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Abstract 

 

Three bismuth-2,5-thiophenedicarboxylates (Bi-TDC) and two europium-2,5-

thiophenedicarboxylates (Eu-TDC) were synthesized under ambient conditions. The structures 

were determined through single crystal X-ray diffraction, and three of the phases were further 

characterized by powder X-ray diffraction, Raman spectroscopy, and thermogravimetric 

analysis. Reactions of bismuth nitrate, 2,5-thiophenedicarboxylate, and pyridine in an acidic 

solution of acetic acid and ethanol yield Hpy[Bi(TDC)2(H2O)]·1.5H2O (1), whereas reactions in 

a water/ethanol mixture produce a minor phase, [Hpy]3[Bi2(TDC)4(HTDC)(H2O)]·0.74H2O (2) 

along with a major product, (Hpy)2[Bi(TDC)2(HTDC)]·0.36H2O (3). The structures of 1-3 are all 

built from anionic Bi-TDC chains that are further bridged through additional TDC linkages into 

interpenetrated 2D sheets. Addition of an aqueous lanthanide solution to the reaction mixtures of 

1 and 2-3 resulted in the formation of doped phases, Hpy[Bi1-xLnx(TDC)2(H2O)]·1.5H2O (Bi1-

xLnx-1), where Ln=Nd, Sm, Eu, Tb, Dy, and Yb, and (Hpy)2[Bi0.99Eu0.01 

(TDC)2(HTDC)]·0.36H2O  (Bi0.99Eu0.01-3). Using europium nitrate rather than the bismuth 

precursor resulted in the formation of two homometallic europium based phases 

[Eu(TDC)(NO3)(H2O)]n (4) and [Eu2(TDC)3(H2O)9]·5H2O (5), which adopt an extended 3D 

network and an interpenetrated 2D structure, respectively. Photophysical measurements were 

carried out for 1 and the lanthanide containing phases and quantum yield and lifetime values 

were determined for the visible light emitters. Herein, the structural chemistry, spectroscopic 

properties, and luminescence of the bismuth phases, their lanthanide doped analogs, and the 

europium compounds are presented.   
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Introduction 

 

Due to their unique spectroscopic and magnetic properties, lanthanide-based materials have long 

been noted for their wide application in many high tech and energy related fields, commanding a 

great deal of research and development over the past several decades.1-5 Their characteristic line-

like visible and near-infrared emission allow several of the lanthanides (Ln) to be utilized in a 

variety of optical applications from display technologies to biomedical imaging to optical 

fibers.2, 5-7 However, as the f-f transitions are Laporte forbidden, the LnIII ions suffer from low 

molar absorptivities, wherein light absorption and thereby direct excitation is greatly inefficient.8, 

9 An "antenna" ligand with an excited state appropriately paired with the emissive manifold of 

the lanthanide ion is often utilized to sensitize the LnIII  ion thereby enhancing its photophysical 

properties. Additionally within inorganic phosphors, sensitizers/activators such as Bi3+, UO2
2+, or 

other Ln ions have been used to promote luminescence.1, 10-13 Although LnIII sensitization is well-

known and for some systems including organic chromophores, heavily studied, there are 

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.14 These considerations have prompted researchers to develop adequate luminescent 

alternatives and new classes of photoluminescent materials.14 

Towards this end, our group has been targeting Bi-based materials and their Ln-doped 

analogs with the aim of developing novel photoluminescent materials. In recent years, bismuth 

and bismuth-based materials have attracted increasing attention due to the unique properties and 

environmentally-friendly attributes of Bi as well as the promising materials application of Bi 

based compounds to areas ranging from photocatalysis to pharmaceticals.15-22 Yet, in contrast to 

d- and/or other p-block metals such as lead, there has been comparatively limited research with 

bismuth and relatively little work towards the development of Ln-doped Bi-organic 

compounds.23-29 Examples of the latter include reports by Cheetham et al. employing 2,6-

pyridinedicarboxylic acid and 1,4-benzenedicarboxylic acid to build BiIII extended networks 

which incorporate 2 mol-% Eu and Tb into the host framework as well as the work by Müller-

Buschbaum and coworkers that demonstrated the synthesis of 2D coordination polymers, 
2∞[Bi2Cl6(pyz)4], with subsequent Eu incorporation.24-26 Stock and colleagues explored doping 

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

metal center was only observed for one of the phases utilizing pyromellitic acid.27 Our group has 

also reported on Ln-doped Bi-organic materials, finding efficient emission from the europium 

doped phase.28 At first glance, bismuth and the lanthanides make promising diadochic partners, 

with comparable ionic radii and a common trivalent oxidation state; however, significant 

synthetic challenges are prevalent in these systems due to differences in solubility and 

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

lone pair.30, 31 Furthermore, Bi-organic materials themselves have also been seen to exhibit 

unique luminescent properties, often stemming from ligand-to-metal or metal-to-ligand charge 

transfer, metal-based emission and/or ligand based emission.24-27, 29, 31-39  
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 With the aim of capitalizing on both the established Ln sensitizing capabilities of 2,5-

thiophenedicarboxylic acid (H2TDC)40-62  and/or the propensity of the bismuth metal center to 

enhance Ln luminescence coupled with the aforementioned similarities between BiIII and LnIII, in 

this work, we examined the room temperature synthesis of bismuth-based extended networks 

using H2TDC and pyridine under aqueous conditions. Reported herein are the synthesis, 

structural characterization, and photoluminescent properties of three Bi-TDC compounds and the 

Ln-doped analogs of two of the phases. In an effort to draw comparisons between bismuth and 

lanthanide phases, reactions of europium and TDC under similar synthetic conditions were 

explored. The synthesis and characterization of these compounds is also reported. 

 

Experimental Section 

 

Materials 

Bi(NO3)3·5H2O (Fisher, 99.2%), Eu(NO3)3·6H2O (BeanTown Chemical, 99.9%), 

Ln(NO3)3·xH2O (Ln = Nd, Sm, Tb, Dy, or Yb, x = 5 or 6, Strem Chemicals, 99.9%), 2,5-

thiophenedicarboxylic acid (TCI, >98.0%), pyridine (Alfa Aesar, 99%), ethanol (Warner Graham 

Company), and glacial acetic acid (Fisher) were used as received. Nanopure water (≤0.05 µS; 

Millipore, USA) was used in all experiments.  

 

Stock solutions. A 0.2 M solution of 2,5-thiophenedicarboxylic acid (H2TDC) in ethanol, a 

0.0267 M solution of bismuth nitrate pentahydrate in glacial acetic acid, and a 0.0267 M solution 

of europium nitrate pentahydrate in glacial acetic acid were prepared.   

 

Hpy[Bi(TDC)2(H2O)]·1.5H2O (1)  

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)  were loaded into a 10 mL glass vial (pHi  ≈ 4-5). 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 (pHf  ≈ 5-6). The 

products were filtered, washed in water and ethanol, and allowed to air dry. Large colorless 

plates of 1 were collected. 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 1 ῦ = 1528, 1479, 1400,1315, 1202, 1124, 

1009, 835, 392 cm-1. 

 

[Hpy]3[Bi2(TDC)4(HTDC)H2O)]·0.74H2O (2) and (Hpy)2[Bi(TDC)2(HTDC)]·0.36H2O (3) 

Bismuth nitrate (0.0182 grams, 0.04 mmol), H2TDC (0.054 grams, 0.3 mmol), water (2 mL), and 

ethanol (1 mL) were loaded into a 10 mL glass vial. Pyridine (40 µL, 0.5 mmol) was used to 

adjust the final pHi between 4-5. The glass 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 (pHf  ≈ 4-5). A white, microcrystalline phase identified via powder X-ray 
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diffraction as 2 along with colorless plates of compound 3 were collected. Colorless plates of 

compound 2 suitable for structural analysis by single crystal X-ray diffraction could be prepared 

by heating compound 1 at 50 °C overnight; however, a complete phase conversion was not 

observed. Raman 2 ῦ = 1648, 1576, 1472, 1394, 1315, 1114, 1006, 831, 462, 389 cm-1. Raman 3 

ῦ = 1650, 1590, 1463, 1397, 1318, 1111, 1006, 831 cm-1. 

 

Lanthanide-Doped Analogs of 1 and 3 

In order to dope 1 and 3, an aliquot of the respective lanthanide nitrate hydrate solution vide infra 

was added prior to crystallization of the bismuth-only phases with a Bi:Ln molar ratio of 

approximately 9:1. 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 3, the 

lanthanide solution was added prior to visual evidence of crystallization of 3. When the 

lanthanide solution was added at the beginning of the reaction, phase separation (identified based 

on differences in the morphologies of the Bi- and Ln-TDC phases) was observed, with the 

respective Ln-TDC phase crystallizing prior to the Bi-TDC phase.  

 

Hpy[Bi1-xLnx(TDC)2(H2O)]·1.5H2O (Bi1-xLnx-1)  
The syntheses follow that of compound 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-1 were observed. 

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%).  

 

[Bi0.99Eu0.01(TDC)2(HTDC)(Hpy)2](Bi0.99Eu0.01-3)  

The syntheses follow that of 2 and 3. 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 Bi0.99Eu0.01-3 and a 

nonluminescent, white, microcrystalline minor phase identified as undoped 2 (via PXRD) were 

present. Bi0.99Eu0.01-3 could be identified by visual inspection under a UV lamp and was 

manually separated from 2. 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 Bi0.99Eu0.01-3 was manually 

separated from 2 under a UV lamp, using the luminescence of Eu as a guide, we did not prepare 

the other Ln doped analogs. 

Page 4 of 33Dalton Transactions



5 

 

 

[Eu(TDC)(NO3)(H2O)] (4)  
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) were 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 were collected. Though not readily apparent in the powder pattern, a minor 

phase impurity identified via elemental analysis precluded subsequent characterization that 

required bulk purity (Fig. S9). Raman ῦ = 1546, 1476, 1405, 1325, 1217, 1131, 1033, 793, 760, 

680 cm-1.   

 

[Eu2(TDC)3(H2O)9]·5H2O (5)  

Europium nitrate (0.0178 grams, 0.04 mmol), H2TDC (0.054 grams, 0.3 mmol), water (2 mL), 

and ethanol (1 mL) were loaded 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 5 were collected. 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.  

 

Single crystal X-ray diffraction 

Single crystals of 1-5 were selected from the bulk and mounted on MiTeGen micromounts in 

paratone. 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 CMOS detector. Data were integrated using the SAINT software package included with 

APEX2.63, 64 An absorption correction was applied using a multi-scan technique in SADABS.65 

The structures were solved using direct methods via SHELXT and refined by full-matrix least-

squares on F2 using the SHELXL software in WinGX.66, 67 Crystallographic data for compounds 

1- 5 are provided in Table 1, and the resulting CIF data are available in the ESI. The structure of 

4 was previously reported;46 however, the data were previously collected at 293 K, and thus, for 

the sake of comparison with the structures reported in this work, a low temperature dataset for 4 

was collected at 100 K. Due to crystallographic challenges involving disordering of the 

pyridinium rings as well as residual electron density near the metal centers, only a preliminary 

structure refinement of 2 is reported. Further details of the disorder and crystallographic 

refinement are provided in the ESI. Crystallographic data were deposited in the Cambridge 

Structural Date Centre (CCDC), and may be found at http://www.ccdc.cam.ac.uk/ by using 

reference numbers 1589868, 1589869, 1589870, 1589871, and 1589872.  
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Table 1 Crystallographic Structure Refinement Details for compounds 1- 5. 
 1 2 3 4 5 

Formula C17H15BiNO10.50S2 C45H29Bi2N3O22.90S5 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 4 was processed as a two component twin and therefore a Rint is not reported. 

 

Characterization methods 
Powder patterns were collected for the bulk samples from which 1-5 were isolated using Cu-Kα 

radiation (λ = 1.542 Å) on a Rigaku Ultima IV X-ray diffractometer from 3-40° in 2θ with a step 

speed of 1 degree/min. Raman spectra were collected for single crystals pulled from the bulk 

using an excitation source of 532 nm (maximum power=100mW) on a Horiba LabRAM HR 

Evolution Raman Spectrometer. Spectra were recorded from 200 to 2000 cm-1 using 20 
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accumulations and a laser power of 3.2 to 10%. For 4 and 5, an excitation source of 405 nm was 

used to avoid interference from europium luminescence. The laser power was set to 50%. 

Infrared spectra were collected either on powdered samples prepared as KBr pellets on a Perkin 

Elmer Spectrum Two FTIR Spectrometer or as powdered samples directly measured on a Perkin 

Elmer Frontier Spectrometer with a UATR attachment of diamond/ZnSe. Combustion elemental 

analysis was carried out using a Perkin Elmer Model 2400 Elemental Analyzer on the bulk 

phases. Thermogravimetric analyses were conducted on a TA Instruments Q50 

Thermogravimetric Analyzer under flowing N2 (flow rate=10 mL/min).  

 

Inductively Coupled Plasma-Mass Spectrometry  
Inductively coupled plasma-mass spectrometry was carried out on an Agilent 7700 ICP-MS to 

determine the bismuth:lanthanide ratio for the doped phases, Bi1-xLnx-1 (where Ln=Nd, Sm, Eu, 

Tb, Dy, and Yb ) and  Bi0.99Eu0.01-3. Between 15 to 30 mg of each sample was dissolved in 5% 

HNO3 under slight heating and stirring. A calibration curve was made for each element (Bi, Nd, 

Sm, Eu, Tb, Dy, and Yb) using eight concentrations (10 ppb, 50 ppb, 100 ppb, 500 ppb, 1000 

ppb, 1500 ppb, 2000 ppb, and 3000 ppb). All solutions were made using 5% HNO3. The ratio of 

bismuth:lanthanide was then calculated from the respective calibration curve.  

 

Photoluminescence measurements 

Solid state luminescence spectra were collected on a Horiba PTI QM-400 system. 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 using fluorimeter slit widths of 1-3 nm for the visible emitters and 6 nm for the NIR 

emitters. The 1st and 2nd harmonic oscillations from the excitation source were blocked using 

longpass filters (400 nm or 420 nm). In all cases, 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. Lifetime measurements were carried out with a lamp frequency of 300 Hz using 

10,000 shots, and the exponential decay curves were fit using OriginPro 8.5. Quantum yield 

values were collected on an undiluted crystalline sample in a Teflon powder holder using an 8.9 

cm integrating sphere coated in Spectralon fluoropolymer with 1 nm 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 yields (����) were determined according to the following equation (Eq. 1): 

 

���� = ���	�
�
	��
�           (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.  
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The radiative lifetime (τ�), and subsequently, the overall sensitization efficiency (nsens) and 

intrinsic quantum yield (���) for the europium phases were determined using Eqs. 2-4:9  

 
�
��
= ����� ��������

�            (2) 

 

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

refractive index for solid samples (1.5), and Itot/IMD is the ratio of the total integrated emission 

(5D0 → 7FJ, J=0-6) to the integrated intensity of the magnetic dipole transition (5D0 → 7F1), 

  

��� = ����
��

            (3) 

 

where τ !"	is the observed lifetime calculated from the exponential decay curve,  

 

ɳ"%&" = '���
'()

            (4) 

 

In addition to the luminescent measurements described above, to support homogeneity of doping, 

spectra were also collected at multiple points and focusing depths along the length of a single 

crystal of Bi0.99Eu0.01-1 using a Horiba LabRAM HR Evolution Raman Spectrometer with an 

excitation source of 405 nm (Fig. S38). Spectra were collected over 570 to 650 nm. All 

luminescence measurements were performed at room temperature in air.  

 

Results 

 

Syntheses 

The synthesis of three bismuth(III) thiophenecarboxylates from aqueous conditions was 

explored. The bismuth precursor as well as the solvent system were found to have some impact 

on phase formation. Compounds 2 and 3 were isolated from the reaction of bismuth nitrate, 

H2TDC, and pyridine with a molar ratio of 1:7.5:12.5, respectively. Use of bismuth oxide 

similarly yielded compounds 2 and 3; however, bismuth chloride resulted in the formation of 1 

along with 2 as a minor phase. Various solvents (i.e. water, ethanol, acetic acid) were explored in 

an effort to arrive at phase pure products. A combination of acetic acid and ethanol allowed for 

isolation of 1 as a pure phase, as confirmed by PXRD and elemental analysis. Attempts to isolate 

3 as a phase pure product; however, by varying solvent (i.e. water, water/ethanol, ethanol) were 

unsuccessful, but did allow for optimization of the estimated yield. Interestingly, despite having 

been synthesized at similar initial pH, compounds 2 and 3 consist of protonated HTDC whereas 

1 is built from fully deprotonated TDC. As the pKa1 and pKa2 of H2TDC in 30% EtOH/H2O are 

3.2 and 4.3, respectively, 68 protonation of TDC is likely given the pH of the reaction solutions. 

Attempts to realize a hydrothermal or solvothermal product proved unsuccessful, resulting in the 

recrystallization of starting material.  
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Structure descriptions 
 

Hpy[Bi(TDC)2(H2O)]·1.5H2O (1) 

The asymmetric unit of 1 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. 1). 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. 2a, 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 (Fig. 2b). As shown in Fig. 2c and 2d, 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. 3. 

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, 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. 3. The π-π interactions were determined through Platon70 with the 

distance between the centroids CTDC···CTDC=3.5311(2) Å and a slip angle of 20.9°.  
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Fig. 1 Illustration of the local coordination sphere of Bi1 in 1. Hydrogen atoms, pyridinium, 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. 2 Polyhedral representation of 1 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.  
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Fig. 3 Packing diagram of 1 viewed along [100]. For simplicity, only one sheet is depicted. 

Hydrogen atoms and solvent water molecules have been omitted for clarity. Red dashed line and 

circle highlight π-π interactions. Bi=green polyhedra, O=red, S=yellow, N =blue, C=black. 

 

[Hpy]3[Bi2(TDC)4(HTDC)H2O)]·xH2O (2) 

The asymmetric unit of 2 consists of two crystallographically unique BiIII metal centers (Bi1 and 

Bi2), four unique κ
2-TDC ligands, one unique κ

1-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. 4). 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 1. 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 1 (Fig. 5). 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 1. The sheets pack along the 

[001], with alternating HTDC and bound water molecules pointing into the interlayer spacing 

(Fig. 6). 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.  
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Fig. 4 Illustration of the local coordination spheres of Bi1 and Bi2 in 2. Hydrogen atoms, 

pyridinium cations, and solvent water molecules 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. 

 

 
Fig. 5 Polyhedral representation of 2 viewed down the [-110] of one chain. Hydrogen atoms as 

well as solvent water molecules and pyridinium cations have been omitted for clarity. Bi=green 

polyhedra, O=red, S=yellow, C=black.  
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Fig. 6 Packing diagram of 2 viewed in the [100]. For simplicity, only one sheet is depicted. Red 

dashed line and circle highlight π-π interaction. Hydrogen atoms as well as solvent water 

molecules and pyridinium have been omitted for clarity. Bi=green polyhedra, O=red, S=yellow, 

C=black. 

 

(Hpy)2[Bi(TDC)2(HTDC)]·0.36H2O (3) 

The asymmetric unit of compound 3 consists of one crystallographically unique BiIII metal 

center, two κ
2-TDC, one κ

1-HTDC, two pyridinium cations, and one partially occupied water. 

Each BiIII metal center is ten-coordinate, bound to ten O atoms from four κ2-TDC ligands and 

one κ2-HTDC ligand as shown in Fig. 7. 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 1 and 2, e.g. Bi1-O11=2.694(5) Å and Bi1-O12=2.402(5) Å. One long 

Bi1···O34 interaction is seen with a distance of 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 1 and 2 (Fig. 8). 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. 9).  
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Fig. 7 Illustration showing the local coordination sphere of Bi1 in 3. Hydrogen atoms, 

pyridinium, 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. 

 

Fig. 8 Polyhedral representation of 3 down the [101]. Hydrogen atoms as well as solvent water 

molecules and pyridinium cations have been omitted for clarity. Bi=green polyhedra, O=red, 

S=yellow, C=black.  
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Fig. 9 Packing diagram of 3 viewed down the [100]. Red dashed line and circle highlight the π-π 

interaction between the HTDC and nearby pyridinium cation. For simplicity, only two sheets are 

shown. Hydrogen atoms and solvent water molecules as well as disorder in the pyridinium rings 

have been omitted for clarity. Bi=green polyhedra, O=red, S=yellow, N=blue, C=black.  

 

[Eu(TDC)(NO3)(H2O)] (4) 
Compound 4 has been previously reported,35 and as such, only a brief structural description is 

provided. The asymmetric unit of 4 consists of one unique EuIII metal center, one κ1-TDC ligand, 

one nitrate ion, and one water molecule. Each EuIII 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 κ

2
-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.  

[Eu2(TDC)3(H2O)9]·5H2O (5) 
Compound 5 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. 10). Eu2 also adopts a square antiprism coordination geometry bound to two O atoms from 

two κ1-TDC ligands and six coordinated water  molecules (Fig. 10). 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 
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(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. 11. 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. 12a). Additionally, a second chain is 

generated through symmetry resulting in an interpenetrated network, as illustrated by the purple 

and blue polyhedra in Fig. 11b. 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 symmetry equivalent Eu1 in the same sheet, and between two 

thiophene rings in adjacent interpenetrated sheets (Fig. 12a and 12b, 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. 10 Illustration showing the connectivity of Eu1 and Eu2 in 5. Bound water molecules are 

labeled as O41-O43 and O51-O56. Hydrogen atoms and solvent water molecules have been 

omitted for clarity. Eu=purple, 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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Fig. 11 Polyhedral representation of 5 displaying one sheet viewed down the [010]. Hydrogen 

atoms and solvent water molecules have been omitted for clarity. Eu=purple polyhedra, O=red, 

S=yellow, C=black. Symmetry codes: (i) -x + 1, -y, -z + 1; (ii)  -x + 1/2, -y + 1/2, z + 1/2. 

 

Fig. 12 Packing diagram of 5 shown along [001] illustrating (a) two parallel sheets and (b) four 

interpenetrated sheets. Connectivity of the Eu3+ metal centers is shown by either the purple or 

blue polyhedra. Red dashed lines highlight π-π stacking interactions. Hydrogen atoms as well as 

solvent water molecules have been omitted for clarity. Eu=purple or blue polyhedra, O=red, 

S=yellow, C=black.  

 

Raman spectroscopy 

Raman spectra were collected for a powdered sample of 2,5-thiophenedicarboxylic acid as well 

as single crystals of 1- 5 (Fig. S11-S16). The spectrum for each of the bismuth compounds show 

characteristic ligand and pyridinium bands, whereas for 5, characteristic ligand peaks are 

observed. In compounds 2 and 3, 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.59 In compounds 1, 4, and 5, this peak is noticeably absent, 
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which is consistent with full deprotonation of the TDC ligands as supported by the crystal 

structure. Very strong peaks are seen between 1460 and 1480 cm-1 in the spectra of 1-5 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.  

 

Thermal behavior 

The thermal stabilities of compounds 1, Bi0.99Eu0.01-3, and 5 were investigated over 25 °C to 600 

°C under flowing N2 (Fig. S17-S19). For 1, the total weight loss was 60.26%, beginning around 

50 °C with full decomposition seen by 330 °C. The thermogravimetric curve for compound 

Bi0.99Eu0.01-3 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 1 and Bi0.99Eu0.01-3 have similar spectra, indicating related end 

products (Fig. S23). Furthermore, the IR spectra of the thermally decomposed products show 

peaks at 496, 600, 967, 1038, 1098, and 1155 cm-1 for 1 and a peak at 1095 cm-1 for Bi0.99Eu0.01-

3, consistent with the presence of a sulfate phase (Fig. S20-S21).71 This is also consistent with 

reported decomposition products of other metal thiophenecarboxylate compounds.45, 72, 73 The 

peaks around 1384 cm-1 could be attributed to a carbonate species formed upon exposure to air 

after thermal decomposition.71 A broad peak at 3433 and 3454 cm-1 seen for 1 and Bi0.99Eu0.01-3, 

respectively, is possibly a hydrated phase forming after decomposition. For 5, 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 1 and Bi0.99Eu0.01-3  (Fig. S22). The broad peak at ca. 3350 cm-1 could be formation 

of a hydrated phase after decomposition.  

 

Doping  

Efforts to dope frameworks 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) phase separation.26 In 

the case of Bi1-xLnx-1 and Bi0.99Eu0.01-3,  incorporation of the Ln ion into the Bi framework is 

seen, as confirmed by powder XRD, ICP-MS, Raman, and luminescence data. Upon addition of 

the lanthanide solution at the start of the reaction, separation of the Ln- and Bi-TDC phases was 

observed. 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. 

The ratio of europium doped into each Bi-TDC compound was determined via ICP-MS for 
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Ln=Nd, Sm, Eu, Tb, Dy, and Yb. Calibration curves were made using Bi and Ln standards to 

find the relative concentration of Bi:Ln for each sample. In each synthesis, an excess of Ln was 

used, with a Bi:Ln ratio of approximately 9:1. The percentages of lanthanide incorporation into 

compounds 1 and 3 are given in Table 2. The given percentages reflect the maximum doping 

levels achieved and indicate that the bismuth environment is not favorable to lanthanide 

substitution.  

 

Table 2 Percent Ln ion doping into each compound.  

Compound Ln Doping (mol%) 

Bi0.95Nd0.05-1 3.8 ± 0.10 

Bi0.98Sm0.02-1 1.9 ± 0.06 

Bi0.99Eu0.01-1 0.5 ± 0.03 

Bi0.99Tb0.01-1 0.7 ± 0.01 

Bi0.98Dy0.02-1 1.9 ± 0.10 

Bi0.98Yb0.02-1 2.0 ± 0.60 

Bi0.99Eu0.01-3 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 1 and 3 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,74 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 

(Fig. S6). To further confirm doping throughout the bismuth compound, luminescence data 

collected was collected for a single crystal of Bi0.99Eu0.01-1 on a Raman spectrometer using a 405 

nm excitation wavelength. The resulting emission showed distinct europium luminescence both 

along 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 (Fig. S38).  

 

Photoluminescence 

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. The luminescence spectra of the free ligand, H2TDC, was collected, giving an 

excitation maximum of 333 nm with subsequent emission at 353 nm (Fig. S25). The bismuth-

only phase, 1, exhibited distinct blue luminescence when excited with UV radiation, with 

maximum emission at 446 nm (Fig. 13a). Furthermore, a very short fluorescence lifetime (6.4(3) 

µs) was observed (Fig. S31). While there is precedent for emission in bismuth-organic 

compounds24-27, 29, 31-39; assignment of the emissive pathway can be challenging due to the variety 

of potential electronic transitions. Luminescence may be attributed to either metal-ligand or 
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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.24-27, 29, 31-39   

 

 

Fig. 13 Excitation (dashed line) and emission (solid line) spectra for (a) 1, (b) Bi0.99Eu0.01-1, (c) 

Bi0.99Tb0.01-1, and (d) Bi0.99Eu0.01-3. Insets depict the bulk powder under ambient light (left) and 

UV radiation from a handheld lamp (right).  

Upon doping with europium, characteristic red emission resulting from the 4f-4f transitions 

present for europium(III) was seen for Bi0.99Eu0.01-1 (Fig. 13b). Compound Bi0.99Eu0.01-1 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 and 591 nm and can be assigned to the 5D0 → 7FJ (J=0 and 1) transitions, respectively.75 

Weak emission peaks centered at 651 and 690 nm are assigned to the 5D0 → 7F3 and  
5D0 → 7F4 

transitions, respectively. The lifetime was determined to be 354(4) µs (Fig. S32). The total 

quantum yield, φtot, was found to be only 0.016(2) (Table 4).  

For Bi0.99Tb0.01-1, excitation is seen at 323 nm, which gives rise to expected green 

luminescence (Fig. 13c). 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 
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at 584 and 622 nm, assigned to the 5D4 → 4FJ (J = 4 and 3, respectively) transitions. Time-

resolved measurements yielded a fluorescence lifetime with a biexponential decay of 102(1) µs 

and 38(4) µs (Fig. S35). Quantum yield measurements gave a value of 0.0064(23) (Table 4).  

Weak visible emission was seen from Bi0.98Dy0.02-1, with peaks at 484 and 574 nm 

corresponding to the 4F9/2 → 6H15/2 and 4F9/2 → 6H13/2 transitions, respectively, and at 616 nm, 

attributed to emission from a higher energy excited state, namely the 4I15/2 → 6H11/2 transition 

(Fig. S16). Broad ligand emission from TDC is seen centered around 420 nm. Two very weak 

emission peaks are evident at 662 and 751, attributed to the 4F9/2 → 6H11/2 and 4F9/2 → 6H9/2 

transitions, respectively. A short-lived biexponential fluorescence lifetime was measured at 16(1) 

µs and 6(1) µs (Fig. S36).  

Characteristic SmIII luminescence peaks are observed at 562, 597, 643, and 703 nm, 

corresponding to the 4G5/2 → 6HJ (J = 5/2, 7/2, 9/2, and 11/2, respectively) (Fig. 27). NIR 

emission bands for the 4G5/2 → 6F5/2 and 
4G5/2 → 6F9/2 transitions are seen at 945 and 1165 nm, 

respectively. A weak feature at 1027 nm is consistent with the 4G5/2 → 6F9/2 transition. 

Additionally, broad ligand based emission from TDC is seen centered around 420 nm. The 

compound exhibited a short biexponential decay with visible lifetimes of 89(2) µs and 15(1) µs) 

(Fig. S37).  

Aside from Bi0.98Sm0.02-1, only Bi0.95Nd0.05-1 and Bi0.98Yb0.02-1 displayed NIR emission, 

with no evident emission from erbium or praseodymium analogs. Characteristic emission peaks 

are observed for the Bi0.95Nd0.05-1 compound (Fig. S18).  The 4F3/2 → 4IJ (J = 11/2, and 13/2) 

transitions are seen at 1061 and 1335 nm, respectively. The 4F3/2 → 4I9/2 transition is seen split 

with peaks at 875 and 916. Weak emission is observed for the Bi0.98Yb0.02-1 compound, with the 
2F5/2 → 2F7/2 transition seen as a broad feature centered around 977 nm (Fig. S19).   

Characteristic red Eu(III) emission is observed for Bi0.99Eu0.01-3 (Fig. 13d). 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 fluorescence lifetime was found to be 640(2) µs (Fig. S33). 

Furthermore, the quantum yield for Bi0.99Eu0.01-3 was determined to be 0.033(2) (Table 4).  

The europium-only phase, 5, also displays characteristic red emission (Fig. S30) upon 

excitation at 319 nm. 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.76 The 

fluorescence lifetime was found to be 182(1) µs (Fig. S34). For compound 5, the quantum yield 

was measured to be 0.013(1) (Table 4). 

For each of the visible emitters, the Commission Internationale L'Eclairage (CIE) 

coordinates were determined (Fig. 14). The lanthanide phases exhibit characteristic line like 

emission depending on the respective ion with EuIII displaying red emission, TbIII green, and 
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SmIII light purple. The dysprosium analog of 1 displayed mostly ligand based emission, most 

likely due to inefficient sensitization of the lanthanide metal center.   

 

 
Fig. 14 CIE chromaticity coordinates of 1, 5, and Ln-doped phases with visible emission.  

 

Page 23 of 33 Dalton Transactions



24 

 

Discussion   

The three bismuth compounds reported here consist of metal centers that adopt high coordination 

numbers (nine or ten), which is common for bismuth carboxylates.17, 18 Furthermore, they each 

display significant asymmetry in their inner coordination sphere with Bi-O bond lengths as seen 

in Table 3. We attribute this asymmetry in part to the stereochemically active lone pair of the 

bismuth. Upon further inspection of 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 (Fig. 15). By comparison, the europium metal centers in 5 have much 

more isotropic coordination spheres. A cursory glance at the average metal-oxygen bond 

distances in 1, 3, 4, and 5 (including O atoms from carboxylates and water molecules) shows 

relatively comparable average metal-oxygen bond distances (Table 3). 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 (Fig. 16a). This 

results in a greater distribution of the Bi-O bond lengths as compared to europium. 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 1, the Bi1-O11 and Bi1-O12 bond lengths are 2.629(2) and 2.351(2) Å, 

respectively. In 5, 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 

Database77 (Version 5.39) again gave rise to a similar bond distance distribution (Fig. 16 b,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.   

 

Table 3 Metal-O bond distances for 1 and 3-5.  

 Average (Å)  Range (Å)   

1 (Bi1) 2.528 2.351(2) – 2.685(2)   

3 (Bi1) 2.559 2.360(4) – 2.737(4)a   

4 (Eu1) 2.402 2.336(3) – 2.525(3)   

5 (Eu1) 2.402 2.287(4) – 2.487(4)   
5 (Eu2) 2.411 2.369(4) – 2.472(2)   
aA long Bi-O interaction of 3.0359(3) Å is observed for 3. 
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Fig. 15 Polyhedral representations of the metal center (a) Bi1 in 1, (b) Bi1 in 3, (c) Eu1 in 4, (d) 

Eu1 in 5, and (e) Eu2 in 5 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 2, Bi1 and 

Bi2, are nearly identical to the bismuth centers in 1 and 3, respectively.  Noticeable distortion of 

the geometry about the metal center is seen in both bismuth polyhedra, whereas the europium 

centers for 5 each display square antiprism coordination environments and dodecahedron 

coordination for 4. Bi=green polyhedra, Eu=purple polyhedra, O=red.  

Page 25 of 33 Dalton Transactions



26 

 

 

Fig. 16 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 5.39,77 updated November 2017; the metal-O bond distances were 

defined as a 3D parameter in ConQuest78 and the resulting output was analyzed through 

Mercury.78, 79 For sake of comparison, Bi1 and Bi2 in 2 were not included due to only a 

preliminary structure refinement being reported.  

 

More than 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.40-62 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 using methanol and 

dimethylformamide (DMF).29 By comparison, the compounds reported herein were isolated 
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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 1-3 exhibit different interlayer interactions. 

In 1, bound water molecules point into the interlayer, whereas in 2, alternating water and 

terminal HTDC molecules point into the interlayer. By contrast, 3 displays only terminal HTDC 

molecules extending into the interlayer spacing.  

 Reacting europium nitrate with H2TDC under identical synthetic conditions as that used 

to isolate 1 and 3, yielded compounds 4 and 5, which are distinctly different than the bismuth 

phases. These differences, attributed to difference in solubility and preferred coordination 

geometries, is 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 this 

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.  

As has been aforementioned, bismuth-organic materials can exhibit unique luminescence 

ranging from blue to green-yellow emission.24-27, 29, 31-39 Cheetham et al. have reported blue 

emission from several bismuth-carboxylate compounds including [Bi(1,4-

benezenedicarboxylate)2]∙dma and [LiBi(2,6-pyridinedicaboxylate)3(H2O)]∙2dma, displaying 

broad emission peaks around 420 nm and 456 nm, respectively. This luminescence is similar to 

the broad blue emission of 1, which they attribute to either charge transfer transitions or 

intraligand luminescence.24, 25 Due to the nature of the transitions of the Eu3+ ion, analysis of the 

emission spectra for each of the europium doped bismuth phases (Bi0.99Eu0.01-1 and Bi0.99Eu0.01-

3) and 5 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.75 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.75  

The photophysical properties of these compounds were measured and are reported  in 

Table 4. While it has not been determined to what extent the bismuth, the TDC ligands, or the 

pyridinium play in terms of sensitization, there is an evident difference in the luminescence 

efficiencies of Bi0.99Eu0.01-1 and Bi0.99Eu0.01-3 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 Bi0.99Eu0.01-1. 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.47 Sun et al. reported lifetimes for [Eu(TDC)(NO3)(H2O)]n of 240 µs, 

although they did not give quantum yields.46 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.26 Our reported lifetimes are comparable these europium-TDC phases; 

however, the quantum yields and sensitization values for 1-3 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. Efforts to 

remove such species are currently underway. Nonetheless the luminescence data is consistent 

with limited sensitization of the lanthanide ions via the Bi-TDC framework, which may be 

attributed in part to the TDC group and/or bismuth sensitization.  

 

Table 4. Photophysical properties for the visible light emitters of 1, 3, 4, and 5.  

 φtot φEu lifetime (µs) ɳsens 

Bi0.99Eu0.01-1 0.016(2) 0.172 354(4) 0.087 

Bi0.99Tb0.01-1 0.0064(23) - 102(1), 38(4) - 

Bi0.99Eu0.01-3 0.033(2) 0.297 640(2) 0.116 

4 - - 24046 - 

5 0.013(1) 0.054 182(1) 0.252 

 

Conclusions   

 

Three bismuth(III)-thiophenedicarboxylate compounds were synthesized under aqueous, ambient 

conditions. similar synthetic techniques, both a previously reported and a new europium-

thiophenedicarboxylate compound were isolated. The compounds were found to form either 2D 

sheets or 3D networks. The bismuth compounds adopted similar topologies yet exhibited 

different interlayer packing, arising from differences in the number of water and/or HTDC units 

pointing into the interlayer spacing. Lanthanide doping of the bismuth phases led to 

characteristic visible and NIR lanthanide based luminescence. While the lifetimes of the 

europium doped phases were consistent with other europium only compounds, the low quantum 

yields and sensitization efficiencies of the compounds point to the remove high energy 

oscillators such as pyridinium and water from the networks, potentially move to a more efficient 

sensitizing ligand system, and more generally, better understand the potential role of bismuth in 

the energy migration pathway. Nonetheless, these results into the structure-property relationships 

in Bi organic phases and their Ln doped analogs sheds new insight into the development of 

design strategies for the construction of bismuth-based frameworks as either intrinsically 

photoluminescent materials or platforms for harnessing the luminescent properties of other metal 

centers through doping.  

 

Notes  

The manuscript was written through contributions of all authors. All authors have given their 

approval to the final version of the manuscript.  
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Three bismuth-thiophenedicarboxylate compounds, two of which were lanthanide-doped, and two 

europium- thiophenedicarboxylate phases were synthesized under aqueous conditions and 

characterized.  
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