25 (2.23), N, 2.09, (2.14%); Ln=Eu, Calc. (Obs.): C, 30.29 (30.58); H, 2.24 (2.11); 

N, 2.08, (2.28%); Ln=Tb, Calc. (Obs.): C, 30.29 (30.63); H, 2.24 (1.76); N, 2.08, (2.05 %); Ln= 

Dy, Calc. (Obs.): C, 30.32 (30.44); H, 2.24 (2.06); N, 2.08, (2.17%); Ln= Yb, Calc. (Obs.): C, 

30.31 (30.22); H, 2.24 (2.10); N, 2.08, (2.20%).  

5.2.6.2 [Hpy]2[Bi0.997Eu0.003(TDC)2(HTDC)] (Bi0.99Eu0.01-20) 

 The doped compound Bi0.997Eu0.003-20, [Hpy]2[Bi0.99Eu0.01(TDC)2(HTDC)], was synthesized 

using the method provided in section 6.1.2. Two days after capping the glass vial, an aliquot of a 

0.025M europium nitrate solution (167 μL, 0.00417 mmol) was added to the reaction. After two 

more days, the products were filtered, washed in water and ethanol, and allowed to dry under 

ambient conditions. Single crystals of the europium compound Bi0.997Eu0.003-20 and a non-

luminescent, white, microcrystalline minor phase identified via PXRD as undoped 19 (A.19) were 

present. Bi0.997Eu0.003-20 could be identified by visual inspection under a UV lamp and was 

manually separated from 19. Powder X-ray diffraction data were collected and support elemental 

analysis in establishing phase purity of the manually separated sample (A.19). Yield: 89% (based 

on Bi). Elemental Analysis: Ln=Eu, Calc. (Obs.): C, 38.00 (37.54); H, 2.14 (2.02); N, 3.17, (3.12). 

Note that because Bi0.997Eu0.003-20 was manually separated from 19 under a UV lamp, using the 

luminescence of Eu as a guide, we did not prepare the other Ln doped analogs.  
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5.2.6.3 Doping Analysis 

 The ratio of europium doped into each bismuth-thiophene compound was determined via ICP-

MS for Ln=Nd, Sm, Eu, Tb, Dy, and Yb. Calibration curves were made using bismuth and 

lanthanide standards to find the relative concentration of Bi:Ln for each sample. The percentages 

of lanthanide incorporation into compounds 18 and 20 are given in Table 5.5. The given 

percentages reflect the maximum doping levels achieved and indicate that the bismuth 

environment is not favorable to lanthanide substitution.  

Table 5.5 Percent Ln3+ ion doping into each bismuth host compound. 

Compound Ln Doping (mol%) 

Bi0.952Nd0.038-18 3.8 ± 0.10 

Bi0.981Sm0.019-18 1.9 ± 0.06 

Bi0.995Eu0.005-18 0.5 ± 0.03 

Bi0.993Tb0.07-18 0.7 ± 0.01 

Bi0.981Dy0.019-18 1.9 ± 0.10 

Bi0.980Yb0.020-18 2.0 ± 0.60 

Bi0.997Eu0.003-20 0.3 ± 0.05 

 

In the compounds reported here, doping is likely site-substitutional, as indicated by the single 

peak present in the 5D0 → 7F0 transition for the Eu doped phases. Moreover, inspection of the 

crystal structures for 18 and 20 indicates a maximum void diameter of 3.4 Å and 3.6 Å, 

respectively. Given that a hydrated europium ion has a diameter of roughly 4.9 Å,347 it is unlikely 

that that Eu incorporates into the interlayer spacing. Moreover, there is no apparent shift in the 

powder X-ray diffraction pattern as may be expected upon incorporation of the Ln3+ ion into the 

interlayer spacing suggesting the lanthanide ion is site-substituted within the bismuth framework 

(A 18). To further confirm doping throughout the bismuth compound, luminescence data collected 

was collected for a single crystal of Bi0.995Eu0.005-18 on a Raman spectrometer using a 405 nm 

excitation wavelength. The resulting emission showed distinct europium luminescence both along 
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the length and depth of the crystal (e.g. on the crystal surface, 10 nm below the surface), supporting 

Ln doping throughout the crystals, and not solely limited to the surface.  

5.2.7 Luminescence Behavior of Bi1-xLnx-18, Bi0.995Eu0.005-20, and 22 

The luminescence spectra of the free ligand, H2TDC, was collected, giving an excitation 

maximum of 333 nm with subsequent emission at 353 nm (D.5). The bismuth-only phase, 18, 

exhibited distinct blue luminescence upon UV irradiation, with maximum emission at 446 nm (Fig. 

5.15a). Furthermore, a short fluorescence lifetime (6.4(3) μs) was observed. As outlined in Chapter 

2, assignment of the emissive pathway in Bi3+ hybrid materials can be challenging. Luminescence 

may be attributed to either metal-ligand or ligand-metal charge-transfer, intraligand luminescence 

(n ← π*)/(π ← π*) that, in this case, is sufficiently red-shifted from the ligand emission, or 

additionally, metal centered emission from the Bi3+ ion itself from 1P1 → 1S0 or 3P1 → 1S0 

transitions.75, 94, 128, 130, 173, 175, 177-178, 183, 195-196, 226-227, 348 This luminescence is similar to the broad 

blue emission of reported Bi-organic compounds, which has been loosely attributed to either 

charge transfer transitions or intraligand luminescence.128, 130  
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Fig. 5.15 Room temperature excitation (dashed lines) and emission (solid lines) spectra of (a) 

18, (b) Bi0.995Eu0.005-18, (c) Bi0.993Tb0.007-18, and (d) Bi0.997Eu0.003-20. Inset depicts the bulk 

powder under ambient light (left) and UV radiation from a handheld lamp (right). 

 

The solid-state luminescence of the reported compounds and their lanthanide-doped 

analogs was measured, and displayed metal-based emission in the visible region for the samarium, 

europium, terbium, and dysprosium analogs, and in the near-infrared for the neodymium, 

samarium, and ytterbium phases. Photophysical measurement values are given in Table 5.6. Upon 

doping with europium, characteristic red emission resulting from the 4f-4f transitions present for 

Eu3+ was seen for Bi0.995Eu0.005-18 (Fig. 5.15b). Compound Bi0.995Eu0.005-18 excites at a maximum 

excitation wavelength of 324 nm, with a dominant emission peak observed at 617 nm 

corresponding to the hypersensitive 5D0 → 7F2 transition. Additional emission peaks occur at 579 
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and 591 nm and can be assigned to the 5D0 → 7FJ (J=0 and 1) transitions, respectively.349 Weak 

emission peaks centered at 651 and 690 nm are assigned to the 5D0 → 7F3 and  
5D0 → 7F4 transitions, 

respectively.  

For Bi0.993Tb0.007-18, excitation is seen at 323 nm, which gives rise to expected green 

luminescence (Fig. 5.15c). The 5D4 → 4F6 transition is seen at 490 nm, while the intense peak at 

545 nm can be assigned to the 5D4 → 4F5 transition. Furthermore, additional peaks are observed at 

584 and 622 nm, assigned to the 5D4 → 4FJ (J = 4 and 3, respectively) transitions.  

Characteristic red Eu3+ emission is observed for Bi0.997Eu0.003-20 (Fig. 5.15d). The 

excitation maximum was observed at 323 nm. The 5D0 → 7FJ (J = 1−2) transitions are assigned to 

the emission peaks at 593 and 615 nm, respectively, with the 5D0 → 7F0 transition at 579 nm. 

Broad, weak peaks centered around 650 and 688 nm can be assigned to the 5D0 → 7F3 and 
5D0 → 

7F4 transitions, respectively.  

The europium-only phase, 22, also displays characteristic red emission upon excitation at 

319 nm (D.). The 5D0 → 7FJ (J = 0−2) transitions are observed at 580, 593, and 615 nm 

respectively, while the broad peaks centered at 651 and 699 nm can be assigned to the 5D0 → 7F3 

and 
5D0 → 7F4 transitions. Additionally, Eu3+ absorption peaks are also evident in the excitation 

spectrum, with the most intense peak at 394 nm arising from the 5L6 ← 7F0 transition.350  

Characteristic visible emission is also observed for the dysprosium and samarium-doped 

analogs as well as near-infrared emission from the samarium, neodymium, and ytterbium doped 

analogs. Their excitation and emission spectra are given in Appendix D.  
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     Table 5.6 Photophysical properties for the visible light emitters.  

 
φtot φEu lifetime (μs) ɳsens 

Bi0.995Eu0.005-18 0.016(2) 0.172 354(4) 0.087 

Bi0.993Tb0.007-18 0.0064(23) - 102(1), 38(4) - 

Bi0.981Dy0.019-18 - - 16(1), 6(1) - 

Bi0.980Sm0.020-18 - - 89(20, 15(1) - 

Bi0.997Eu0.003-20 0.033(2) 0.297 640(2) 0.116 

21 - - 240270 - 

22 0.013(1) 0.054 182(1) 0.252 

 

Due to the nature of the transitions of the Eu3+ ion, analysis of the emission spectra for each 

of the europium doped bismuth phases (Bi0.995Eu0.005-18 and Bi0.997Eu0.003-20) and 22 can help 

elucidate information regarding the possible environment about the metal center. In all three cases, 

presence of the 5D0 → 7F0  transition indicates the Eu3+ ion is occupying a site in the lattice with 

either Cnv, Cn, or Cs symmetry.349 Moreover, the relative intensity of the 5D0 → 7F2 transitions in 

comparison to the weaker 5D0 → 7F1 transitions are further consistent with low symmetry about 

the metal centers and the resulting red emission seen for each phase.349  

While the extent to which the bismuth, the TDC ligands, or the pyridinium play in terms 

of sensitization, there is an evident difference in the luminescence efficiencies of Bi0.995Eu0.005-18 

and Bi0.997Eu0.003-20 which could be attributed to the bound water molecule acting as a high-energy 

oscillator as well as the presence of an additional solvent water molecule in Bi0.995Eu0.005-18. While 

many Ln-TDC compounds have been reported, few report luminescence efficiency results for 

europium. Wang et al. reported two europium mixed ligand phases, 

[Emim][(TDC)2Eu1.5]Cl1.25Br0.25 and [Emim][Eu(TDC)2], where Emim=1-methyl-3-

ethylimidazolium, with quantum yields of 0.087 and 0.43, respectively, and lifetimes of 950 ms 

and 1030 μs, respectively.271 Sun et al. reported lifetimes for [Eu(TDC)(NO3)(H2O)]n of 240 μs, 

although they did not give quantum yields.270 Additionally, Heine et al. reported a biexponential 
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decay for the 5D0 → 7F2 emission, with lifetimes of 547 and 723 μs for their Eu-doped bismuth-

carboxylate MOF.75 Our reported lifetimes are comparable these europium-TDC phases; however, 

the quantum yields and sensitization values for 18 – 20 are low by comparison, indicating the 

presented system is not as efficient as the Ln-TDC phases. The low quantum yield values could 

also be a result, in part, of the abundance of inner and outer coordination sphere water molecules 

and pyridinium cations, which are well-known luminescence quenchers. Nonetheless, the 

luminescence data is consistent with limited sensitization of the lanthanide ions via the Bi-TDC 

framework. 

For each of the visible emitters, the Commission Internationale L'Eclairage (CIE) 

coordinates were determined (Fig. 5.16). The lanthanide phases exhibit characteristic line like 

emission depending on the respective ion with Eu3+ displaying red emission, Tb3+ green, and Sm3+ 

light pink/purple. The dysprosium analog of 18 displayed mostly ligand-based emission, likely 

due to inefficient sensitization of the lanthanide metal center.  

 

Fig. 5.16 CIE chromaticity coordinates of 18, 22, and Ln-doped phases with visible emission. 
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5.2.8 Thermal Properties of 18, Bi0.995Eu0.005-20, and 22 

The thermal stabilities of compounds 18, Bi0.995Eu0.005-20, and 22 were investigated over 

25 C to 600 C under flowing N2. For 18, the total weight loss was 60.26%, beginning around 50 

C with full decomposition seen by 330 C. The thermogravimetric curve for compound 

Bi0.995Eu0.005-20 exhibited a total weight loss of 51.86% beginning at 30 °C and ending at 325 °C. 

Powder X-ray diffraction data were collected for each of the products obtained after thermal 

decomposition; however, full assignment of the resulting phase(s) was unsuccessful. The 

decomposition products of 18 and Bi0.995Eu0.005-20 have similar spectra, indicating related end 

products. Furthermore, the IR spectra of the thermally decomposed products show peaks at 496, 

600, 967, 1038, 1098, and 1155 cm-1 for 18 and a peak at 1095 cm-1 for Bi0.99Eu0.01-20, consistent 

with the presence of a sulfate phase.322 This is also consistent with reported decomposition 

products of other metal thiophenecarboxylate compounds.265, 272, 321 The peaks around 1384 cm-1 

could be attributed to a carbonate species formed upon exposure to air after thermal 

decomposition.322 A broad peak at 3433 and 3454 cm-1 seen for 18 and Bi0.995Eu0.005-20, 

respectively, is possibly a hydrated phase forming after decomposition. For 22, thermal 

decomposition began immediately, with a 66.51% total weight loss beginning at 25 C and 

concluding around 495 C. An IR spectrum of the thermal decomposition product revealed major 

peaks at 598 and 1060 cm-1, again consistent with decomposition to some sulfate species as 

observed in 18 and Bi0.995Eu0.005-20. The broad peak at ca. 3350 cm-1 could be formation of a 

hydrated phase after decomposition.  
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5.2.9 Raman Spectra of 18 – 22  

Raman spectra were collected for a powdered sample of 2,5-thiophenedicarboxylic acid as 

well as single crystals of 18 – 22. The spectrum for each of the bismuth compounds show 

characteristic ligand and pyridinium bands, whereas for 22, characteristic ligand peaks are 

observed. In compounds 19 and 20, the peak attributed to the stretching of the carbonyl group of 

H2TDC, which typically observed around 1660 cm-1 is present; however, it is slightly shifted to 

1648 and 1650 cm-1, respectively.341 In compounds 18, 21, and 22, this peak is noticeably absent, 

which is consistent with full deprotonation of the TDC ligands as supported by the crystal structure. 

Intense peaks are seen between 1460 and 1480 cm-1 in the spectra of 18 – 22 as well as that 

collected for the ligand, which may be attributed to C=C stretches from the thiophene rings. 

Multiple peaks are also observed between 1000 and 1400 cm-1, which can be attributed to 

overlapping bands from COO-, C-H, and ring vibrations from both the thiophene and/or pyridinium 

rings.  

5.3 Summary 

 Synthetic strategies towards the formation of bismuth-thiophenemonocarboxylates (Bi-TMC) 

and -thiophenedicarboxylates (Bi-TDC) under aqueous conditions as well as Ln-doped Bi-TDC 

phases were developed. In both cases, presence of the 6s2 stereochemically active lone pair and 

likely affects the amenability of Ln3+ doping; doping was unsuccessful with the Bi-TMC phases 

and was only minimally achieved (less than 5mol%) for the Bi-TDC phases. To understand the 

differences in synthetic and structural chemistry, analogous Ln-TMC and Ln-TDC were also 

prepared. The solid state structures of the Bi and Ln compounds displayed large differences in the 

metal ion coordination geometries and supramolecular interactions, demonstrating the unique 
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structural chemistries bismuth-organic compounds can offer. In the Bi-TDC phases, while doping 

was achieved and the emissive lifetimes were comparable to reported Ln-TDC phases, the overall 

luminescent efficiencies of the lanthanide doped bismuth phases were low. This points to possible 

inefficient electronic transitions in the Bi-TDC framework and warrants further development of 

these Ln-doped Bi-organic systems. Based on this work, differences in Bi- and Ln coordination 

chemistry along with disparities in the relative solubility of Bi and Ln phases are expected to limit 

lanthanide incorporation into Bi phases. This idea is further examined in Chapter 6, where β-

diketonates are used to control the coordination anisotropy of bismuth towards the formation of 

isostructural Bi and Ln phases. 
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CHAPTER 6: HETEROLEPTIC BISMUTH AND EUROPIUM Β-DIKETONATES 

 In this chapter, a series of heteroleptic bismuth-organic compounds built from 2-

thenoyltrifluoroacetate and terpyridine are presented. The room temperature syntheses, structural 

features, and characterization of these compounds and an isostructural europium analog are 

examined. Europium doping of the bismuth phases is discussed along with synthetic challenges. 

Europium luminescence, structural comparison to europium analogs, and structural influence of 

the Bi3+ 6s2 lone pair are detailed. The work presented in section 6.1 is in preparation to be 

submitted to Dalton Transactions.  

6.1 Bismuth and Europium Terpyridine-Thenoyltrifluoroacetates 

 Four heteroleptic bismuth-organic phases bearing 2,2';6',2"-terpyridine (terpy) and 2-

thenoyltrifluoroacetone (TTA) of the general formula BiXy(TTA)3-y(terpy) (where X = NO3-, Cl-, 

Br-; y = 1 or 2) were synthesized at room temperature. Each phase was doped with Eu3+ and 

synthesis of the Eu analog was attempted for each compound, though was only successful for X = 

NO3-. The luminescent behavior of all phases was explored.  

6.1.1 Syntheses 

 Compounds 23 – 28 were synthesized at room temperature under ambient conditions as 

outlined in Table 6.1. Each reaction was carried out under ambient conditions on the benchtop. 

Details of the data collection and refinement for each compound can be found in Table 6.2. Powder 

X-ray diffraction data were collected, and the observed patterns were compared to the calculated 

to confirm the single crystal was representative of the bulk (Appendix A). With Bi(NO3)3 or BiCl3 

as the bismuth salt, only the X-Bi structural motif was observed with a Bi:TTA:terpy ratio range 

of 1:1:1 to 1:2:2. With BiBr3, a change in the reaction product was observed by changing the 
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Bi:TTA:terpy ratio. At a 1:1:1 ratio, a Br-Bi-Br structural motif was observed (27), whereas a 1:2:1 

ratio yielded the Br-Bi motif (26). The bond dissociation for Bi-Br is higher than that of Bi-O and 

Bi-Cl, so formation of both 26 and 27 is not unreasonable.210 For each bismuth phase isolated, 

synthesis of the europium analog was attempted under identical synthetic conditions. This 

approach was only successful in formation of 28, possible due to differences in solubility between 

the bismuth and europium salt precursors. 

Table 6.1 Synthetic details for formation of compounds 23 - 28.  

  23 24 25 26 27 28 

Metal salt 
 Bi(NO3)3; 0.0242 

g (0.05 mmol) 

Bi(NO3)3; 0.0242 

g (0.05 mmol) 

BiCl3; 0.0158 g 

(0.05 mmol) 

BiBr3; 0.022 g 

(0.05 mmol) 

BiBr3; 0.022 g 

(0.05 mmol) 

Eu(NO3)3; 0.022 

g (0.05 mmol) 

TTA 
 0.022 grams  

(0.1 mmol) 

0.022 grams  

(0.1 mmol) 

0.022 grams  

(0.1 mmol) 

0.022 grams  

(0.1 mmol) 

0.011 grams  

(0.05 mmol) 

0.022 grams  

(0.1 mmol) 

terpy 
 0.0112 grams  

(0.05 mmol) 

0.0112 grams  

(0.05 mmol) 

0.0112 grams  

(0.05 mmol) 

0.0112 grams  

(0.05 mmol) 

0.0112 grams  

(0.05 mmol) 

0.0112 grams  

(0.05 mmol) 

2 M KOH  100 µL 100 µL 100 µL 100 µL 100 µL 100 µL 

MeOH  3 mL 3 mL 3 mL 3 mL 3mL 3 mL 

Molar Ratios   1:2:1 1:2:1 1:2:1 1:2:1 1:1:1 1:2:1 

pHi  6-7 6-7 6 5-6 6 6-7 

Time (d)  2 2 7 7 7 14 

Crystal Color  Colorless Beige Yellow Yellow Yellow Colorless 

Crystal Habit  Blocks Plates Blocks Thick rods Thick rods Needles 

Yield (Based 

on metal) 

 
N/Aa N/A 49 % 69 % 66 % 43 % 

EA Calc. 

(Obs.) 

 

N/A 

C 39.33 (39.13) 

H 2.02 (1.99) 

N 5.92 (5.88 %) 

C 40.46 (39.97) 

H 2.08 (2.04) 

N 4.57 (4.57 %) 

C 38.60 (38.24) 

H 1.99 (1.88) 

N 4.36 (4.20 %) 

C 33.56 (33.55) 

H 1.84 (1.92) 

N 5.10 (5.05 %) 

C 41.85 (41.10) 

H 2.15 (1.99) 

N 6.30 (5.88 %) 

aCompounds 23 and 24 were formed from the same reaction; manual separation allowed for further 

characterization of 24.  
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Table 6.2 Crystallographic structure refinement details for compounds 23 - 28.  

 23 24 25 26 27 28 

Formula C32H28Bi2N10O14 C31H19BiF6N4O7S2 C31H19BiClF6N3O4S2 C31H19BiBrF6N3O4S2 C23H15BiBr2F3N3O2S C31H19EuF6N4O7S2 

MW (gmol-1) 1194.60 946.60 920.05 964.50 823.23 889.59 

T (K) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 

λ (K α) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

μ (mm-1) 9.944 5.654 5.958 7.11 10.54 2.114 

Crystal 

System 
Monoclinic Monoclinic Triclinic Triclinic Monoclinic Monoclinic 

Space Group P21/n C2/c P-1 P-1 C2/c C2/c 

a (Å) 11.0626(5) 36.9106(21) 10.3216(5) 10.2659(6) 30.2542(14) 37.6364(16) 

b (Å) 13.5522(6) 9.7235(6) 10.7535(5) 10.8192(6) 8.7876(4) 9.6744(4) 

c (Å) 11.9227(5) 17.9854(11) 14.8647(7) 14.9442(8) 18.6371(8) 18.2345(7) 

α (°) 90 90 91.665(2) 91.545(2) 90 90 

β (°) 94.194(2) 90.197(2) 91.689(2) 92.281(2) 96.051(1) 95.909(1) 

γ (°) 90 90 109.018(2) 109.003(2) 90 90 

Volume (Å3) 1782.70(14) 6487.1(5) 1557.84(13) 1566.73(15) 4926.8(4) 6604.1(5) 

Z 2 8 2 2 8 8 

Rint 0.0668 0.0919 0.0445 0.0311 0.0371 0.0365 

R (I > 2σ) 0.0277 0.0409 0.0207 0.0144 0.0185 0.0275 

wR2 0.0461 0.0839 0.0393 0.0338 0.0425 0.0652 

GooF 1.021 1.024 1.027 1.052 1.128 1.061 

Residual 

density 

(max/min) 

2.30/-0.75 1.62/-0.69 0.98/-0.76 1.18/-0.61 0.67/-1.06 1.44/-0.67 

CCDC No. 1913266 1913267 1913269 1913270 1913268 1913271 

 

6.1.2 Bi2(terpy)2(MeO)2(NO3)4 (23) 

 The asymmetric unit of 23, Bi2(terpy)2(MeO)2(NO3)4, consists of one Bi3+ metal center, 

two nitrate ions, one methoxy group, and one κ3-terpy ligand. Each bismuth is nine-coordinate, 

bound to four O atoms from two bidentate nitrate ions, two O atoms from two bridging methoxy 

groups, and three N atoms from one terpy. The bismuth adopts a distorted tricapped trigonal 
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prismatic coordination geometry. The Bi-O distances range from 2.663(3) to 2.734(3) Å for the 

nitrates and 2.225(3) to 2.375(3) Å for the bridging O atoms from the methoxy. The Bi-Omethoxy 

distances fall within expected distances for a bridging methoxy group rather than a singly bound 

methanol.351-352 The Bi-N distances range from 2.402(4) to 2.585(4) Å. Bi1 is bridged to a second 

bismuth center through two O atoms from two methoxy groups to form discrete dimeric units (Fig. 

6.1a). Intermolecular interactions (determined through Platon) further stabilize the structure.205 

Weak, offset π-π stacking is observed between terpyridine ligands of adjacent dimeric units with 

Cterpy∙∙∙Cterpy = 3.969(3) Å and the slip angle = 28.0°. This π-π stacking bridges the dimers into 

supramolecular 1D chains along the [001] as illustrated in Fig. 6.1b.  

 

Fig. 6.1 (a) Illustration showing the dimeric unit in 23. (b) Polyhedral packing diagram of 23 

down the [100] depicting π-π interactions (purple dashed lines) between the terpy∙∙∙terpy ligands. 

Green polyhedral are nine coordinate BiO6N3. Green, red, blue, and black spheres are bismuth, 

oxygen, nitrogen, and carbon atoms, respectively. Hydrogen atoms have been omitted for clarity. 

Symmetry operators: (i) -x+1, -y+1, -z+1.  
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6.1.3 BiNO3(TTA)2(terpy) (24) 

The asymmetric unit of 24, BiNO3(TTA)2(terpy), is comprised of one bismuth metal center, 

one κ2-nitrate, two κ2-TTA ligands, and one κ3-terpy ligand. As shown in Fig. 6.2a, the bismuth is 

nine-coordinate, adopting a distorted capped square antiprismatic geometry. The Bi3+ metal center 

is bound to four O atoms from two TTA ligands, two O atoms from one nitrate, and three N atoms 

from one terpy. The Bi-O distances range from 2.318(5) to 2.539(4) Å for the TTA and are 

2.626(4) and 2.711(4) Å for the O atoms from the nitrate. The Bi-N distances range from 2.518(5) 

to 2.555(5) Å. Intermolecular interactions are observed between adjacent aromatic rings, as shown 

in Fig. 4, bridging the monomeric units into supramolecular 2D sheets that extend in the (010) 

plane. These interactions occur between adjacent terpy ligands with Cterpy∙∙∙Cterpy = 3.669(4) Å and 

a slip angle = 22.0° and between one disordered thiophene and an adjacent terpy ligand, 

Cthiophene∙∙∙Cterpy = 3.779(8) Å, slip angle = 20.5° for Part A.  

 



149 

 

Fig. 6.2 (a) Illustration showing the monomeric unit in 24. (b) Polyhedral packing diagram of 

24 down the [010] depicting π-π interactions between the thiophene∙∙∙terpy (red dashed lines), the 

terpy∙∙∙terpy (purple dashed lines), and thiophene-thiophene ligands (orange dashed lined). Green 

polyhedral are nine coordinate BiO6N3. Green, red, purple, yellow, blue, and black spheres are 

bismuth, oxygen, fluorine, sulfur, nitrogen, and carbon atoms, respectively. Hydrogen atoms and 

thiophene ring disorder have been omitted for clarity. 

6.1.4 BiCl(TTA)2(terpy) (25) 

The asymmetric unit of 25, BiCl(TTA)2(terpy), consists of one Bi3+ atom, one Cl atom, 

two κ2-TTA ligands, and one κ3-terpy ligand. The Bi3+ is eight-coordinate, forming a distorted 

bicapped trigonal prismatic coordination geometry. The bismuth metal center is bound to one Cl 

atom, four O atoms from two TTA ligands, and three N atoms from one terpy ligand (Fig. 6.3a). 

The Bi-Cl bond distance is 2.5879(8) Å and the Bi-O and Bi-N distances range from 2.420(2) to 

2.641(2) Å and 2.508(2) to 2.530(2) Å, respectively. The monomeric units are bridged into 

supramolecular 2D sheets along the (001) plane via π-π stacking interactions (Fig. 6.3b). The 

thiophene ring of one TTA and the two peripheral rings of the terpy display moderately strong π-

π interactions (Cthiophene∙∙∙Cterpy = 3.571(2) Å, slip angle = 18.3°; Cthiophene∙∙∙Cterpy = 3.474(3) Å, slip 

angle = 18.4°). The thiophene ring of one TTA displays π-π interactions to a symmetry equivalent 
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thiophene ring of an adjacent TTA ligand with the distances between centroids and the slip angles 

equal to 3.599(7) Å, 21.6° and 3.655(8) Å, 21.9° for Part A. Additionally, each Bi-bound terpy 

ligand interacts with a terpy from an adjacent complex, with the closest distance Cterpy∙∙∙Cterpy = 

3.647(2) Å and the slip angle = 21.2°. Evidence of a halogen-π interaction is observed between 

Cl1 and the center of a pyridine ring (N32), where Cl1∙∙∙Cterpy = 4.271(4) Å with α = 34° 

corresponding to the angle between the vector along the terpy centroid-Cl1 line and the vector 

normal to the plane in which the terpy ring lies.353-354   

 

Fig. 6.3 (a) Illustration showing the monomeric unit in 25. (b) Polyhedral packing diagram of 

25 down the [010] depicting π-π interactions between the thiophene∙∙∙terpy (red dashed lines), the 

terpy∙∙∙terpy (purple dashed lines), and thiophene-thiophene ligands (orange dashed lines). Green 

polyhedral are eight coordinate BiClO4N3. Green, red, purple, yellow, blue, orange, and black 

spheres are bismuth, oxygen, fluorine, sulfur, nitrogen, chlorine, and carbon atoms, respectively. 

Hydrogen atoms and disorder of the thiophene rings have been omitted for clarity. 

6.1.5 BiBr(TTA)2(terpy) (26) 

 Compound 26, BiBr(TTA)2(terpy), is isomorphous to 3; the asymmetric unit consists of 

one Bi3+ atom, one Br atom, two κ2-TTA ligands, and one κ3-terpy ligand. The bismuth is eight-
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coordinate, forming a distorted bicapped trigonal prismatic coordination geometry. Each Bi3+ 

metal center is bound to one Br atom, four O atoms from the TTA ligands, and three N atoms from 

the terpy ligand (Fig. 6.4a). The Bi-Br distance is 2.748(2) Å, the Bi-O distances range from 

2.461(3) to 2.613(3) Å, and the Bi-N distances range 2.510(3) from to 2.434(3) Å. Similar to the 

intermolecular interactions observed in 25, several π-π stacking interactions are observed 

constructing supramolecular 2D sheets along the (010) plane (Fig. 6.4b). Interactions are seen 

between the thiophene ring of one TTA and the outer rings of the terpy (Cthiophene∙∙∙Cterpy = 3.4923(2) 

Å, slip angle = 18.8°; Cthiophene∙∙∙Cterpy = 3.5979(2) Å, slip angle = 18.2°). Further, the thiophene 

ring of one TTA displays π-π interactions to a symmetry equivalent thiophene ring of an adjacent 

TTA ligand with the distances between centroids and the slip angles equal to 3.6019(2) Å, 21.4° 

for Part A. Finally, the terpy ligand stacks with additional terpy ligands in adjacent monomeric 

units, with the closest distance of Cterpy∙∙∙Cterpy = 3.6273(2) Å and slip angle = 21.7°. As observed 

in 25, a halogen-π interaction is observed between Br1 and the center pyridine ring of terpy, where 

Br1∙∙∙Cterpy = 4.213(4) Å with α = 36°.  
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Fig. 6.4 (a) Illustration showing the monomeric unit in 26. (b) Polyhedral packing diagram of 

26 down the [010] depicting π-π interactions between the thiophene∙∙∙terpy (red dashed lines), the 

terpy∙∙∙terpy (purple dashed lines), and thiophene-thiophene ligands (orange dashed lines). Green 

polyhedral are eight coordinate BiBrO4N3. Green, red, purple, yellow, blue, dark red, and black 

spheres are bismuth, oxygen, fluorine, sulfur, nitrogen, bromine, and carbon atoms, respectively. 

Hydrogen atoms and thiophene disorder have been omitted for clarity. 

6.1.6 BiBr2(TTA)(terpy) (27) 

 Compound 27, BiBr2(TTA)(terpy), is composed of one unique Bi3+ metal center, two Br 

atoms, one κ2-TTA ligand, and one κ3-terpy ligand. The bismuth center is seven-coordinate, bound 

to two Br atoms, two O atoms from the TTA, and three N atoms from the terpy, forming discrete 

monomeric units (Fig. 6.5a). The bismuth cation adopts a slightly distorted pentagonal bipyramidal 

molecular geometry with Br1-Bi1-Br2 angle = 173.2°. The Bi-Br, Bi-O, and Bi-N distances are 

2.753(1) and 2.911(1) Å, 2.417(2) and 2.465(2) Å, and 2.512(3) - 2.525(3) Å, respectively. Each 

monomer interacts with two other monomeric units via π-π stacking interactions between the 

thiophene ring of the TTA and terpy  (Cthiophene∙∙∙Cterpy = 3.8346(2) Å, slip angle = 21.9°) and 

between adjacent terpy ligands (Cterpy∙∙∙Cterpy = 3.6545(2) Å, slip angle = 20.6° and 3.874(2)). These 
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intermolecular interactions bridge the monomers into supramolecular 2D sheets on the xy plane as 

shown in Fig. 6.5b.  

 

Fig. 6.5 (a) Illustration showing the monomeric unit in 27. (b) Polyhedral representation of 27 

down the [010] depicting π-π interactions between the thiophene∙∙∙terpy (red dashed lines) and the 

terpy∙∙∙terpy ligands (purple dashed lines). Green polyhedral are seven coordinate BiBr2O2N3. 

Green, red, purple, yellow, blue, dark red, and black spheres are bismuth, oxygen, fluorine, sulfur, 

nitrogen, bromine, and carbon atoms, respectively. Hydrogen atoms have been omitted for clarity. 

 

6.1.7 EuNO3(TTA)2(terpy)·0.3MeOH (28) 

 Compound 28, EuNO3(TTA)2(terpy)·0.3MeOH, is built from one crystallographically 

unique Eu3+ metal center, one κ2-nitrate, two κ2-TTA ligands, and one κ3-terpy ligand (Fig. 6.6a). 

It is isostructural to its bismuth analog, 24. The europium is nine-coordinate, forming a distorted 

monocapped square antiprismatic coordination geometry. Each Eu3+ center is bound to four O 

atoms from two TTA ligands, two O atoms from one nitrate, and three N atoms from one terpy. 

The Eu-O distances range from 2.348(3) to 2.408(3) Å for the TTA. The nitrate Eu-O bond 

distances are 2.521(3) to 2.567(3) Å. The Eu-N distances range from 2.542(4) to 2.577(4) Å. A 

partially occupied (~30%) methanol is located in the outer coordination sphere. The compound 
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forms monomeric units that display similar intermolecular interactions to that of 24 (Fig. 6.6b). 

Between adjacent terpy ligands, displaced parallel π-π stacking interactions are observed, where 

Cterpy∙∙∙Cterpy = 3.638(2) Å, slip angle = 19.9°. There are also weak stacking interactions between 

the one disordered thiophene and an adjacent terpy, Cthiophene∙∙∙Cterpy = 3.828(12) Å, slip angle = 

23.1° for Part A.  

 

Fig. 6.6 (a) Illustration showing the monomeric unit in 28. (b) Polyhedral packing diagram of 

28 down the [010] depicting π-π interactions between the thiophene∙∙∙terpy (red dashed lines), the 

terpy∙∙∙terpy (purple dashed lines), and thiophene-thiophene ligands (orange dashed lined). Pink 

polyhedral are nine coordinate EuO6N3. Pink=europium, red=oxygen, purple=fluorine, 

yellow=sulfur, blue=nitrogen, and black=carbon atoms. Hydrogen atoms and solvent molecules 

have been omitted for clarity. 

6.1.8 Structural Systematics 

There are few bismuth-terpy193, 222, 224, 355-356 and no bismuth-TTA compounds reported in the 

literature. Of these, the Bi-terpy phases predominately contain bound iodide, with none bearing 

chloride or bromide. Of the 150 compounds reported in the CSD bearing the Bi-X1 structural motif 

(X=Cl or Br; only one halide bound to the metal center) as observed in 24 and 25, only three adopt 
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have an eight-coordinate metal center with all three where X=Cl. This highlights the scarcity of 

this structural motif for bismuth-based compounds, especially in the instance of 25. In contrast, 

the Bi-X2 motif (X=Cl or Br; only two halides bound to the metal center) yielded 125 hits, five of 

them being seven-coordinate like 26 (two Bi-Br2 and three Bi-Cl2). It is perhaps surprising then 

that we only saw formation of 26 upon changing metal:ligand ratios and no formation of its 

chloride analog. Further, 23 is isostructural to a previously reported bismuth-terpy dimer reported 

by Junk et al., Bi2(terpy)2(OH)2(NO3)4, in which the bismuth centers are instead bridged through 

two hydroxides.355 This is only the second example of a Bi-(µ-MeO)2-Bi structural motif, and the 

first example wherein the methoxy originates from an in situ reaction rather than a methoxy 

precursor as reported by Yin et al.351 The methoxy bridging group in 23 must come from the 

methanol in the reaction.  

We have observed presence of this lone pair previously in bismuth-carboxylates as discussed 

in the prior sections where clear asymmetry is observed in the Bi-O bond lengths. However, this 

bond asymmetry is notably absent in the compounds presented in section 6.2. In 23 – 27, Bi-O 

distances and Bi-N distances are notably similar in each compound (e.g. in 24, Bi-O31 = 2.318(5) 

Å and Bi-O32 = 2.458(5) Å; Bi-N11 = 2.518(5) Å, Bi-N12 = 2.521(5) Å, Bi-N13 = 2.555(5) Å). 

This is consistent with a holodirected metal center and the absence of a stereochemically active 

bismuth 6s2 lone pair. This could be attributed, in part, to the push-pull effect of the TTA ligand 

with an electron donating thiophene group and an electron withdrawing group of the CF3. 

6.1.9 Europium-doped Bismuth Phases 

As has been discussed prior, doping of bismuth-organic compounds with lanthanide ions 

at room temperature requires some adjustment of the synthetic approach. To achieve europium 



156 

 

doping of the bismuth-TTA-terpy phases, an aliquot of europium nitrate (24, 26 – 27) or chloride 

(25) solution vide infra was added prior to crystallization of the bismuth-only phases. When doping 

24, the europium solution was added during the initial reaction set-up. For doping 25 – 27, 

europium was added an hour after the initial reaction began. When the europium solution was 

added at the beginning of the reaction, no Eu incorporation was observed based on visual 

inspection under a UV lamp.  

Differences in solubility between the bismuth salts and the europium salts as well as 

differing reaction kinetics led to challenges in doping 24 – 27. Initially, in an effort to keep the 

counter anion identical upon addition of Eu3+, Eu(NO3)3, EuCl3, and EuBr3 solutions were added 

to the respective reaction vials of 24 – 27. However, this approach was only successful for 24 and 

25 when Eu(NO3)3 and EuCl3 were added immediately and after one hour, respectively. Due to 

the rapid formation of 24, the europium nitrate aliquot was added immediately following addition 

of solvent. Addition of europium nitrate after >15 minutes resulted in a distinct absence of 

europium incorporation in 24 based on visual inspection, likely because most of the product had 

already formed. The undoped compound 24 forms significantly faster than 6, further showing the 

differences in reaction kinetics between the Bi-TTA/terpy and Eu-TTA/terpy phases. For 3, doping 

was possible with both Eu(NO3)3 and EuCl3, but only characterization of the phase doped with 

EuCl3 is reported herein. For 26 and 27, addition of EuBr3 as the europium salt did not successfully 

incorporate europium into the bismuth host materials regardless of when the europium bromide 

was added to the solution. This may be related to a difference in solubility between the europium 

nitrate and bromide salts under the given reaction conditions, i.e. the nitrate salt is more soluble in 

methanol. Eu(NO3)3 was instead added to the reaction vial of 26 and 27 an hour after the initial 



157 

 

reaction began. Addition of a europium nitrate aliquot at the start of the reaction resulted in no Eu 

incorporation into the crystalline product based on visual inspection. We have made use of similar 

doping strategies in lanthanide-doped bismuth-thiophenedicarboxylates, where a lanthanide salt 

aliquot was added to the reaction vial a day after the initial start of the reaction.192 

6.1.9.1 Bi0.97Eu0.03NO3(TTA)2(terpy) (Bi0.971Eu0.029-24) 

 The doped compound Bi0.971Eu0.029-24, Bi0.97Eu0.03NO3(TTA)2(terpy), was formed following 

the synthesis given in section 6.2.3. Bismuth nitrate (0.0218 grams, 0.045 mmol), TTA (0.022 

grams, 0.1 mmol), terpy (0.0112 grams, 0.05 mmol), and methanol (3 mL) were loaded into a 10 

mL glass vial. The pH was increased to ca. 6-7 with 2 M potassium hydroxide in methanol (100 

μL). An aliquot of 0.1 M europium nitrate in methanol (50 μL, 0.005 mmol) was immediately 

added to the vial. The glass vial was then capped and placed on the benchtop under ambient 

conditions. Crystallization was immediately observed. After two days, the products were filtered, 

washed in ethanol, and allowed to dry. Beige plates of compound Bi0.971Eu0.029-24 were collected 

with no apparent formation of a doped phase of 23. Manual separation from the undoped 23 

allowed for subsequent characterization of Bi0.971Eu0.029-24. Powder diffraction data of the 

separated sample is given in A.27 Elemental Analysis for C31H19Bi0.97Eu0.03F6N4O7S2: Calc. 

(Obs.): C, 39.33 (39.09); H, 2.02 (1.91); N, 5.92 (6.00 %). 

6.1.9.2 Bi0.99Eu0.01Cl(TTA)2(terpy) (Bi0.988Eu0.012-25) 

The doped compound Bi0.988Eu0.012-25, Bi0.99Eu0.01Cl(TTA)2(terpy), was formed following 

the synthesis given in section 6.2.2. Bismuth chloride (0.0141 grams, 0.045 mmol), TTA (0.022 

grams, 0.1 mmol), terpy (0.0112 grams, 0.05 mmol), and methanol (3 mL) were loaded into a 10 

mL glass vial. The pH was increased to ca. 5-6 with 1 M potassium hydroxide in methanol (100 
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μL). The glass vial was capped and placed on the benchtop at room temperature. After one hour, 

an aliquot of 0.1 M europium chloride in methanol (50 μL, 0.005 mmol) was added to the vial.  

After one week, the products were filtered, washed in ethanol, and allowed to dry. Yellow blocks 

of Bi0.988Eu0.012-25 were collected. Powder diffraction data of the bulk sample is given in A.28. 

Yield: 39% (based on Bi). Elemental Analysis for C31H19Bi0.99Eu0.01ClF6N3O4S2: Calc. (Obs.): C, 

40.46 (40.14); H, 2.08 (1.92); N, 4.57 (4.53 %).  

6.1.9.3 Bi0.99Eu0.01Br(TTA)2(terpy) (Bi0.986Eu0.014-26) 

 The doped compound Bi0.986Eu0.014-26, Bi0.99Eu0.01Br(TTA)2(terpy), was formed following the 

synthesis given in section 6.2.3. Bismuth bromide (0.020 grams, 0.045 mmol), TTA (0.022 grams, 

0.1 mmol), terpy (0.0112 grams, 0.05 mmol), and methanol (3 mL) were loaded into a 10 mL glass 

vial. The pH was increased to ca. 5-6 with 1 M potassium hydroxide in methanol (100μL). The 

glass vial was capped and placed on the benchtop at room temperature. After one hour, an aliquot 

of 0.1 M europium nitrate in methanol (50 μL, 0.005 mmol) was added to the vial.  After one week, 

the products were filtered, washed in ethanol, and allowed to dry. Yellow rods of Bi0.986Eu0.014-26 

were collected. Powder diffraction data of the bulk sample is given in A.29. Yield: 54% (based on 

Bi). Elemental Analysis for C31H19Bi0.99Eu0.01BrF6N3O4S2: Calc. (Obs.): C, 38.60 (38.41); H, 1.99 

(1.88); N, 4.36 (4.40 %).  

6.1.9.4 Bi0.999Eu0.001Br2(TTA)(terpy) (Bi0.999Eu0.001-27) 

 The doped compound Bi0.999Eu0.001-27, Bi0.999Eu0.001Br2(TTA) (terpy), was formed following 

the synthesis given in section 6.2.4. Bismuth bromide (0.020 grams, 0.045 mmol), TTA (0.011 

grams, 0.05 mmol), terpy (0.0112 grams, 0.05 mmol), and methanol (3 mL) were loaded into a 10 

mL glass vial. The pH was increased to ca. 5-6 with 1 M potassium hydroxide in methanol 
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(100μL). The glass vial was capped and placed on the benchtop at room temperature. After one 

hour, an aliquot of 0.1 M europium nitrate in methanol (50 μL, 0.005 mmol) was added to the vial.  

After one week, the products were filtered, washed in ethanol, and allowed to dry. Yellow rods of 

Bi0.999Eu0.001-27 were collected. Powder diffraction data of the bulk sample is given in A.30. Yield: 

56% (based on Bi). Elemental Analysis for C23H15Bi0.999Eu0.001Br2F3N3O2S: Calc. (Obs.): C, 33.51 

(33.38); H, 1.96 (1.74); N, 5.09 (5.05 %).  

6.1.9.5 Doping Analysis 

Successful doping of europium into each bismuth compound was confirmed by powder 

XRD, ICP-MS, and luminescence/lifetime data. Further inspection of the crystal structure shows 

maximum void diameters less than 4.9 Å in each case, indicating that a hydrated europium ion 

(diameter = ~4.9 Å)  is unlikely to reside in any open volume.347 Phase separation was prevented 

by careful introduction of the europium salt to the reaction vial prior to crystallization of the 

bismuth phase as outlined above. Powder patterns of each doped phase match to the corresponding 

calculated pattern, indicating no phase separation (A.27-A.30). The ratio of europium doped into 

each bismuth compound was determined through ICP-MS. The percentages of europium 

incorporation are given in Table 6.3 and are the averages of multiple separate reactions. The given 

percentages reflect the maximum doping levels achieved even at doping levels up to 10%. 

Compound 24 shows the highest doping level of the four compounds, which could be due to the 

isostructural nature of 24 and 28. Perhaps unsurprisingly, 27 shows the lowest amount of doping, 

possibly attributed to the presence of two bromide ions bound to the metal center. In contrast to 

europium chloride-organic compounds, few europium bromide-organic compounds have been 

reported. As such, the Eu-Br structural motif is relatively uncommon and the Br-Eu-Br motif even 



160 

 

more so. The unfavorable coordination environment of 27 with two soft bromide ions may also 

play a role in the low europium percentage incorporated into it.357 This could also be a reason for 

the unsuccessful synthesis of europium analogs of 26 and 27.  

Table 6.3 Percent Eu3+ ion doping into compound 24 – 27. 
 

Eu Doping (mol%) 

Bi0.971Eu0.029-24 2.9 ± 0.5 

Bi0.988Eu0.012-25 1.2 ± 0.3 

Bi0.986Eu0.014-26 1.4 ± 0.2 

Bi0.999Eu0.001-27 0.1 ± 0.1 

 

6.1.10 Luminescence of 24 – 28  

The room temperature solid-state luminescence of the europium-doped compounds was 

measured and displayed expected metal-based emission in the visible region. The room 

temperature luminescence spectra of the free ligands TTA and terpy were collected, giving weak 

emission peaks centered at 449 and 373 nm, respectively (Appendix D). This emission likely 

results from intra-ligand π → π* and/or n → π* transitions. Using time-delayed measurements at 

77 K, the singlet and triplet states of the ligands were determined by forming the respective Gd-

ligand complex in solution and are given in Table 6.4. They are in good agreement with literature 

values of excited states.358 The emission spectra of the gadolinium complex with both TTA and 

terpy present shows emission of the TTA ligand only. This is consistent with the relative energy 

levels of the excited states for both ligands, where TTA lies lower in energy than terpy; its triplet 

state could reasonably be populated via energy transfer from the excited states of terpy.  
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Table 6.4 Singlet and triplet states of the ligands TTA and terpy. 
 Singlet (cm-1) Triplet (cm-1) 

Gd-TTA 26,315 21,505 

Gd-terpy 28,169 22,988 

 

The bismuth-only compounds appear non-luminescent at room temperature. However, 

each phase does display weak ligand luminescence with broad emission bands ranging from ca. 

350 to 550 nm when excited between 315-327 nm (Appendix D). Broad emission from TTA and 

terpy are observed in 2 with a λmax at 380 nm. Compounds 25 and 26 show distinct terpy and TTA 

emission at ~375 and ~446 nm, respectively and show peaks centered at ca. 500 nm. Compound 

27 again displays the terpy and TTA ligand emission bands, and a much stronger band centered at 

520 nm. In the bismuth-only phases, overall luminescence intensity follows 27 < 26 < 25, which 

is in line with prior observations that emission from bromobismuth species are often less intense 

than their chloride analogs.126, 178 The emission peak attributed to TTA is much greater in intensity 

for 25 - 26 compared to 27, which might be due to the greater number of bound TTA ligands in 25 

– 26. Analysis of the triplet state for TTA and terpy indicates that energy transfer from terpy to 

TTA is possible. Further, as the third emission band around 500-520 nm is not observed in 24, it 

is likely this peak is related to influence of the halides present in the compounds. This emission 

band could result from a ligand-to-metal charge transfer (LMCT) between the Bi3+ and the 

halides79, 172, 359, a ligand-to-ligand charge transfer (LLCT) between the halides and organic 

ligands360, an intraligand (IL) phosphorescence induced by the heavy atom effect56, 58, 178, or a 

metal-centered (MC) s→p transition178, 361. It would be expected that an IL phosphorescence or 

MC transition would also be observed in 24, which is not the case. Bromo sp2 metals have weaker 

reported luminescence than their chloride analogs due to increased sp/LMCT mixing, which could 
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be an indication that LMCT is likely involved in the third emission band.229 In 27, this peak has a 

much greater intensity than for 25 – 26, possibly owing to the presence of multiple halide ions 

rather than one that can be involved in charge transfer transitions. 

 

Fig. 6.7 Room temperature excitation (dashed line) and emission (solid line) spectra of (a) 

Bi0.971Eu0.029-24, (b) Bi0.988Eu0.012-25, (c) Bi0.986Eu0.014-26, and (d) 28, and images (f) of the bulk 

compounds under ambient light (left) and UV light (right). An image is not displayed for 

Bi0.999Eu0.001-27 as emission is not noticeable to the naked eye, most likely due to the low doping 

amount. 

 

The room temperature solid-state luminescence of the europium-doped compounds was 

measured and displayed expected Eu3+ emission in the visible region. The quantum yields, 

lifetimes, and luminescent efficiencies of the Eu-containing phases are given in Table 6.5. 
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Table 6.5 Photophysical measurements of compounds 23 - 28. 
 

φtot  φEu  lifetime (μs)  ɳsens  

Bi0.971Eu0.029-24 0.025(4) 0.39 664(44) 0.06 

Bi0.988Eu0.012-25 0.055(2) 0.34 506(1) 0.16 

Bi0.986Eu0.014-26 0.054(9) 0.29 547(4) 0.19 

Bi0.999Eu0.001-27 0.016(8) 0.16 469(5) 0.07 

Eu-28 0.134(3) 0.37 623(39) 0.36 

 

A broad excitation peak was observed for Bi0.971Eu0.029-24 centered at 377 nm, giving rise 

to red luminescence characteristic of europium (Fig. 6.11a). The 5D0 → 7FJ (J = 1, 2) transitions 

are assigned to the emission peaks at 594 and 617 nm, respectively, while the 5D0 → 7F0 transition 

is at 580 nm. Peaks centered at 652 and 699 nm can be assigned to the 5D0 → 7FJ (J = 3, 4) 

transitions, respectively. For Bi0.988Eu0.012-25, a broad excitation window was also observed, with 

a maximum centered around 439 nm (Fig. 6.11b). The 5D0 → 7FJ (J = 0 - 2) transitions are assigned 

to the emission peaks at 580, 594, and 617 nm, respectively. Broad, weak peaks centered around 

651 and 698 nm can be assigned to the 5D0 → 7FJ (J = 3, 4) transitions, respectively. Bi0.986Eu0.014-

26 displays characteristic red luminescence when excited at a maximum wavelength of 377 nm 

(Fig. 6.11c). The 5D0 → 7FJ (J = 0 - 3) transitions are observed at 581, 595, 616, and 652 nm 

respectively, while the broad peak centered at 698 nm can be assigned to the 
5D0 → 7F4 transition. 

A broad excitation window was observed for Bi0.999Eu0.001-27 with excitation peaks at 332, 379, 

and 449 nm (Fig. 6.11d). Upon excitation at 379 nm, a broad ligand emission is observed centered 

at 520 nm, similar in feature to ligand luminescence seen in the undoped 27. The 5D0 → 7FJ (J = 

1, 2) transitions are assigned to the emission peaks at 594 and 617 nm, respectively, while the 5D0 

→ 7F0 transition is at 580 nm. Broad, weak peaks centered around 654 and 700 nm can be assigned 

to the 5D0 → 7FJ (J = 3, 4) transitions, respectively.  
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A broad excitation maximum centered at 390 nm was observed for 28 (Fig. 6.11e). The 

well-defined 5D0 → 7FJ (J = 1, 2) transitions are assigned to the maximum emission peaks at 594 

and 617 nm, respectively, while the 5D0 → 7F0 transition is at 581 nm. Broad, weak peaks centered 

around 652 and 700 nm can be assigned to the 5D0 → 7FJ (J = 3, 4) transitions, respectively. The 

fluorescence lifetime fit to an exponential decay curve with a value of 623(39) μs.  

The broad excitation window for the Eu-doped phases 24 – 27 compared to the slightly 

narrower excitation range for 28 likely results from incorporation into the bismuth host framework. 

Throughout the excitation window, characteristic europium luminescence is still observed with no 

significant ligand contribution, indicating that sensitization of the Eu3+ ion is possible at a range 

of excitation wavelengths (D.33). For example, excitation of Bi0.988Eu0.012-25 at multiple 

wavelengths (i.e. 378, 438, 450, and 467 nm) did not result in any appreciable appearance of ligand 

bands or decrease in the europium luminescence. While β-diketonates can offer substantial 

luminescence sensitization for lanthanide-based systems,95, 107-109 it appears that doping into a 

bismuth host framework built from terpy and TTA does not produce equivalent photophysical 

properties in comparison to the Eu-only phases. Comparison of the doped phases of 24 – 27 shows 

a decrease in europium luminescence with Cl ≈ Br > NO3 > Br2. This could be due to an effect the 

halide ion identity has on the resulting luminescence (as observed in the bismuth-only phases) or 

in the case of Bi0.999Eu0.001-27, might result from the low amount of europium incorporation. It 

would be expected, based on the heavy atom effect, that increasing from Cl to Br to Br2 would 

promote spin-orbit coupling, decreasing the rate of intersystem conversion and increasing 

phosphorescence from the ligand. Interestingly, absence of any ligand emission in the doped 

analogs of 24 – 26 and 28 (contrasted to the strong ligand contribution observed in the bismuth-
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only compounds) indicates that the intramolecular energy transfer from the coordinated ligands to 

the Eu3+ metal ions is at least efficient for each doped phase except Bi0.999Eu0.001-27. If the 

observed decrease in luminescent efficiency between the Eu-doped phases and the Eu-only phase 

was exclusively due to poorly matched ligands, the φtot for Bi0.971Eu0.029-24 and 6 should be 

comparable. However, the quantum yields of each are notably different, implying doping into the 

bismuth framework did not enhance the luminescent efficiency, and rather, significantly decreased 

it. Nonetheless, the intrinsic quantum yields of each are roughly the same. There likely exists 

differences in the emissive manifolds of the europium-only and europium-doped bismuth 

compounds. This may suggest that the effective sensitization routes for lanthanide-only 

compounds might be ineffective or ill-suited for lanthanide-doped bismuth-organic phases. A 

modified Jablonski diagram depicting some possible electronic transitions within the Eu-doped 

bismuth compounds is given in Fig. 6.12. From the relative energy levels of ligand triplet states 

and looking at the combined Gd-TTA-terpy time delayed emissive spectra, likely only TTA and/or 

Bi3+ directly contribute energy transfer to the Eu3+ ions in the compounds.  
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Fig. 6.8 Simplified Jablonski diagram illustrating possible electronic transitions in the Eu-

doped bismuth compounds. A = absorption, F = fluorescence, P = phosphorescence, ISC = 

intersystem crossing, ET = energy transfer, BT = back energy transfer, S = singlet state, T = triplet 

state. 

Attempts to synthesize the analogous lanthanide phases of 25 - 27 using identical synthetic 

methods proved unsuccessful, showing the varied differences between bismuth and lanthanide 

synthetic routes and highlighting the innate synthetic challenges of developing Ln-doped bismuth-

organic materials. Further, while the Eu-only phase, 28, displays the most promising photophysical 

properties in this paper, they are still low with respect to other europium- β-diketonates. Mazzanti 

and colleagues, for example, have reported a similar Eu(2,2′:6′,2′′-terpyridine-6-

carboxylate)(TTA)2 species with a solid state quantum yield of 0.66(6).107 Addition of the bound 

nitrate in 28 or absence of the carboxylate group on the terpy may be giving rise to the much lower 

solid state quantum yield reported here. Additionally, presence of the partially occupied methanol 

in the outer coordination sphere of 28 might act as a high energy oscillator, allowing for non-

radiative deactivation processes.97   
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6.1.11 Thermogravimetric Analysis of 24 – 28 

Thermogravimetric analysis under flowing nitrogen was carried out on phase pure 

compounds of 24 – 28 over 30 C to 600 C (Appendix B). Powder X-ray diffraction data were 

collected on the thermal decomposition products. Each phase shows good thermal stability up to 

150 °C. For 24, an overall weight loss of 72.7% occurred over one step was observed. 

Decomposition begins around 150 °C and is complete just past 400 °C. This is consistent with 

decomposition to Bi2O3 (calc. 75.4%) and supported by PXRD; however, several peaks observed 

in the powder pattern could not be accounted for by Bi2O3 and full identification of the 

decomposition product was unsuccessful.362 The thermal decomposition of 25 resulted in an 

overall weight loss of 70.5% and occurred over three consecutive steps. The first weight loss (18%) 

began around 150 °C and is attributed to loss of one TTA ligand (calc. 20.0%). A second weight 

loss (42%) began immediately following the first at around 200 °C and may be attributed to lose 

of the second TTA ligand and terpy (calc. 39.5%). The final weight loss of 11% began at about 

325 °C and concluded just past 475 °C. This is consistent with decomposition to the “Arppe 

Compound” Bi24O31Cl10 (calc. 73.4%) and is supported by the powder pattern.363 The thermal 

decomposition of 26 had an overall weight loss of 75.8% over four consecutive steps. The first 

weight loss (21.4%) began around 175 °C and is consistent with loss of a TTA ligand (calc. 19.6%). 

Immediately thereafter, the second weight loss (37.7%) began at 230 °C and is attributed to loss 

of the second TTA ligand and terpy (calc. 39.4%). The third weight loss of 10% began at ca. 350 

°C and was complete at 470 °C. The final weight loss (6.7%) was complete just before 600 °C. 

PXRD data of the thermal product indexes to Bi24O31Br10 (calc. 72.8%). The thermal 

decomposition of 27 had an overall weight loss of 68.6% over two consecutive drops. The first 
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weight loss (64.1%) began around 150 °C and was complete by 350 °C. The second and final 

weight loss of 4.6% was complete by 460 °C. PXRD data of the thermal product indexes to 

Bi24O31Br10 (calc. 68.1%). The thermal decomposition of 28 had an overall weight loss of 72.9% 

over three consecutive drops. The first weight loss (58.4%) began around 200 °C and was complete 

at 325 °C, at which time the second weight loss (5.7%) began. These two drops are consistent with 

loss of both TTA ligands and terpy (calc. 64.1%). The final weight loss (9%) began at 400 °C and 

concluded just before 600 °C. PXRD data of the thermal product did not index to any reported 

europium-inorganic phases.  

6.1.12 Raman Spectra of 23 – 28  

Room temperature Raman spectra were collected for single crystals of 23 - 28. The spectra 

for each compound show characteristic ligand peaks, and for 25 – 27 Bi-X (X=Cl, Br) vibrations 

are observed. The peaks between 200-315 cm-1 can be attributed to ν(Bi-X) vibrations in 25 – 

27.150, 180  Many peaks are also observed between 1000 and 1700 cm-1, which can be attributed to 

overlapping bands from C-H, C-F3, C-O, C-N, and ring vibrations from the thienyl and/or 

terpyridine groups.364 

6.2 Summary  

 A series of isostructural heteroleptic bismuth-organic compounds bearing terpyridine and 2-

thenoyltrifluoroacetone were synthesized and structurally characterized, forming monomeric units 

bridged into supramolecular extended frameworks through intermolecular interactions. 

Additionally, an isostructural Eu-analog was synthesized under similar synthetic conditions, 

though the reaction kinetics for the Eu phase were significantly slower than the Bi analog. Further, 

Eu3+ metal ions were incorporated into each bismuth compound using a time delay for 25 – 27. 
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Each phase was formed at room temperature, marking the second report of an Eu-doped Bi-organic 

phase synthesized under these conditions. Through low temperature time delayed emission 

measurements, the excited triplet states of the ligands were calculated and determined that energy 

transfer between the ligand and metal ions is likely through TTA. While intrinsic quantum yields 

for the isomorphous Eu-only (28) and Eu-doped Bi (Bi0.971Eu0.029-24) phase were similar, the total 

quantum yields differed significantly indicating the emissive pathways for the europium 

luminescence in the Eu-doped bismuth phases is different than in the Eu-only phase. This could 

have implications for the design of Ln sensitization in doped bismuth-organic compounds.  
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CHAPTER 7: DISSERTATION SUMMARY 

7.1 Summary 

 The use of luminescent materials is pervasive in society, having extensive use in optics, sensing, 

bioimaging, and other high-tech applications. However, development of new and novel classes of 

materials to meet growing lighting, energy, and security needs is of utmost importance to 

continued societal advances. We have addressed this aim through the development of luminescent 

bismuth-organic materials by: (1) establishing synthetic strategies to access bismuth-organic 

materials, thwarting hydrolysis and insolubility, and (2) investigating structure-property 

relationships within these compounds to inform underlying photophysical behavior. Bismuth-

based organic compounds have been noted for their emissive properties but reports in the literature 

often have been serendipitous; that is, design strategies to access these emissive phases have not 

been developed. We have looked to engineer luminescence in these species through either careful 

consideration of the structural motif of the bismuth compound (e.g. facilitating intermolecular 

interactions via addition of aromatic ligands or a bismuth halide moiety) or through incorporation 

of an intrinsically luminescent Ln3+ metal ion into the bismuth-organic host material.  The work 

herein has developed viable synthetic strategies to access bismuth-organic compounds through 

exploration of variables such as temperature, metal:ligand ratio, metal salt precursor, solvent, 

reaction duration, and pH. Moreover, we have investigated doping Ln3+ metal ions into bismuth-

organic host materials and established the first two successful synthetic routes carried out at room 

temperature. The photophysical properties of the emissive compounds were examined including 

calculations of the luminescent efficiency.  
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 In Chapter 4, three series of luminescent bismuth-organic compounds built from N-donor 

heterocyclic ligands and/or pyridinedicarboxylate were synthesized and characterized. Room 

temperature and solvothermal conditions were explored and gave rise to discrete, molecular 

compounds that varied in nuclearity from monomers to dimers to a tetramer. Intermolecular 

interactions such as π-π stacking and halide-π interactions further propagated these structures into 

extended supramolecular species. Many of the compounds presented displayed visible light 

emission ranging from blue to yellow-orange when excited via UV radiation. For the phase pure 

compounds, bulk luminescence measurements were carried out. Even in the absence of phase 

purity, qualitative properties such as Raman luminescence or Raman spectroscopy could be 

employed to establish characterize single crystals pulled from the bulk. This chapter highlights the 

importance of intermolecular interactions between ligands (LLCT) as well as between ligands and 

the bismuth-halide moiety (MLCT) for luminescence in the reported compounds. It also illustrates 

the useful impact of concurrent computational analysis to more thoroughly understand the 

electronic transitions within these species. Further calculations are ongoing for the 

polybormobismuth compounds.  

 Chapter 5 discussed the synthesis of bismuth and lanthanide thiophenemono- and 

dicarboxylates and their spectroscopic properties. This chapter highlights the rich structural 

diversity of bismuth-organic species that can be accessed through exploration of synthetic 

variables such as metal:ligand ratio and metal salt precursor. A series of lanthanide-TMC and -

TDC compounds were synthesized to further illustrate the differences between Bi3+ and Ln3+ with 

regards to coordination geometry and reaction kinetics. Using this basis, incorporation of Ln3+ 

metal ions into the Bi-TDC compounds was achieved through a time delayed addition. This system 
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is one of the first to show successful doping with near-IR Ln3+ emitters. However, the overall 

luminescent efficiencies of the Eu-doped bismuth phases were low which points to possible 

inefficient electronic transitions in the Bi-TDC framework which could be due to either low 

incorporation of Eu3+ or involvement of bismuth in the energy migration pathway.  

 Finally, in Chapter 6, a series of bismuth-organic compounds built from terpyridine and 2-

thenoyltrifluoroacetone were synthesized and structurally characterized. Significant π-π stacking 

and halide-π interactions were observed in the solid state structures. For comparison, 

EuNO3(TTA)2(terpy)·0.3MeOH, which is isostructural to the bismuth-analog, was synthesized 

though much slower product formation was observed than with the bismuth-only phase. Europium-

doped phases of the bismuth-organic species were developed at room temperature using time delay 

doping techniques. Photophysical measurements including quantum yields and sensitization 

efficiencies were carried out for the europium-containing phases. While the quantum yield values 

for the doped phases were much lower than for the Eu-only analogs, the intrinsic quantum yields 

were similar, indicating that energy transfer to the Eu metal ion in the bismuth host material is less 

efficient than for the Eu-only species. Likely, the Bi3+ metal ion plays a role in quenching this 

emission. Computational analysis of the bismuth-only phases has been proposed to better 

understand the role of bismuth.  

 Synthesis of bismuth-organic compounds is non-trivial. One of the main aims of this research 

has been to establish synthetic avenues to arrive at bismuth-organic compounds with an eye 

towards phase control. Through a systematic approach via manipulation of a wide range of 

synthetic variables (e.g. solvent, temperature, metal salt precursor, pH), a breadth of compounds 

were isolated ranging in nuclearity, dimensionality, and structural coordination. When 
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manipulation of the synthetic conditions did not result in bulk phase purity, several separation 

techniques (density, manual) were employed to arrive at a phase pure compound for further 

characterization. The synthetic strategies reported in this dissertation present several new avenues 

to develop and rationally design bismuth-organic compounds. 

 Prior to this work, most accounts of luminescent bismuth- and lanthanide-doped bismuth-

organic compounds have largely focused on a qualitative understanding of the emissive behavior 

of the phases without further depth into the luminescent efficiency and energy migration pathways. 

That is to say, luminescence in bismuth-organic species is often loosely attributed to a variety of 

potential pathways without an experimental or computational justification. Although significant 

time and effort was spent dealing with synthetic challenges in isolating phase pure compounds, 

this work has presented preliminary computational analysis of several polychlorobismuth 

compounds and found charge transfer transitions to likely be key in facilitating emission. 

Moreover, photophysical measurements and calculations were carried out on the Eu-containing 

phases including quantum yield and sensitization efficiencies, marking one of the first studies of 

Eu-doped bismuth-organic compounds to do so. This has allowed a more thorough analysis of the 

efficiency (or in this case, lack thereof) of sensitization to the Eu3+ metal ion and provides a basis 

to further develop and rationally design Ln-doped Bi-organic compounds. 

7.2 Outlook 

The research presented herein provides several avenues for future research; however, a key 

step forward is through further investigation of the underlying photophysical properties of the 

emissive bismuth-organic and lanthanide-doped bismuth-organic compounds. The complexity and 

often significant overlap of possible excitation bands in bismuth compounds makes assignment of 
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the electronic transitions difficult based on the excitation and emission profiles alone; however, 

theoretical analysis can and should complement experimental data. An effort should be made to 

develop reliable theoretical models of the UV-vis absorption spectra and possible molecular 

orbitals involved in the excitation bands in luminescent bismuth-based compounds. Although the 

results reported herein are preliminary, computational analysis of the electronic transitions 

pathways within these compounds can help identify structural motifs that facilitate emission and 

lead to more rational design strategies. Understanding the nature of these transitions will not only 

allow for better analysis of 6s2 metal compounds but might also lead to insights into the 

photophysics of other luminescent metal-organic compounds. 

Further, computational analysis should be employed to the Ln-doped bismuth-organic systems 

to elucidate possible reasons for the low luminescent efficiencies observed. Theoretical modelling 

of the 3P1 and 
1P1 states of the bismuth-only species would offer a frame of reference for what role 

the bismuth-host material might play in the energy migration pathway and lead to a “more 

complete” Jablonski diagram. Moreover, as only a handful of reports have been published (and 

even fewer with efficiency measurements/calculations), development of additional systems of Ln-

doped bismuth-organic compound is necessary to better understand the energy transfer pathways 

responsible for emission. Potential avenues could entail use of functionalized ligands to 

systematically explore the role of the ligand in the photophysics and measurement of the ligand 

singlet and triplet states. Isomorphous or isostructural bismuth and europium compounds make 

ideal candidates for directly probing the effect of doping Eu into the bismuth framework has on 

the Eu3+ luminescence. However, due to the presence of the 6s2 lone pair of bismuth and its 

tendency to impart anisotropy about the Bi3+ metal center, accessing these analogs can be 
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challenging. Further exploration of non-innocent ligands (like TTA) that can modulate the Bi3+ 6s2 

lone pair electrons might help control the stereochemical activity of the lone pair and allow for 

synthesis of isostructural phases.  

Overall, bismuth-based materials offer a promising class of luminescent compounds but 

recognizing the inherent synthetic challenges to access these materials and the complexity of their 

photophysical behavior is imperative to rational design of these bismuth-bases systems. This 

dissertation has presented several synthetic strategies through thoughtful synthetic design that have 

expanded our knowledge of bismuth structural and spectroscopic chemistry, establishing a basis 

to explore fundamental structure-luminescence relationships.  
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APPENDIX A: POWDER X-RAY DIFFRACTION PATTERNS 

 

A.1 Powder X-ray diffraction data for the bulk product (blue) from which 1 (black) was isolated. 

A.2 Powder X-ray diffraction data for the bulk product (blue) from which 2 (black) was isolated. 
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A.3 Powder X-ray diffraction data for the bulk product (red) from which 3 (blue) and 4 (black) 

was isolated. 

 

 
A.4 Powder X-ray diffraction data for the bulk reaction (blue) from which single crystals of 5 

(black) and microcrystalline powder of 6 (red) were observed. 
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A.5 Powder X-ray diffraction data for the manually separated product of 5. Agreement between 

the calculated pattern generated from the crystallographic information file (black) and the 

experimental data (blue) support that the crystal used for structure determination is representative 

of the bulk. 

 

 
A.6 Powder X-ray diffraction data for the bulk product from which 6 was isolated. Agreement 

between the calculated pattern generated from the crystallographic information file (black) and the 

experimental data (blue) support that the crystal used for structure determination is representative 

of the bulk. 
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A.7 Powder X-ray diffraction data for the bulk product from which 7 was isolated. Agreement 

between the calculated pattern generated from the crystallographic information file and the 

experimental data support that the crystal used for structure determination is representative of the 

bulk. 

 

 
A.8 Powder X-ray diffraction data for the bulk product (blue) from the synthesis of bismuth 

chloride and terpy in the absence of H2PDC overlayed with the calculated pattern generated from 

the crystallographic information file of 7 (black) and BiOCl (red). 
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A.9 Powder X-ray diffraction data for the bulk product from which 8 was isolated. Agreement is 

seen between the calculated pattern generated from the crystallographic information file (black) 

overlayed with the experimental (blue), indicating phase purity consistent with elemental analysis. 

 

 
A.10 Powder X-ray diffraction data for the bulk product from which 9 was isolated. Agreement is 

seen between the calculated pattern generated from the crystallographic information file (black) 

overlayed with the experimental (blue), indicating phase purity consistent with elemental analysis. 
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A.11 Powder X-ray diffraction data for the bulk product from which 10 was isolated. Several peaks 

in the experimental pattern (blue) are not accounted for by the crystallographic information file 

(black), indicating presence of an unidentified impurity.  

 

A.12 Powder X-ray diffraction data for the bulk product from which 11 was isolated. Agreement 

is seen between the calculated pattern generated from the crystallographic information file (black) 

overlayed with the experimental (blue), indicating phase purity consistent with elemental analysis. 
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A.13 Powder X-ray diffraction data from the bulk product from which 12 was isolated. Agreement 

between the calculated pattern generated from the crystallographic information file (black) and the 

experimental data (blue) support that the crystal used for structure determination is representative 

of the bulk. 

 
A.14 Powder X-ray diffraction data for the bulk product (blue) from which 13 (black) and 14 

(red) was isolated. 
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A.15 Powder X-ray diffraction data for the manually separated product of 14. Agreement between 

the calculated pattern generated from the crystallographic information file (black) and the 

experimental data (blue) support that the crystal used for structure determination is representative 

of the bulk. 

 
 

A.16 Powder X-ray diffraction data for the bulk product (blue) from which 15 (black) and 16 

(red) was isolated. 
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A.17 Powder X-ray diffraction data for the bulk product from which Pr-17 was isolated. 

Agreement between the (a) calculated pattern generated from the crystallographic information file 

(black) and the (b) experimental data (orange) support that the crystal used for structure 

determination is representative of the bulk. 
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A.18 Powder X-ray diffraction data for the bulk product from which 18 (purple) and Bi1-xLnx-18 

(where Ln=Nd, Sm, Eu, Tb, Dy, and Yb ) were isolated. Agreement between the calculated pattern 

(black) and observed patterns indicates that the crystal used for structural determination is 

representation of the bulk, as confirmed by element analysis. 
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A.19 Powder X-ray diffraction data for the bulk product (purple) from which 19 and 20 were 

isolated, as well as Bi0.99Eu0.01-20 (red) after manual separation. The calculated patterns (black 

and blue) generated from the crystallographic information file are overlayed with the experimental, 

indicating a pure phase consistent with elemental analysis for Bi0.99Eu0.01-20 but a mixed phase 

for 19 and 20. 

 
A.20 Powder X-ray diffraction data for the bulk product from which 21 was isolated. Agreement 

is seen between the calculated pattern (black) generated from the crystallographic information file 

overlayed with the experimental (blue); however, subsequent elemental analysis yielded a minor 

impurity not observed in the powder. 
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A.21 Powder X-ray diffraction data for the bulk product from which 22 was isolated. Agreement 

is seen between the calculated pattern (black) generated from the crystallographic information file 

overlayed with the experimental (blue), indicating phase purity consistent with elemental analysis. 

 
A.22 Powder X-ray diffraction data for the bulk product from which 23 and 24 were isolated. 

Agreement between the calculated pattern and observed pattern of the manually separated powder 

pattern of 24 indicates that the crystal used for structural determination is representation of the 

bulk, as confirmed by element analysis. 
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A.23 Powder X-ray diffraction data for the bulk product from which 25 was isolated. Agreement 

between the calculated pattern and observed pattern indicates that the crystal used for structural 

determination is representation of the bulk, as confirmed by element analysis. 

 
A.24 Powder X-ray diffraction data for the bulk product from which 26 was isolated. Agreement 

between the calculated pattern and observed pattern indicates that the crystal used for structural 

determination is representation of the bulk, as confirmed by element analysis. 
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A.25 Powder X-ray diffraction data for the bulk product from which 27 was isolated. Agreement 

between the calculated pattern and observed pattern indicates that the crystal used for structural 

determination is representation of the bulk, as confirmed by element analysis. 

 
A.26 Powder X-ray diffraction data for the bulk product from which 28 was isolated. Agreement 

between the calculated pattern and observed pattern indicates that the crystal used for structural 

determination is representation of the bulk, as confirmed by element analysis.  
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A.27 Powder X-ray diffraction data for the bulk product from which Bi0.097Eu0.03-24 was isolated. 

Agreement between the calculated pattern and observed pattern indicates that the crystal used for 

structural determination is representation of the bulk, as confirmed by element analysis.  

 
A.28 Powder X-ray diffraction data for the bulk product from which Bi0.99Eu0.01-25 was isolated. 

Agreement between the calculated pattern and observed pattern indicates that the crystal used for 

structural determination is representation of the bulk, as confirmed by element analysis.  
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A.29 Powder X-ray diffraction data for the bulk product from which Bi0.99Eu0.01-26 was isolated. 

Agreement between the calculated pattern and observed pattern indicates that the crystal used for 

structural determination is representation of the bulk, as confirmed by element analysis.  

 

 
A.30 Powder X-ray diffraction data for the bulk product from which Bi0.999Eu0.001-27 was isolated. 

Agreement between the calculated pattern and observed pattern indicates that the crystal used for 

structural determination is representation of the bulk, as confirmed by element analysis.  
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APPENDIX B: THERMAL GRAVIMETRIC ANALYSIS PLOTS 

 
B.1 TGA plot for 5 collected over 50-600°C. 

 

 
B.2 TGA plot for 7 collected over 50-600°C. 



207 

 

 
B.3 PXRD pattern of the thermal decomposition product of 5. Attempts to index the peaks proved 

unsuccessful. 

 

 
B.4 PXRD pattern of the thermal decomposition product of 7 overlayed with the crystallographic 

information file for BiOCl and Bi24O31Cl10. 
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B.5 TGA plot for 8 collected over 50-600°C. 

 
B.6 TGA plot for 9 collected over 50-600°C. 
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B.7 TGA plot for 10 collected over 50-600°C. 

 
B.8 TGA plot for 11 collected over 50-600°C. 
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B.9 TGA plot for 12 collected over 50-600°C. 

 
B.10 TGA plot for 14 collected over 50-600°C. 

 

 
B.11 IR spectrum of the product that results from the thermal treatment of 12. 
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B.12 IR spectrum of the product that results from the thermal treatment of 14. 

 

 
B.13 Powder X-Ray diffraction data for the thermal decomposition products of 

Hpy[Bi(TMC)4(HTMC)] 12 and Hpy[Bi(TMC)3NO3] 14.   
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B.14 TGA plot for 18 collected over 25-600°C. 

 
B.15 TGA plot for Bi0.997Eu0.03-20 collected over 25-600°C. 
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B.16 TGA plot for 22 collected over 25-600°C. 

 

 
B.17 Infrared spectrum for the thermal decomposition product of 18.     
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B.18 Infrared spectrum for the thermal decomposition product of Bi0.997Eu0.003-20.  

 

 

 

 
 

B.19 Infrared spectrum for the thermal decomposition product of 22.   
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B.20 Powder X-ray diffraction data for the thermal decomposition products of 18 and 

Bi0.997Eu0.003-20. Attempts to index the peaks to a calculated phase proved unsuccessful. 

 

 
B.21 Powder X-ray diffraction data for the thermal decomposition product of 22. 
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B.22 TGA plot for 24 collected over 30-600°C. 

 

 
B.23 TGA plot for 25 collected over 30-600°C. 
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B.24. TGA plot for 26 collected over 30-600°C. 

 

 
B.25 TGA plot for 27 collected over 30-600°C. 
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B.26 TGA plot for 28 collected over 30-600°C. 

 

 
B.27 Powder X-ray diffraction data for the thermal decomposition product of 24. The experimental 

peaks (blue) index well to several of the calculated peaks (black) for Bi2O3, though full peak 

assignment proved unsuccessful.  
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B.28 Powder X-ray diffraction data for the thermal decomposition product of 25. The experimental 

peaks (black) index well to the calculated peaks (blue) for Bi24O31Cl10.  

 

 
B.29 Powder X-ray diffraction data for the thermal decomposition product of 26. The experimental 

peaks (blue) index well to the calculated peaks (black) for Bi24O31Br10.  
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B.30 Powder X-ray diffraction data for the thermal decomposition product of 27. The experimental 

peaks (blue) index well to the calculated peaks (black) for Bi24O31Br10.  

 

 
B.31 Powder X-ray diffraction data for the thermal decomposition product of 28.  
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APPENDIX C: RAMAN SPECTROSCOPY DATA 

 

C.1 Raman spectrum for 1 shown over 200-2200 cm-1. 

 

C.2 Raman spectrum for 2 shown over 200-2200 cm-1. 
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C.3 Raman spectrum for 3 shown over 200-2200 cm-1. 

5C.4 Raman spectrum for 4 shown over 200-2200 cm-1. 



223 

 

 
C.5 Raman spectrum for 5 shown over 200-2200 cm-1. 

 
C.6 Raman spectrum for 7 shown over 200-2200 cm-1. 
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C.7 Raman spectrum for 8 shown over 200-2200 cm-1. 

 

 

 
C.8 Raman spectrum for 9 shown over 200-2000 cm-1. 
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C.9 Raman spectrum for 10 shown over 200-2000 cm-1. 

 

 
C.10 Raman spectrum for 11 shown over 200-2000 cm-1. 
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C.11 Raman spectrum for HTMC and 12 (blue), 13 (green), 14 (purple), and 15 (cyan) shown over 

200-2000 cm-1. 

 

 
C.12 Raman spectrum for 18 shown over 200-2000 cm-1. 
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C.13 Raman spectrum for 19 shown over 200-2000 cm-1. 

 

 
C.14 Raman spectrum for 20 shown over 200-2000 cm-1. 
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C.15 Raman spectrum for 21 shown over 200-2000 cm-1. 

 

 
C.16 Raman spectrum for 22 shown over 200-2000 cm-1. 
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C.17 Raman spectrum for 23 shown over 200-2000 cm-1. 

 
C.18 Raman spectrum for 24 shown over 200-2000 cm-1. 
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C.19 Raman spectrum for 25 shown over 200-2000 cm-1. 

 
C.20 Raman spectrum for 26 shown over 200-2000 cm-1. 
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C.21 Raman spectrum for 27 shown over 200-2000 cm-1. 

 
C.22 Raman spectrum for 28 shown over 200-2000 cm-1. 
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APPENDIX D: LUMINESCENCE DATA 

 
D.1 Room temperature excitation (dashed) and emission (solid) spectra for 2,6-

pyridinedicarboxylic acid. 

 

 
D.2 Room temperature excitation (dashed) and emission (solid) spectra for 1,10-phenanthroline. 

 

 
D.3 Room temperature excitation (dashed) and emission (solid) spectra for 2,2':6'2"-terpyridine. 
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D.4 Room temperature excitation (dashed) and emission (solid) spectra for Cl-terpyridine. 

 
D.5 Room temperature excitation (dashed) and emission (solid) spectra for 2,5-

thiophenedicarboxylic acid.  

 
D.6 Room temperature excitation (dashed) and emission (solid) spectra for 2-

thenoyltrifluoroacetone.  
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D.7 Lifetime decay curve for 5, with the biexponential decay fit plotted in red. 

 

 
D.8 Lifetime decay curve for 6, with the exponential decay fit plotted in red. 

 

 
D.9 Lifetime decay curve for 7, with the exponential decay fit plotted in red. 
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D.10 Lifetime decay curve for 8 with the biexponential decay fit plotted in red. 

 

 
D.11. Lifetime decay curve for 9 with the exponential decay fit plotted in red. 

 
D.12. Lifetime decay curve for 10 with the exponential decay fit plotted in red. 
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D.13. Lifetime decay curve for 11 with the exponential decay fit plotted in red. 

 
D.14 Lifetime decay curve for 18, with the exponential decay fit plotted in red. 

 
D.15 Lifetime decay curve for Bi0.995Eu0.005-18, with the exponential decay fit plotted in red.  
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D.16 Lifetime decay curve for Bi0.997Eu0.003-20, with the exponential decay fit plotted in red. 

 
D.17 Lifetime decay curve for 22, with the exponential decay fit plotted in red. 

 
D.18 Lifetime decay curve for Bi0.99Tb0.01-18, with the exponential decay fit plotted in red. 
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D.19 Lifetime decay curve for Bi0.981Dy0.019-18, with the exponential decay fit plotted in red. 

 
D.20 Lifetime decay curve for Bi0.981Sm0.019-18, with the exponential decay fit plotted in red. 
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D.21 Room temperature excitation (dashed line) and emission (solid line) spectra for 22. 

 

 

 
D.22 Room temperature excitation (dashed line) and emission (solid line) spectra for 

Bi0.981Dy0.019-18. 
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D.23 Room temperature excitation (dashed line) and emission (solid line) spectra for 

Bi0.981Sm0.019-18. 

 

 
D.24 Room temperature excitation (dashed line) and emission (solid line) spectra for 

Bi0.962Nd0.038-18. 
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D.25 Room temperature excitation (dashed line) and emission (solid line) spectra for 

Bi0.980Yb0.020-18. 

 

 

 
D.26 Raman luminescence spectra for Bi0.995Eu0.005-18 plotted over 570 to 650 nm measured at 

varying depths of the crystal.  
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D.27 Excitation and emission spectra for 24.  

 

 

 
D.28 Excitation and emission spectra for 25.  
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D.29 Excitation and emission spectra for 26.  

 

 

 
D.30 Excitation and emission spectra for 27.  
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D.31 Lifetime decay curve for Bi0.971Eu0.029-24 with the exponential decay fit plotted in red. 

 

 
D.32 Lifetime decay curve for Bi0.988Eu0.012-25 with the exponential decay fit plotted in red. 

 

 
D.33 Lifetime decay curve for Bi0.986Eu0.014-26 with the exponential decay fit plotted in red. 
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D.34 Lifetime decay curve for Bi0.999Eu0.001-27 with the exponential decay fit plotted in red. 

 

 
D.35 Lifetime decay curve for 28 with the exponential decay fit plotted in red. 
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D.36 Emission spectra of the Gd-TTA complex taken at 77 K in a glass MeOH-EtOH (1:1) matrix 

with a time delay of 0.1 (black) and 1 (blue) ms. Vibronic structure of the ligand is present in the 

spectra. The singlet state of TTA is determined from the onset of fluorescence (black), which is 

380 nm (26,315 cm-1). The triplet state of TTA is determined from the onset of phosphorescence 

(blue), which is 465 nm (21,505 cm-1). 

 
D.37 Emission spectra of the Gd-terpy complex taken at 77 K in a glass MeOH-EtOH (1:1) matrix 

with a time delay of 0.1 (black) and 1 (blue) ms. Vibronic structure of the ligand is present in the 

spectra. The singlet state of terpy is determined from the onset of fluorescence (black), which is 

355 nm (28,169 cm-1). The triplet state of terpy is determined from the onset of phosphorescence 

(blue), which is 435 nm (22,988 cm-1). 
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D.38 Room temperature excitation (dashed line) and emission (solid lines) of Bi0.988Eu0.012-25 at 

four different excitation wavelengths. Identical parameters (i.e. monochromator slit widths, scan 

speed) were used and the emission spectra are not normalized.  
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APPENDIX E: LICENSES AND PERMISSIONS 
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