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ABSTRACT 

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 (2), Cl (3), Br 

(4), Br2 (5), were synthesized at room temperature. A minor phase, [Bi2(terpy)2(MeO)2(NO3)4] (1), formed 

in the same reaction as 2, and was manually separated to afford a phase pure sample of 2. The structures 

were determined through single crystal X-ray diffraction, and further characterized via powder X-ray 

diffraction, Raman spectroscopy, and thermogravimetric analysis. The structures of 2 – 5 are built from 

discrete monomeric units, whereas 1 contains dimeric complexes. Significant π-π stacking and halide-π 

interactions are observed in the solid-state structures. Europium-doped phases of 2 - 5 were synthesized 

through addition of an aliquot of a europium nitrate or europium chloride solution to the initial reaction 

solution. For comparison, [EuNO3(TTA)2(terpy)]·0.3MeOH (6), which is isostructural to 2, was 

synthesized. Photophysical measurements were carried out for each of the lanthanide containing phases, 

and quantum yield and lifetime values were determined for the visible-light emitters. The synthesis, 

structural chemistry, and spectroscopic properties of the phases are presented.

INTRODUCTION 

Luminescent materials are ubiquitous in modern society.1-6 The development of novel platforms for 

luminescent compounds with attractive photophysical properties continues to draw significant interest; 
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there is wide recognition that these materials are critical to meeting our growing energy, lighting, and 

security needs. Within this context, our group and others have looked towards developing a better 

understanding of structure-property relationships in bismuth-based compounds and in some cases, their 

lanthanide-doped analogs. 7-11  Bismuth-based materials offer rich structural diversity and properties that 

can be tailored towards a wide array of applications from medicine to catalysis to optics.12-20 Yet the 

synthesis, characterization, and application of bismuth-based materials remains underdeveloped as 

compared to those built from more heavily researched metals, such as transition metals. For example, a 

cursory search of the Cambridge Structural Database (Version 5.42, May 2021 update) yields ca. 4,650 hits 

for bismuth containing compounds.21 For context, there are over 60,500 hits for iron, approximately 79,000 

results for copper, and even approximately 5,550 hits for europium.21 This lack of Bi-organic compounds 

is perhaps due, in part, to the limited solubility of bismuth salts and their hydrolytic instability, which 

complicate rationale design strategies. 22 Moreover, the flexible coordination environment of bismuth, 

arising from the 6s2 lone pair electrons further complicates structure prediction and rationale design. 23-27 

Yet the global availability (i.e. low cost) and relatively low toxicity of bismuth, as compared to other heavy 

elements,28 coupled with its unique lone pair electron effects, and potential for structural regulation of light 

emission and detection warrant the development of effective synthetic routes towards bismuth-based 

materials and the examination of the photophysical properties thereof. 

Bi-organic compounds are attractive targets for photoluminescent materials design.11, 19, 24, 25, 29-38 

Homometallic bismuth-organic compounds have been shown to exhibit promising luminescence behavior, 

with emission extending across the visible region and even approaching white light emission. 7, 10, 39, 40 24 

Lanthanide doping into Bi-organic hosts has been harnessed to achieve effective lanthanide sensitization 

and line-like emission characteristic of the lanthanide ions.9, 23, 30, 32, 36, 41-44 The broadband emission of Bi-

organic compounds together with the line-like emission of lanthanide ions has been capitalized on to 

achieve color tuning in lanthanide-doped Bi-organic materials.11 However, there remains a lack of 
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understanding of the fundamental structure-property relationships that underpin the photophysical 

properties of homo- and heterometallic bismuth based materials. As demonstrated by previous work from 

our group, the lack of Bi- and Ln- structural analogs 9,45 can make comparison of the photophysical 

properties of Ln-doped and Ln-only phases difficult as analogous reactions often give rise to unique 

coordination environments about the bismuth and lanthanide metal ions; this precludes a proper assessment 

of the utility of bismuth based materials to serve as hosts for lanthanide metal ions, while retaining the 

notable emission of the lanthanides. 

As such, we have turned towards a bismuth system incorporating both 2-thenoyltrifluoroacetone 

(TTA) and 2,2';6',2"-terpyridine (terpy) ligands. Terpy and other aromatic N-donor ligands have been 

heavily studied in Ln-based compounds46 and we have seen successful sensitization through its use coupled 

with thiophenecarboxylate. Furthermore, β-diketonates are another class of effective Ln sensitizers,47-49 and 

we hypothesized that the push-pull effect that TTA offers could help minimize the effect of the bismuth 

lone pair towards the isolation of isomorphous Bi- and Eu- phases. We herein report the synthesis and 

characterization of several bismuth- and europium-TTA-terpy compounds. Notably, using this approach 

we have isolated isostructural homometallic Bi- and Eu- complexes.  Europium doping of the bismuth-only 

phases was examined and despite similarities in the coordination chemistry of the Bi and Eu metal centers, 

limited Eu incorporation into the parent Bi host phases was observed. The synthesis, characterization, and 

photophysical properties of the compounds are described. 

EXPERIMENTAL SECTION 

Materials

All starting materials were commercially available and used without any further purification. 

Bi(NO3)3·5H2O (Fisher, 99.2%), BiCl3 (Acros Organic, 98+%), BiBr3 (Alfa Aesar, 99%), Eu(NO3)3·6H2O 

(BeanTown Chemical, 99.9%), EuCl3 (Aldrich Chemicals Co., 99.9%), 2-thenoyltrifluoroacetone (Fisher, 
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99%), 2,2';6',2"-terpyridine (Alfa Aesar, 97%), potassium hydroxide (Ward’s Science), ethanol (Warner 

Graham Company), and methanol (Fisher) were used as received. 

Stock solutions. A solution of 1 M potassium hydroxide was prepared in methanol. Solutions of 0.1 M 

europium nitrate or europium chloride in methanol were prepared and used in the synthesis of the doped 

phases. 

[Bi2(terpy)2(MeO)2(NO3)4] (1) and [BiNO3(TTA)2(terpy)] (2) 

Bismuth nitrate (0.0242 grams, 0.05 mmol), TTA (0.0222 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 adjusted to ca. 6-7 by 

addition of 1 M potassium hydroxide (100 μL). The glass vial was then capped and placed on the benchtop 

under ambient conditions. Crystallization was observed almost immediately. After two days, the products 

were filtered, washed in ethanol, and allowed to dry. Small colorless blocks of 1 (minor phase) along with 

beige plates of 2 were collected (Fig. S7). Manual separation allowed for further characterization of 2 (Fig. 

S7). Elemental Analysis for (2) C31H19BiF6N4O7S2: Calc. (Obs.): C, 39.33 (39.13); H, 2.02 (1.99); N, 5.92 

(5.88 %). Raman for (1): ῦ = 310, 326, 427, 449, 657, 724, 1010, 1021, 1043, 1053, 1261, 1276, 1291, 

1332, 1461, 1482, 1498, 1567, 1574, 1595 cm-1; (2): ῦ = 250, 307, 319, 608, 645, 655, 684, 723, 753, 830, 

931, 1015, 1034, 1060, 1083, 1300, 1332, 1358, 1414, 1485, 1500, 1520, 1596 cm-1.

[BiCl(TTA)2(terpy)] (3) 

Bismuth chloride (0.0158 grams, 0.05 mmol), TTA (0.0222 grams, 0.1 mmol), terpy (0.0112 grams, 0.05 

mmol), and methanol (2.9 mL) were loaded into a 10 mL glass vial. The pH was increased to ~6 with 1 M 

potassium hydroxide in methanol (100μL). A yellowish-white microcrystalline solid precipitated 

immediately from solution upon addition of the reactants. The glass vial was then capped and placed on the 

benchtop under ambient conditions. After one week, the products were filtered, washed in ethanol, and 

allowed to dry. Yellow blocks and a microcrystalline powder of 3 were collected (Fig. S8). Yield: 49% 

(based on Bi). Elemental Analysis for (3) C31H19BiClF6N3O4S2: Calc. (Obs.): C, 40.46 (39.97); H, 2.08 

(2.04); N, 4.57 (4.57 %). Raman ῦ = 210, 234, 312, 453, 654, 678, 724, 751, 930, 1016, 1043, 1058, 1072, 

1089, 1245, 1290, 1333, 1357, 1409, 1435, 1513, 1573, 1601 cm-1.

[BiBr(TTA)2(terpy)] (4)

Bismuth bromide (0.022 grams, 0.05 mmol), TTA (0.0222 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). A yellowish-white microcrystalline solid precipitated 

immediately from solution upon addition of the reactants. The glass vial was then capped and placed on the 
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benchtop under ambient conditions. After one week, the products were filtered, washed in ethanol, and 

allowed to dry. Yellow rods and a microcrystalline powder of 4 were collected (Fig. S9). Yield: 69% (based 

on Bi). Elemental Analysis for (4) C31H19BiBrF6N3O4S2: Calc. (Obs.): C, 38.60 (38.24); H, 1.99 (1.88); N, 

4.36 (4.20 %). Raman ῦ = 211, 245, 312, 452, 643, 679, 723, 751, 766, 930, 1016, 1043, 1058, 1071, 1089, 

1107, 1246, 1290, 1331, 1357, 1409, 1435, 1518, 1591 cm-1.

[BiBr2(TTA)(terpy)] (5) 

Bismuth bromide (0.022 grams, 0.05 mmol), TTA (0.0111 grams, 0.05 mmol), terpy (0.0112 grams, 0.05 

mmol), and methanol (2.9 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 μL). A yellowish-white microcrystalline solid precipitated 

immediately from solution upon addition of the reactants. The glass vial was capped and placed on the 

benchtop at room temperature. After one week, the products were filtered, washed in ethanol, and allowed 

to dry. Yellow rods and a microcrystalline powder of 5 were collected (Fig. S10). Yield: 66% (based on 

Bi). Elemental Analysis for (5) C23H15BiBr2F3N3O2S: Calc. (Obs.): C, 33.56 (33.55); H, 1.84 (1.92); N, 

5.10 (5.05 %). Raman ῦ = 216, 248, 264, 311, 644, 654, 684, 723, 755, 799, 828, 929, 1013, 1042, 1061, 

1075, 1105, 1298, 1328, 1338, 1406, 1428, 1458, 1482, 1497, 1567, 1592 cm-1.

[EuNO3(TTA)2(terpy)]·0.3MeOH (6) 

Europium nitrate (0.0223 grams, 0.05 mmol), TTA (0.0222 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 1 

M potassium hydroxide in methanol (100 μL). The glass vial was then capped and placed on the benchtop 

under ambient conditions. Crystallization was observed after a few days. After two weeks, the products 

were filtered, washed in ethanol, and allowed to dry. Colorless thick needles of 6 were collected (Fig. S11). 

Yield: 43% (based on Eu). Elemental Analysis for (6) C31.3H20.2EuF6N4O7.3S2: Calc. (Obs.): C, 41.80 

(41.10); H, 2.26 (1.99); N, 6.23 (5.88 %). Raman for (6): ῦ = 216, 249, 269, 300, 604, 627, 641, 653, 682, 

724, 751, 830, 936, 1013, 1035, 1044, 1061, 1082, 1287, 1331, 1351, 1412, 1500, 1518, 1571, 1598, 1630 

cm-1.

Doping

The europium doped samples of 2 – 5 were prepared by adding an aliquot of europium nitrate (2, 4 – 5) or 

chloride (3) solution vide infra to the reactions just prior to crystallization of the bismuth-only phases. For 

2, the europium solution was added during the initial reaction set-up. For 3 – 5, europium was added an 
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hour after the reaction solutions were prepared. 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. 

[Bi0.97Eu0.03NO3(TTA)2(terpy)] (Bi0.97Eu0.03-2)

Bismuth nitrate (0.0218 grams, 0.045 mmol), TTA (0.0222 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 1 

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 Bi0.97Eu0.03-2 were collected with 

no apparent formation of a doped phase of 1. Manual separation from the undoped 1 allowed for subsequent 

characterization of Bi0.97Eu0.03-2 (Fig. S12). Elemental Analysis for C31H19Bi0.97Eu0.03F6N4O7S2: Calc. 

(Obs.): C, 39.33 (39.09); H, 2.02 (1.91); N, 5.92 (6.00 %).

[Bi0.99Eu0.01Cl(TTA)2(terpy)] (Bi0.99Eu0.01-3) 

Bismuth chloride (0.0141 grams, 0.045 mmol), TTA (0.0222 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 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 Bi0.99Eu0.01-3 were collected (Fig. S13). 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 %).  

[Bi0.99Eu0.01Br(TTA)2(terpy)] (Bi0.99Eu0.01-4) 

Bismuth bromide (0.020 grams, 0.045 mmol), TTA (0.0222 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 Bi0.99Eu0.01-4 were collected (Fig. S14). 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 %). 
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[Bi0.999Eu0.001Br2(TTA)(terpy)] (Bi0.999Eu0.001-5) 

Bismuth bromide (0.020 grams, 0.045 mmol), TTA (0.0111 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 (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 Bi0.999Eu0.001-5 were collected (Fig. S15). 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 %). 

Single crystal X-ray diffraction

Single crystals of 1 - 6 were selected from the bulk sample and mounted on MiTeGen micromounts in N-

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 APEX2.50, 51 An 

absorption correction was applied using a multi-scan technique in SADABS.52 The structures were solved 

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

software in shelXle64.53, 54 Crystallographic data for compounds 1 - 6 are provided in Table 1, and the 

resulting CIF data are available as Supporting Information. Crystallographic data were deposited in the 

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

using reference numbers 1913266 – 1913271.

Table 1. Crystallographic Structure Refinement Details for compounds 1 - 6.

1 2 3 4 5 6

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)
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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

Characterization methods

Powder X-ray diffraction data were collected for the bulk samples from which single crystals of 1 – 6 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 selected from the bulk 

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

Raman Spectrometer. Spectra were recorded from 200 to 2000 cm-1 with 10 accumulations and a laser 

power between 5 and 10% (Figs. S16-S21). Combustion elemental analysis was carried out using a Perkin 

Elmer Model 2400 Elemental Analyzer on the manually separated bulk phases. Thermogravimetric 

analyses were conducted on the manually separated bulk sample using a TA Instruments Q50 

Thermogravimetric Analyzer under flowing N2 (flow rate = 10 mL/min) from 30 to 600 °C with a step 

speed of 5 °C/min. Inductively coupled plasma-mass spectrometry was collected on an Agilent 7700 ICP-
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MS to determine bismuth:europium ratios. A calibration curve was made for both Bi and Eu using 10 

different concentrations (5, 7.5, 10, 50, 100, 500, 1000, 1500, and 2000 ppb); all solutions were made using 

5% HNO3. Roughly 5 mg of each sample was dissolved in 5% HNO3 under slight heating and stirring and 

diluted to within the calibration curve range. Reported doping percentages are the average of multiple 

samples. 

Photoluminescence measurements

Luminescent measurements were performed on a Horiba PTI QM‐400 system (Horiba PTI) on solid 

samples at room temperature. The samples were placed between two glass slides and collected using 

fluorimeter slit widths of 1–3 nm. Harmonic oscillations from the excitation source were blocked using 

long-pass filters (455 or 495 nm). In all cases, the wavelength of the peak of maximum intensity in the 

excitation spectrum was used to generate the emission spectrum. Time‐resolved measurements were 

collected using a Xenon flash lamp as the average of 10,000 shots. Quantum yield measurements were 

acquired using an 8.9 cm integrating sphere coated in Spectralon fluoropolymer. Samples were ground into 

homogenous powders in dried potassium bromide (KBr) using a 1:50 sample:KBr ratio and then loaded 

into a Teflon sample holder placed within the sphere at a 45° angle to the incident beam. The quantum yield 

of anthracene was determined concurrently against the Eu-containing samples to ensure validity of the 

quantum yield. Reported lifetimes and quantum yields are the average of three collections.  

Singlet and triplet states of TTA and terpy were determined by dissolving Gd(NO3)3·6H2O (0.077 

mmol, 0.034 g) and TTA (0.231 mmol, 0.051 g) or terpy (0.231 mmol, 0.054 g) in 5 mL of a 1:1 MeOH–

EtOH mixture in a 10 mL glass vial. The solution was gently heated to 50 °C to ensure complete dissolution 

of all chemicals. An 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 to avoid lamp flash, a sample window of 1 ms, and 20 pulsed flashes to resolve both fluorescence 

and phosphorescence emission peaks. Next, using a time delay of 0.5 ms to remove any residual 

fluorescence, phosphorescence of the Gd-ligand complexes was observed with a sample window of 1 ms 

and 20 pulsed flashes. All emission spectra were collected with a slit width of 5 nm for both excitation and 

emission monochromators with an excitation wavelength of 325 nm, and are uncorrected. The spectra can 

be found in the supporting information (Figs. S43-44). 

RESULTS 

Synthesis
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Various metal:ligand ratios were explored for the synthesis of each compound in order to examine any 

structural variation that may arise from reaction conditions. With Bi(NO3)3 or BiCl3 as the bismuth 

precursor, 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 Bi:TTA:terpy ratio. At a 1:1:1 

ratio, the Br-Bi-Br structural motif was observed (5), whereas a 1:2:1 ratio yielded the Br-Bi motif (4). The 

bond dissociation for Bi-Br is higher than that of Bi-O and Bi-Cl, so formation of both 4 and 5 is not 

unexpected.55 Synthesis of the europium doped analogs were attempted using synthetic conditions identical 

to those used to prepare the homometallic phases. This approach was only successful for 6, possibly due to 

differences in solubility between the bismuth and europium salt precursors. 

Differences in the solubility of the bismuth- and europium salts as well as differing reaction kinetics 

led to challenges in preparing lanthanide doped samples of 2 – 5. 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 to prepare 2 - 5. However, this approach was only successful for 2 and 3 when Eu(NO3)3 and 

EuCl3 were added immediately and after one hour, respectively. Due to the rapid formation of 2, the 

europium nitrate aliquot was added immediately following addition of the solvent. Addition of europium 

nitrate after >15 minutes resulted in a distinct absence of europium incorporation in 2 based on visual 

inspection as the majority of the product had likely already formed. The undoped compound 2 forms 

significantly faster than 6, further highlighting 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 4 and 5, addition of EuBr3 as the 

europium salt did not lead to successful incorporation of europium into the bismuth host materials, 

irrespective of when the europium bromide was added to the solution. We attribute this to the differences 

in solubility of the europium nitrate and bromide salts under the given reaction conditions, i.e. the nitrate 
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salt is more soluble in methanol. Thus, Eu(NO3)3 was added to the reaction vial of 4 and 5 an hour after the 

initial reaction began to yield Bi0.999Eu0.001-5. 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 start of the reaction.23

Structure descriptions

[Bi2(terpy)2(MeO)2(NO3)4] (1)

Page 11 of 33 CrystEngComm



12

The asymmetric unit of 1 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 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.56, 57 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. 1a). 

Intermolecular interactions including H-bonding and π-π stacking were examined using Platon.58 No 

classic hydrogen bonding interactions were found; however, evidence of C-H O hydrogen bonding are ∙∙∙

present. 59, 60 Relevant C-H Acceptor distances and angles are provide in Table S1.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 interactions bridge the dimers into supramolecular 1D chains 

along the [001] as illustrated in Fig. 1b. 

Fig. 1 (a) Illustration of the dimeric unit in 1. (b) Packing diagram of 1 viewed down the [100] depicting 

π-π stacking interactions (purple dashed lines) between terpy ligands from adjacent dimers. Green 

polyhedra 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.

(a) (b)
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BiNO3(TTA)2(terpy) (2) 

The asymmetric unit of 2 is comprised of one Bi3+ metal center, one κ2-nitrate, two κ2-TTA ligands, and 

one κ3-terpy ligand. As shown in Fig. 2, the bismuth is nine-coordinate, adopting a distorted monocapped 

square antiprismatic coordination 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 π-π stacking interactions are observed 

between adjacent aromatic rings, as shown in Fig. 2b, and bridge the monomeric units into supramolecular 

2D sheets along the xz plane. These interactions occur between adjacent terpy ligands with Cterpy∙∙∙Cterpy = 

3.669(4) Å, 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. No classic hydrogen bonding interactions were 

found;59, 60 C-H Acceptor distances and angles are provide in Table S2.∙∙∙

(a) (b)
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Fig. 2 (a) Illustration of the monomeric unit in 2. (b) Polyhedral representation of the packing diagram of 2 

viewed down the [010] depicting π-π stacking interactions including thiophene∙∙∙terpy (red dashed lines), 

terpy∙∙∙terpy (purple dashed lines), and thiophene-thiophene (orange dashed lined). Green polyhedra 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 disorder of the thiophene rings have 

been omitted for clarity.

BiCl(TTA)2(terpy) (3) 

The asymmetric unit of 3 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. 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 xz plane via π-π stacking interactions (Fig. 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 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 Cterpy∙∙∙Cterpy distance = 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.61, 62  No classic hydrogen bonding 

interactions were found;59, 60 C-H Acceptor distances and angles are provide in Table S3.∙∙∙
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Fig. 3 (a) Illustration of the monomeric unit in 3. (b) Packing diagram of 3 viewed down the [010] depicting 

π-π stacking interactions including thiophene∙∙∙terpy (red dashed lines), terpy∙∙∙terpy (purple dashed lines), 

and thiophene-thiophene (orange dashed lines). Green polyhedra 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.

BiBr(TTA)2(terpy) (4) 

Compound 4 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-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. 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. As in 3, π-

π stacking interactions yield supramolecular 2D sheets that extend along the xz plane. Interactions are 

observed between the thiophene ring of one TTA and the outer rings of the terpy (Cthiophene∙∙∙Cterpy = 

(a) (b)
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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 stacking interactions to a symmetry equivalent thiophene ring of an adjacent 

TTA ligand with the distances between centroids and the slip angle equal to 3.6019(2) Å and 21.4°, 

respectively, for Part A. Finally, the terpy ligand stacks with additional terpy ligands in adjacent monomeric 

units, with the closest Cterpy∙∙∙Cterpy distance of 3.6273(2) Å and slip angle of 21.7°. As observed in 3, a 

halogen-π interaction is observed between Br1 and the center of the pyridine ring of terpy; Br1∙∙∙Cterpy = 

4.213(4) Å with α = 36°. C-H Acceptor distances and angles are provide in Table S4.∙∙∙

BiBr2(TTA)(terpy) (5) 

Compound 5 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. 4a). The bismuth cation adopts 

a slightly distorted pentagonal bipyramidal coordination 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 = 

(a) (b)

Page 16 of 33CrystEngComm



17

21.9°) and between adjacent terpy ligands (Cterpy∙∙∙Cterpy = 3.6545(2) Å, slip angle = 20.6° and 3.874(2)). 

These intermolecular interactions bridge the monomers into supramolecular 2D sheets in the xy plane as 

shown in Fig. 4b. C-H Acceptor distances and angles are provide in Table S5.∙∙∙

Fig. 4 (a) Illustration of the monomeric unit in 5. 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. (b) Packing diagram of 5 viewed down the [010] depicting π-π 

interactions including thiophene∙∙∙terpy (red dashed lines) and the terpy∙∙∙terpy ligands (purple dashed lines) 

interactions. Green polyhedra 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.

EuNO3(TTA)2(terpy)·0.3MeOH (6) 

Compound 6 is built from one crystallographically unique Eu3+ metal center, one κ2-nitrate, two κ2-TTA 

ligands, and one κ3-terpy ligand (Fig. 5). The complex is isostructural to the bismuth complex in 2. The 

europium is nine-coordinate, forming a distorted monocapped square antiprismatic coordination geometry. 

Each Eu3+ center is bound to four O atoms from the TTA ligands, two O atoms from the nitrate, and three 

N atoms from the 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 

(a) (b)
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partially occupied (~30%) methanol is located in the outer coordination sphere. The compound consists of 

monomeric units that display similar intermolecular interactions to that of 2. Displaced parallel π-π 

stacking interactions are observed between adjacent terpy ligands with Cterpy∙∙∙Cterpy = 3.638(2) Å and a 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 as shown in Fig. 5b. No classic 

hydrogen bonding interactions were found;59, 60 C-H Acceptor distances and angles are provide in Table ∙∙∙

S2.

Fig. 5 (a) Illustration of the monomeric unit in 6. (b) Packing diagram of 6 viewed down the [010] depicting 

π-π interactions including thiophene∙∙∙terpy (red dashed lines) and the terpy∙∙∙terpy (purple dashed lines). 

Pink polyhedra are nine coordinate EuO6N3. Pink, red, purple, yellow, blue, and black spheres are europium, 

oxygen, fluorine, sulfur, nitrogen, and carbon atoms, respectively. Hydrogen atoms have been omitted for 

clarity.

Raman spectroscopy

Raman spectra were collected for single crystals of 1 - 6 (Figs. S17-22). The spectrum for each compound 

showed characteristic ligand peaks, and for 3 – 5, Bi-X (X=Cl, Br) vibrations were observed. The peaks 

between 200-315 cm-1 can be attributed to ν(Bi-X) vibrations in 3 – 5.63, 64  The peaks observed between 

1000 and 1700 cm-1 are attributed to overlapping bands from C-H, C-F3, C-O, C-N, and ring vibrations 

from the thienyl and/or terpyridine groups.65

Thermal analysis

The thermal stability of 2 – 6 was examined over 30 C to 600 C under flowing nitrogen and powder X-

ray diffraction data were collected to identify the thermal decomposition products. Each phase shows good 

thermal stability up to >150 °C. For 2, decomposition occurred over one step (Fig. S22). Decomposition 

begins around 150 °C and was complete just past 400 °C. The total weight loss (72.7 %) along with the 
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PXRD data (Fig. S27)  were consistent with decomposition to Bi2O3 (calc. 75.4%); however, several peaks 

in the powder pattern could not be accounted for by Bi2O3.66 The thermal decomposition of 3 occurred over 

three consecutive steps (Fig. S23). 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. The overall weight loss is 

consistent with decomposition to the “Arppe Compound” Bi24O31Cl10 (calc. 73.4%, obs. 70.5%) and is 

supported by the powder pattern collected on the decomposition product (Fig. S28).67 The thermal 

decomposition of 4 had an overall weight loss of 75.8% over four consecutive steps (Fig. S24). 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%) (Fig. S29). The thermal decomposition of 5 had an 

overall weight loss of 68.6% over two consecutive drops (Fig. S25). The first 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 collected for the thermal decomposition product indexes to Bi24O31Br10 (calc. 68.1%) 

(Fig. S30).  The thermal decomposition of 6 had an overall weight loss of 72.9% over three consecutive 

drops (Fig. S26). 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 (Fig. S31). 
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Doping Studies

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.68 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 are in good agreement with the calculated pattern of the corresponding homometallic phase, 

consistent with Eu incorporation into the bismuth phase (Figs. S12-15). The ratio of europium doped into 

each bismuth compound was determined through ICP-MS. The percentages of europium incorporation are 

shown in Table 2 and are the average of three separate preparations. The given percentages reflect the 

maximum doping levels achieved even at doping levels up to 10% in the synthesis. All show limited doping. 

Compound 2 displays the highest doping level (2.9%) of the four compounds, which could be due to the 

isostructural nature of the complexes in 2 and 6. Yet it is worth noting that despite the similarities in the 

local coordination environments of the Bi- and Eu- metal centers in 2 and 6, we were not able to prepare 

solid-solutions. This may point to the importance of not only controlling the coordination chemistry of Bi- 

and Eu- but also the relative solubility of the complexes, such that higher doping levels may be achieved.  

Perhaps unsurprisingly, 5 shows the lowest amount of Eu incorporation, 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. The Eu-Br structural motif is relatively 

uncommon and the Br-Eu-Br motif even more so. Thus, the low europium doping in 5 likely results from 
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the unfavorable (for Eu) metal ion coordination environment, with two soft bromide ions.69 This is 

supported by our inability to obtain europium analogs of 4 and 5.

Table 2. Percent ion doping into each compound.

Eu Doping (mol%)

Bi0.97Eu0.03-2 2.9 ± 0.5

Bi0.99Eu0.01-3 1.2 ± 0.3

Bi0.99Eu0.01-4 1.4 ± 0.2

Bi0.999Eu0.001-5 0.06 ± 0.01

Luminescent Behavior

The room temperature emission spectra of the free ligands, TTA and terpy, were collected for reference 

and showed weak emission peaks centered at 449 and 373 nm, respectively (Figs. S32-S33). This emission 

likely results from intra-ligand π → π* and/or n → π* transitions. The singlet and triplet states of the ligands 

were determined through time-delayed measurements at 77 K using the respective Gd-ligand complex in 

solution. These values are provided in Table 3. They are in good agreement with literature values of the 

singlet and triplet excited states.70 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. 

Table 3. Singlet and triplet states of the ligands. 
Singlet (cm-1) Triplet (cm-1)

Gd-TTA 26,738 21,505

Gd-terpy 28,011 22,988

The bismuth-only compounds appear non-luminescent at room temperature when irradiated with a 

handlamp. However, each phase displays notably weak ligand luminescence with broad emission bands 

ranging from ca. 350 to 550 nm when excited between 315-327 nm (Figs. S34-S37). Broad emission from 

TTA and terpy are observed in 2 with a λmax at 380 nm. Compounds 3 and 4 show distinct terpy and TTA 

emission at ~375 and ~446 nm, respectively, and also show peaks centered at ca. 500 nm. Compound 5 
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likewise displays emission bands consistent with terpy and TTA, and a much stronger band centered at 520 

nm. 

Fig. 6 Room temperature excitation (dashed line) and emission (solid line) spectra of (a) Bi0.97Eu0.03-2, (b) 

Bi0.99Eu0.01-3, (c) Bi0.99Eu0.01-4, (d) Bi0.999Eu0.001-5 and (e) 6, and images (f) of the bulk compounds under 
ambient light (left) and UV light (right). An image is not displayed for Bi0.999Eu0.001-5 as emission is not 
noticeable to the naked eye, most likely due to the low doping amount.
The room temperature solid-state luminescence spectra of the europium-doped compounds were measured; 

all displayed Eu-based emission in the visible region. While the quantum yield for Bi0.97Eu0.03-2 was 

approximately 5%, that of the remaining Eu doped compounds was below 1%. A broad excitation spectrum 

was observed for Bi0.97Eu0.03-2 centered at 420 nm. Excitation at this wavelength yielded red luminescence 

characteristic of europium (Fig. 6a). The peaks at 594 and 617 nm are assigned to the 5D0 → 7FJ (J = 1, 2), 

while the 5D0 → 7F0 transition is observed at 580 nm. Peaks centered at 652 and 699 nm can be assigned to 

the 5D0 → 7FJ (J = 3, 4) transitions, respectively. Time resolved measurements of the 5D0 → 7F2 transition 

gave a lifetime of 664(44) μs (Fig. S38). Quantum yield measurements yielded a quantum yield of 0.052(9).

For Bi0.99Eu0.01-3, the excitation maximum was centered at 451 nm (Fig. 6b). The 5D0 → 7FJ (J = 0 

- 2) transitions were observed at 580, 594, and 617 nm, respectively. Broad, weak peaks centered around 
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651 and 698 nm can be assigned to the 5D0 → 7FJ (J = 3, 4) transitions, respectively. The compound 

possesses an emissive lifetime of 506(1) μs (Fig. S39). 

Bi0.99Eu0.01-4 displays characteristic red luminescence when excited at a wavelength of 377 nm 

(Fig. 6c). 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.  The emissive lifetime 

was found to be 547(4) μs (Fig. S40). 

The excitation spectrum for Bi0.999Eu0.001-5 (Fig. 6d) showed a peak maximum at 382 nm. 

Excitation at this wavelength gave an emission spectrum with a broad ligand emission centered at 520 nm; 

this feature is similar to the ligand-based emission seen in the undoped 5. We attribute this peak to TTA 

emission, based on the triplet states determined for TTA and terpy. 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. The fluorescence lifetime of Bi0.999Eu0.001-5 was 469(5) μs (Fig. S41). 

A broad excitation maximum centered at 390 nm was observed for 6 (Fig. 6e). Excitation at this 

wavelength gave an emission spectrum with well-defined 5D0 → 7FJ (J = 1, 2) transitions at 594 and 617 

nm, respectively. The peak at 581 nm is attributed to the 5D0 → 7F0 transition. Broad, weak peaks centered 

around 652 and 700 nm can be assigned to the 5D0 → 7FJ (J = 3, 4) transitions, respectively. The fluorescence 

lifetime and quantum yield of 6 were determined to be 623(39) μs (Fig. S42) and 0.146(12), respectively.

Table 4. Photophysical measurements for Bi0.97Eu0.03-2 and Eu-6. The quantum yields of Bi0.99Eu0.01-3, 

Bi0.99Eu0.01-4, and Bi0.999Eu0.001-5 were less than 1%.
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φtot φEu Lifetime (μs) ηsens

Bi0.97Eu0.03-2 0.052(9) 0.44 664(44) 0.12

Eu-6 0.146(12) 0.39 623(39) 0.37

DISCUSSION

There are approximately seven unique bismuth-terpy phases9, 71-74 and no bismuth-TTA compounds 

reported in the CSD. Of the Bi-terpy phases reported four contain bound iodide and one has bound chloride; 

none consist of bromide. Expansion of the search to include structures with a Bi-X1 structural motif (X=Cl 

or Br) results in approximately 234 compounds wherein only one halide is bound to the metal center as 

observed in 2 and 3. Few of those exhibit an eight-coordinate metal center, highlighting the relative scarcity 

of this structural motif for Bi-organic compounds. For comparison, a search for structures with a Bi-X2 

motif (X=Cl or Br, with two halides bound to the metal center) yielded nearly 200 results. Approximately 

ten of those consisted of seven-coordinate metal centers like those observed in 4. It is perhaps surprising 

then that we only saw formation of 4 upon changing metal:ligand ratios and no formation of its chloride 

analog. Further, compound 1 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.71 

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.56 The 

methoxy bridging group in 1 must come from the methanol in the reaction. 

Trivalent bismuth is an ns2 metal center and often portrays a degree of asymmetry in its 

coordination sphere that can be attributed to the presence of the structure directing 6s2 lone pair. Both an 

open face and clear asymmetry in the Bi-O bond lengths are evidence of a stereochemically active lone 

pair. 23, 75 This bond asymmetry is notably absent in the complexes presented here suggesting that the lone 
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pair electrons are stereochemically inactive in 1-5; Bi-O distances and Bi-N distances are notably similar 

in each compound. The inactive lone pair may arise from the push-pull effect of the TTA ligand with an 

electron donating thiophene group and an electron withdrawing group of the CF3 coupled with terpy binding 

that chelates the metal center.

For the homometallic bismuth phases the overall luminescence intensity followed the order 5 < 4 

< 3. This is consistent with prior observations that emission from bromobismuth species are often less 

intense than their chloride analogs.35, 76 The emission peak attributed to TTA is much greater in intensity 

for 3 - 4 compared to 5, which may be due to better efficiency of intraligand transitions. Analysis of the 

triplet state for TTA and terpy suggests that energy transfer from terpy to TTA is possible. Further, as the 

third emission band around 500-520 nm is not observed in 2, it is likely this peak is related to influence of 

the halides present in the compounds as has been observed in bismuth-halide organic systems. Absent 

computational analysis, this emission band could result from a ligand-to-metal charge transfer (LMCT) 

between the Bi3+ and the halides17, 44, 77, a ligand-to-ligand charge transfer (LLCT) between the halides and 

organic ligands78, an intraligand (IL) phosphorescence induced by the heavy atom effect35, 79, 80, or a metal-

centered (MC) s→p transition35, 81. It would be expected that an IL phosphorescence or metal centered 

transition would also be observed in 2, which is not the case. Bromo sp2 metals have weaker reported 

luminescence than their chloride analogs due to increased sp/LMCT mixing, which could be an indication 

that LMCT is likely involved in the third emission band.82 In 5, this peak has a much greater intensity than 

for 3-4, possibly owing to the presence of multiple halide ions rather than one that can be involved in charge 

transfer transitions.

The broad excitation window for the Eu-doped phases 2 – 5 compared to the slightly narrower 

excitation range for 6 likely results from incorporation into the bismuth host framework. Characteristic 

europium luminescence is observed upon excitation over a range of excitation wavelengths with no 

significant ligand contribution noted (Fig. S45). While β-diketonates can offer substantial sensitization for 

lanthanide-based systems,47-49, 83 such enhanced photophysical properties are not achieved by doping 

lanthanide ions into the bismuth host compounds built from terpy and TTA that are reported here. In fact, 

all of the Eu doped phases exhibited low quantum efficiencies; the quantum yield of the nitrate containing 

compound was ~5% whereas the quantum yields of the halide containing compounds was less than 1%. 
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The absence of any ligand fluorescence in the emission spectra (contrasted to the strong ligand contribution 

observed in the bismuth-only compounds) suggests that the intramolecular energy transfer from the 

coordinated ligands to the Eu3+ metal ions is efficient for each doped phase except Bi0.999Eu0.001-5; however, 

Bi0.97Eu0.03-2 has a notably lower quantum yield than 6. 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 Bi0.97Eu0.03-2 and 6 should be comparable. However, the quantum yield of the Eu only phase (~15 

%) is higher than that of the doped phases. This implies that the bismuth framework diminishes the overall 

quantum efficiency. This may arise from differences in the nonradiative decay pathways available in the 

Bi- and Eu-doped systems, and suggests that the effective sensitization routes for lanthanide-only 

compounds might be ineffective or ill-suited for lanthanide-doped bismuth-organic phases. 

Attempts to synthesize the analogous lanthanide phases of 3 - 5 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, 6, displays the highest quantum yield in this paper, it is still low with respect to 

other europium- β-diketonates. Mazzanti et al. Bi0.97Eu0.03-2 and 6  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).49 Addition of the 

bound nitrate in 6 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 6 might act as a high energy oscillator, allowing for non-radiative deactivation 

processes.84  

CONCLUSIONS 

Five new monomeric bismuth and europium compounds built from terpyridine and 2-

thenoyltrifluoroacetone and a bismuth dimer containing terpy and bridging methoxy groups were 

synthesized from methanol at room temperature. The stereochemically active 6s2 lone pair was not observed 
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in the crystal structures suggesting that judicious ligand selection may be an effective strategy towards 

controlling bismuth coordination chemistry and the manifestation of the lone pair electrons, in particular. 

Europium-doped phases of 2 – 5 were synthesized through careful addition of a europium salt aliquot to 

the reaction vial, ranging from 0.1 to 3% Eu3+ incorporation. Low doping percentages point to the inherent 

challenges of doping lanthanides into bismuth hosts. While the quantum efficiencies for all compounds, 

including the homometallic Eu phase were low, a relatively higher efficiency for the Eu-only (6) as 

compared to the Eu-doped Bi (Bi0.97Eu0.03-2) was observed. This may be attributed to the low percent Eu 

incorporated into the Bi host or may otherwise point to differences in the sensitization efficiencies, and 

nonradiative decay mechanisms in the homo- and heterometallic phases. The latter could have implications 

for the design of lanthanide sensitization in doped metal-organic compounds, particularly those based on 

ns2 metal ions. 
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