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ABSTRACT 

Seven novel bismuth(III)-halide phases, [Bi2Cl6(terpy)2](H2O)0.5 (1), Bi2Cl4(terpy)2(k2-TC)2 (2), 

BiCl(terpy)(k2-TC)2 (3A-Cl), BiBr(terpy)(k2-TC)2 (3A-Br), BiCl(terpy)(k2-TC)2 (3B-Cl), 

[BiCl(terpy)(k2-TC)2][Bi(terpy)(k2-TC)3]•0.55(TCA) (4), [BiBr3(terpy)(MeOH)] (5), and 

[BiBr2(terpy)(k2-TC)][BiBr1.16(terpy)(k2-TC)1.84] (6), were prepared under mild synthetic 

conditions from methanolic/aqueous solutions containing BiX3 (X= Cl, Br) and 2,2’,6’,2”-

terpyridine (terpy) and/or 2-thiophene monocarboxylic acid (TCA). A heterometallic series, 3A-

Bi1-xEuxCl, with the general formula Bi1-xEuxCl(terpy)(k2-TC)2 (x = 0.001, 0.005, 0.01, 0.05) was 
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also prepared through trace Eu doping of the 3A-Cl phase. The structures were determined through 

single crystal X-ray diffraction and are built from a range of molecular units including monomeric 

and dimeric complexes. The solid-state photoluminescent properties of the compounds were 

examined through steady-state and time resolved methods. While the homometallic phases 

exhibited broad green to yellow emission, the heterometallic phases displayed yellow, orange, and 

red emission that can be attributed to the simultaneous ligand/Bi-halide and Eu centered emissions. 

Photoluminescent color tuning was achieved by controlling the relative intensities of these 

concurrent emissions through compositional modifications including the Eu doping percentage. 

Notably, all emissive homo- and heterometallic phases exhibited rare visible excitation pathways 

that based on theoretical quantum mechanical calculations, are attributed to halide-metal to ligand 

charge transfer (XMLCT). Through a combined experimental and computational approach, 

fundamental insight into the structure property relationships within these Bi halide organic hybrid 

materials is provided. 

INTRODUCTION 

Ongoing demand for tailorable photoluminescent materials and novel design strategies have 

been the focus of many research efforts across the gamut of inorganic (e.g., perovskite 

photovoltaics/lighting phosphors/nanomaterials),1-4 organic (e.g., luminescent dyes),5-6 and hybrid 

(e.g., sensors/aggregation induced emitters/Ln emissive materials)7-10 materials research. At the 

core of all these studies are the development of fundamental knowledge and subsequent utilization 

of underlying structure-property relationships to obtain optimized, tailored, and controlled 

materials properties including compositional control of emission,11-14 radical stabilizing molecular 

functionalities,15-16 and/or synergistic metal ligand energy relationships.17-19 In recent years, 
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bismuth halide based photoactive materials have gained significant attention in photovoltaics, 

photocatalysts, and photoluminescent materials.20-22 Focusing on the latter, Bi halide organic 

systems have exhibited a range of interesting luminescent behaviors including reversible 

mechanochromism, Ln sensitization, and white light emission as observed in halobismuthates, 

layered perovskites, and coordination polymers.23-25 

Within these materials, luminescence has been attributed to a number of pathways including 

metal centered emission originating from the closed shell 6s2 Bi3+ metal center and/or lanthanide 

ions doped into the bismuth framework or otherwise ligand based emission.26-29 Furthermore, 

charge transfer mechanisms including MLCT, LMCT, and IVCT offer an even broader range of 

transitions that may underpin the observed luminescent behavior.30-32 Luminescent homometallic 

Bi-based materials often exhibit broad emissive features that have relatively ambiguous origins 

upon qualitative inspection. Although certain photophysical features including lifetimes, Stokes 

shift, and peak position can provide insight into the assignment of the broad emissions, quantum 

mechanical molecular orbital calculations have proved quite valuable in discerning the structural 

origins of luminescence in bismuth-based materials.30, 33 As such, a combined experimental and 

computation approach aimed at elucidating the photophysical behavior of bismuth-based 

compounds built from discrete molecular units was pursued in this work. 

While Bi coordination polymers and metal-organic frameworks have exhibited interesting 

luminescent behavior, our goal in targeting discrete molecular systems was to identify the intra- 

and intermolecular interactions (e.g., metal-ligand coordination, halide identity, metal complex 

nuclearity, and supramolecular packing interactions) that facilitate the observed luminescent 

behavior in homo- and heterometallic bismuth-halide-organic compounds. From a computational 

perspective, such complexes may also provide a more manageable starting point for understanding 
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the effects of intra- and intermolecular structural motifs on photophysical properties than extended 

network materials. Thus, 2,2’,6’,2”-terpyridine (terpy) and 2-thiophenemonocarboxylate (TC) 

were employed to restrict the complex dimensionality through terminal or ‘capping’ coordination. 

Furthermore, both chloride and bromide phases were targeted in order to examine the effects of 

halide identity on bismuth coordination, as well as reveal any discernable trends in 

photoluminescent behavior.  

In this work seven novel homometallic Bi-halide-organic phases built from monomeric, dimeric, 

and/or cocrystallized molecular units are presented. The solid-state photoluminescent properties 

of the compounds were examined through steady-state and time resolved methods and five of the 

homometallic phases exhibited broad green to yellow emission with excitation profiles that extend 

well into the visible region. Lanthanide doping into the bismuth phases was additionally pursued, 

and an Eu doped heterometallic series revealed simultaneous broad band emission, as seen in the 

homometallic analog, as well as sensitized Eu emission. Interestingly, compositional based 

photoluminescent color tuning (PLCT) was achieved upon adjustment of the Eu doping 

percentage. Moreover, the aforementioned visible excitation pathway was retained in the 

heterometallic system. In an effort to understand the origin of luminescence in these phases, 

structure-property relationships were investigated. The structures were determined through single 

crystal X-ray diffraction (SCXRD) and quantum mechanical calculations using structural models 

obtained from the experimentally determined single-crystal structures were performed to better 

understand the origins of the observed excitation and emissive pathways. The computational 

studies showed that the frontier orbitals responsible for the visible excitation originate from 

intramolecular halide-metal to ligand charge transfer (XMLCT), for which strong orbital mixing 

within the BiX sub-unit is observed in the principal highest occupied molecular orbital (HOMO) 
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energetic state. Comparison of the experimental excitation spectra with the calculated absorption 

transitions further revealed that both ligand orientation and the number of halide substituents 

bound within the Bi anchored complex influence the degree to which the excitation bands extend 

into the visible region. This work provides fundamental insight into structure-property 

relationships that govern photoluminescence in Bi halide organic hybrid compounds and further 

demonstrates their utility as a promising class of photoactive materials. 

EXPERIMENTAL SECTION 

Materials. BiCl3 99.9%, BiBr3 99% (Alfa Aesar); EuCl3•6H2O 99.9% (Strem Chemicals); 

2-thiophenecarboxylic acid 99%, 2,2’:6’,2”-terpyridine 96%, KCl 99+% (Acros Organic); 

poly(methyl methacrylate) (PMMA) MW=12,000, Methanol ACS grade (Sigma-Aldrich); KNO3 

99%, KOH flake technical grade, and HNO3 68-70 wt% (Fisher Chemical) were used as received. 

Nanopure water (≤0.05 µS; Millipore, USA) was used in all denoted preparations. 

General Synthetic Procedure.  

In a typical synthesis, the bismuth halide salt (BiCl3 or BiBr3), 2,2’,6’,2”-terpyridine (terpy), and 

2-thiophene monocarboxylic acid (TCA) were combined in a methanolic and/or aqueous solution. 

Slight variations in reaction pH (2-5), time (0.1-48 hours), temperature (20-50 °C), and reagent 

stoichiometry as described in the Supporting Information led to the isolation of seven unique Bi-

halide-organic phases. Additionally, a lanthanide doped heterometallic series, 3A-Bi1-xEuxCl (x = 

0.001, 0.005, 0.01, 0.05), was produced upon partial substitution of BiCl3 by EuCl3 starting 

materials at 0.1, 0.5, 1, and 5% Eu. All other synthetic conditions were maintained as described 

for the homometallic analog, 3A-Cl. Note that while previous work has shown that lanthanides 

often incorporate into Bi host materials at much lower doping percentages than those used in the 

synthesis,52,56 due to phase impurities for several of the doped samples, the reported Eu doping 
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percentages correspond to the amount of Eu3+ relative to Bi3+ used in the synthesis. An increase in 

Eu doping percentage with increased synthetic loading is consistent with an increase in Eu 

emission across the doped samples from 0.1-1% Eu doping. 

While compounds 1, 2, 3A-Br, and 4-6 could be obtained as phase pure products, efforts 

to remove trace impurities, KCl and KNO3, from the syntheses of 3A-Cl, 3B-Cl, and the 3A-Bi1-

xEuxCl (x = 0.001, 0.005, 0.01, 0.05) series were unsuccessful. In fact, efforts to prevent and/or 

remove the impurities via reagent substitutions, washing methods, and separation techniques led 

to impurity retention, phase separation, and/or degradation of the desired product. The poor 

solubility of Bi halide salts in water or common organic solvents serves as a principal challenge. 

However, this limited solubility also likely serves as a synthetic driving force for the rich structural 

diversity seen within Bi hybrid materials. Additions of nitric acid afforded full dissolution of the 

BiCl3 starting material and thwarted bismuth oxychloride formation. However, additions of HNO3 

resulted in coprecipitation of potassium nitrate (KNO3) and potassium chloride (KCl) salts. 

Attempts to fully remove or avoid KCl and KNO3 byproduct resulted in the unwanted phase 

conversion of the desired products. Further synthetic details for each compound along with 

elemental analysis for the phase pure products are provided in the Supporting Information; a 

discussion of the key synthetic parameters that led to the isolation of each phase is provided below. 

 

Structure Determination. Single crystals were isolated from the bulk reaction product and 

mounted in Paratone-N oil on MiTeGen micro-mounts. Single crystal X-ray diffraction data for 1, 

2, 3A-Cl, 3A-Br, 3B-Cl, 4-6, were collected at 100(2) K on a Bruker D8 Quest diffractometer 

equipped with an IµS X-ray source (Mo-K radiation; =0.71073 Å) and a Photon 100 CMOS 

detector. Data were collected and integrated using the APEX3/SHELX-2017 suite of 
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crystallographic software.34 Absorption corrections were applied using a multi-scan technique in 

SADABS. The structures were solved using intrinsic phasing methods via SHELXT and  refined 

in SHELXLE utilizing full-matrix least-squares of F2.35-36 During the refinements, all carbon 

bound hydrogen atoms were placed in calculated positions, while H atoms on oxygen atoms were 

located in the difference map. The latter H atoms were restrained with distance (DFIX) and angle 

(DANG) restraints of 0.86(1) and 1.43(1), respectively, and were assigned as 1.5 times the Ueq of 

the carrier atom. Positional disorder of several of the thiophene rings was observed and hence the 

organic unit was refined over two orientations. The like S-C and C-C distances within the rings 

were restrained to be similar (SADI). When appropriate, rigid-bond restraints (RIGU) were 

imposed on displacement parameters for disordered sites, and similar displacement amplitudes 

(SIMU) were imposed on disordered sites overlapping by less than the sum of the Van der Waals 

radii. Atoms that exhibited shifting displacement parameters were treated with mild isotropic 

restraints (ISOR). Intermolecular interactions, bond distances, and torsion angles were assessed 

using the PLATON software suite.37 

Crystallographic refinement details for the homometallic phases are provided in Table 1. 

Further structure refinement details and thermal ellipsoid plots (Figures S1-S8) are provided as 

Supporting Information.  CIF data are also available as ESI and were submitted to the Cambridge 

Structural Data Centre (CCDC), www.ccdc.cam.ac.uk/by, and may be obtained by referencing 

codes 2063326-2063333. 
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Table 1: Crystallographic refinement details for 1, 2, 3A-Cl, 3A-Br, 3B-Cl, 4-6. 
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 1 2 3A-Cl 3A-Br 

Chemical Formula Bi2Cl6ON6C30H24 Bi2Cl4S2O4N6C40H28 BiClS2O4N3C25H17 BiBrS2O4N3C25H17 

MW (g mol-1) 1115.21 1280.56 731.96 776.42 

Crystal System Triclinic Triclinic Triclinic Triclinic 

Space Group P-1 P-1 P-1 P-1 

a (Å) 8.538(13) 9.2018(5) 11.1563(5) 11.2043(4) 

b (Å) 10.891(19) 11.2953(6) 11.5682(5) 11.6167(4) 

c (Å) 18.250(30) 12.0209(6) 11.5730(5) 11.6199(4) 

α (°) 92.850(40) 97.792(3) 111.3733(13) 111.0740(14) 

β (°) 100.690(30) 110.551(2) 106.2909(14) 106.4303(14) 

γ (°) 95.330(30) 113.071(2) 106.1535(14) 106.4768(14) 

V (Å3) 1656(5) 1020.80(9) 1208.06(9) 1221.75(8) 

Z 2 1 2 2 

T (K) 100(2) 100(2) 100(2) 100(2) 

λ Mo Kα (Å) 0.71073 0.71073 0.71073 0.71073 

Dcalc (g cm-3) 2.236 2.083 2.012 2.111 

μ (mm-1) 11.132 9.022 7.620 9.061 

Rint 0.0478 0.0534 0.0287 0.0313 

R1 [I > 2σ(I)] 0.0276 0.0342 0.0384 0.0394 

wR2 [I > 2σ(I)] 0.0420 0.0484 0.0757 0.1025 

CCDC Number 2063326 2063327 2063328 2063329 
     

 3B-Cl 4 5 6 

Chemical Formula BiClS2O4N3C25H17 
Bi4Cl2S11O22 

N12C115H78 
Bi2Br6O2N6C32H30 

Bi2Br3.16S2.84O5.68 

N6C44.21H30.52 
MW (g mol-1) 731.96 3239.37 1428.04 1498.22 
Crystal System Triclinic Triclinic Triclinic Triclinic 
Space Group P-1 P-1 P-1 P-1 

a (Å) 9.5873(5) 11.0433(7) 9.0492(7) 10.8619(7) 
b (Å) 10.5258(6) 16.8045(11) 10.6363(9) 13.6808(8) 
c (Å) 14.0462(8) 17.7423(11) 20.3345(17) 15.7444(10) 
α (°) 70.1070(10) 115.951(2) 89.026(3) 79.546(2) 
β (°) 76.8070(10) 98.869(2) 78.240(3) 79.021(2) 
γ (°) 66.1520(10) 102.008(2) 88.845(2) 78.962(2) 

V (Å3) 1212.29(12) 2781.0(3) 1915.6(3) 2228.6(2) 
Z 2 1 4 2 

T (K) 100(2) 100(2) 100(2) 100(2) 
λ Mo Kα (Å) 0.71073 0.71073 0.71073 0.71073 
Dcalc (g cm-3) 2.005 1.934 2.476 2.233 
μ (mm-1) 7.594 6.643 15.470 10.907 

Rint 0.0206 0.0448 0.0466 0.0533 
R1 [I > 2σ(I)] 0.0102 0.0337 0.0219 0.0238 

wR2 [I > 2σ(I)] 0.0262 0.0721 0.0367 0.0407 
CCDC Number 2063330 2063331 2063332 2063333 

     

 

 

Bulk Sample Characterization. Powder X-ray diffraction data were collected on crushed, bulk 

samples using a Rigaku Ultima IV X-ray diffractometer with Cu-Kα radiation (λ = 1.5452 Å) over 
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a collection window of 5-40° in 2ϴ with a step speed of 1 degree per min. Background corrected 

data were then compared to the patterns calculated from the CIF data for each compound to 

confirm that single crystals used for structure determination were representative of the bulk 

samples (Figures S18-S28). Combustion elemental analysis was then collected for those samples 

exhibiting phase purity by PXRD on a Perkin Elmer Model 2400 Elemental Analyzer. Samples, 

approximately 1.5-2.5 mg, were loaded into tin capsules and inserted into the combustion chamber 

which is monitored for C, N, and H percentages upon sample decomposition. Reported 

experimental values are the average of three runs. Raman spectra (Figures S45-S49) were collected 

for single crystals of each compound. Spectra were collected over  200-4000 cm-1 using a Horiba 

LabRAM HR Evolution Raman Spectrometer equipped with an excitation source of 532 nm (max 

power = 100 mW) with 1 second incident light exposure, 20 accumulations, and a laser power of 

1-3.2%. For 3A-Bi1-xEuxCl (x = 0.001, 0.005, 0.01, 0.05),  the vibrational intensities are dwarfed 

by the  harmonic Eu emission. Solid-state UV-Vis absorbance spectra were collected on bulk 

samples of those phases exhibiting PL for comparison to computational data using an Ocean Optics 

Flame-S-UV-Vis-ES spectrometer with a DH-2000-BAL light source and a QP400-2-SR 400 μm 

diameter fiber-optic probe. Spectra (Figure S44) were recorded over a range of 200-800 nm as an 

average of 10 scans with integration times of 1 second. 

Photoluminescent Studies. Room temperature excitation and emission spectra for the bulk 

samples were acquired on a Horiba PTI QM-400 Spectrofluorometer; for each phase 

approximately 5 mg of ground microcrystalline powder was pressed between two glass slides. 

Instrumental slit widths were maintained at 1-2 nm with spectral ranges of 200-500 nm for 

excitation and 400-800 nm for emission. Samples exhibiting visible excitation transitions were 

also analyzed with adjusted emission windows beginning 10 nm higher than the selected excitation 
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wavelengths to avoid interference (e.g., λEx = 420, λEm = 430-800). When necessary, long pass 

filters were used to remove harmonic signatures. CIE 1931 chromaticity coordinates (x, y) were 

determined using MATLAB CIEGUI software within a spectral window of 400-800 nm for λEx = 

380 nm and 430-800 nm for λEx = 420 nm. Coordinates for each emissive phase were plotted using 

OriginPro 8.5 software (Figure 16). Time-resolved lifetime measurements were acquired using a 

Xenon flash lamp attachment for the Horiba PTI QM-400 instrument. Luminescence decay spectra 

were plotted and fitted using exponential decay functions, for which lowest R2 fits were selected. 

Reported decay spectra for 3A-Bi0.995Eu0.005Cl, 3A-Bi0.99Eu0.01Cl, and 3A-Bi0.95Eu0.05Cl are 

plotted in Figures S37-S39 and are the average of 10,000 shots at a lamp frequency of 100 Hz. 

Reported lifetimes and standard deviations are the average of three separate collections.  

For those compounds for which phase pure samples could not be isolated, individual single 

crystals were manually separated from the bulk, ground into a PMMA mixture, and pressed 

between glass slides at identical weights. Although residual KCl/KNO3 impurities may exist in the 

bulk samples of 3A-Cl, 3B-Cl, and the 3A-Bi1-xEuxCl series (x = 0.001, 0.005, 0.01, 0.05), efforts 

were made to ensure that the luminescent behavior seen in the bulk sample could be confidently 

attributed to the targeted phases with no discernable influence of the trace impurities. Emission 

spectra for single crystals of compounds 3-Cl, 3-Bi0.999Eu0.001Cl, 3-Bi0.995Eu0.005Cl, and 3-

Bi0.99Eu0.01Cl were acquired utilizing the aforementioned Horiba LabRAM HR Evolution Raman 

Spectrometer using an excitation source of 405 nm at 0.1-1% power. Emission data were collected 

from 425-800 nm. Consistent with the behavior of the bulk sample, the emission profiles obtained 

using the Raman microscope exhibited contributions from both the ligand/BiX and Eu; the Eu 

emission intensity was observed to become more dominant with increasing Eu doping as observed 

for the bulk samples. Moreover, the CIE coordinates calculated from the spectra obtained for single 
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crystals using the Raman microscope were in good agreement with those of the corresponding 

bulk sample. Unfortunately, emission spectra for single crystals of 3-Bi0.95Eu0.05Cl could not be 

collected without oversaturating the detector. Nonetheless, the emissive features of all sample 

preparations - the bulk product, single crystals diluted into PMMA, and individual single crystals 

- are consistent with negligible or no influence from any trace impurities. A more detailed 

discussion along with the corresponding data that support that the trace impurities do not 

appreciably affect the PL behavior of the bulk samples are provided in the Supporting Information.  

 

Computational Studies. 

In an effort to gain insight into the transitions involved in the observed excitation and emission 

spectra, theoretical quantum mechanical calculations were performed. Structural models obtained 

from the single crystal structures were used to calculate the absorption spectra. Ab initio vertical 

absorption spectra were computed using approaches similar to those described by Sorg et al,30 and  

in our previous work.33 This investigation of the electronic structure properties was based on DFT 

calculations using the current version of the ORCA 4.2.1 program package.38-39 The CAM-B3LYP 

function with long-range separation was used to calculate the density of the ground state of the 

various sub-units.40 The associated def2-SVP basis set was selected for all atoms,41 and a 

Relativistic Small Core Effective Pseudopotential was applied for Bi.42  The qualitative transition 

energies and oscillator strengths were obtained by means of a simplified version of the time-

dependent DFT, sTDA (Tamm-Dancoff approach) method.43-45 In all calculations, spin-orbit 

coupling was neglected as it was found in previous work to be unnecessary to draw the main 

conclusions.33 Triplet and singlet states were computed, and an energy cut-off at 5 eV was applied. 

Spectra were normalized over a region between 250 up to 650 nm. Note that in all spectra 
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representations, only the singlet states are presented. Resolution of Identity and chain-of-spheres 

(COSX) approximations (grid X5) were used to accelerate the calculations.46-47 

 

RESULTS AND DISCUSSION 

Structure Descriptions. Seven unique phases that are built from monomeric and/or dimeric 

molecular complexes were isolated through slight variation of reaction pH, stoichiometry, solvent 

system, and temperature. The structures generally consist of Bi-X (X = Cl, Br) sub-units with 

various combinations of 2,2’,6’,2”-terpyridine (terpy) and/or 2-thiophenecarboxylate (TC) ligand 

binding. Brief descriptions of the structures, including metal ion coordination environment, bond 

distances, and supramolecular packing interactions, are provided in order to aid the discussion of 

structure-property relationships. Complete tables of metal-ligand bond distances are provided as 

Supporting Information (Tables S1-S3). The presence and relative strength of π-π stacking 

interactions were qualitatively discerned based on parameters presented in reviews of 

chemical/biological recognition, computational modeling, and the CCDC database, with relevant 

face-to-face π-π stacking interactions defined as those with centroid distances of 3.4-4.0 Å and 

corresponding slip angles ranging from 16-40 °.48-50 

Compound 1, [Bi2Cl6(terpy)2](H2O)0.5 (1), consists of two co-crystallized symmetrical dimers 

both with the general formula Bi2Cl6(terpy)2 as shown in Figure 1. Each dimer unit possesses one 

crystallographically unique Bi metal center which is bridged to a symmetry equivalent Bi site by 

two −chlorides. Within the dimeric units, each metal center is seven coordinate bound to three 

nitrogens from a capping terpy and four chlorides. Bi-N and Bi-Cl distances range from 2.442-

2.618(5) and 2.643-3.019(5), respectively. The bond asymmetry and a relatively “open face” 

directed towards the bridging chlorides of each dimer are indicative of  Bi3+ lone pair 
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stereochemical activity. Though compositionally identical, there are two crystallographically 

unique dimers in 1; the dimers exhibit differences in intermolecular π-π stacking and hydrogen 

bonding interactions. Supramolecular - stacking interactions exist between the terpy units from 

adjacent dimers; the strongest interaction exhibits a Cg(terpy)-Cg(terpy) distance of 3.554(6) Å with a 

slip angle (β) of 21.3°. Hydrogen bonding between neighboring water molecules and bound 

chlorides (Figure S9) are also present in the structure with O1(H2)···Cl6 donor-acceptor distances 

of 3.218(6)-3.343(6) Å and O-H···Cl  angles of 165-167°. Taken together, these intermolecular 

interactions result in a 3D supramolecular network of molecular dimers. 

 

Figure 1: Illustration of the dimeric [Bi2Cl6(terpy)2](H2O)0.5 complexes in 1. Purple, green, blue, 

black, and red spheres are bismuth, chloride, nitrogen, carbon, and oxygen atoms, respectively. 

Hydrogen atom are excluded for clarity; however, hydrogen bonding interactions between the 

outer-coordination sphere water and bound chloride are shown with a blue dashed line.  

 

Compound 2, Bi2Cl4(terpy)2(k2-TC)2 (2), is built from one crystallographically unique Bi metal 

center. Each bismuth metal center is eight coordinated and is bound to three nitrogen atoms from 

a capping terpy, two oxygens from a bidentate TC, and three chlorides. As illustrated in Figure 2, 

two −chlorides link two bismuth centers to form a symmetrical dimer; terpy and TC ligands cap 

the dimeric units. Bi-O, Bi-N, and Bi-Cl bond distances are 2.4485-2.5338(1) Å, 2.5058-2.5940(1) 

Å, and 2.7047-2.8655(2) Å, respectively. Weak terpy-terpy and TC-TC π-π stacking interactions 
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are present in the structure (Figure S10) and serve to propagate the molecular units into 

supramolecular 2D sheets. These interactions were tabulated in Platon,37 and the strongest π-π 

stacking interactions have a Cterpy-Cterpy of 3.7566(2) Å with β = 15.1 ° and CTC-CTC of 3.8740(2) 

Å with β = 24.2 °. 

 

Figure 2: Illustration of dimeric unit in 2. Purple, green, yellow, blue, black, and red spheres 

correspond to bismuth, chloride, sulfur, nitrogen, carbon, and oxygen, respectively. Hydrogen 

atoms are excluded for clarity.  

 

The structures of compounds 3A-X (X= Cl, Br), BiCl(terpy)(k2-TC) (3A-Cl) and BiBr(terpy)(k2-

TC)2 (3A-Br), exhibit significant substitutional disorder of one of the TC ligands with the halide 

ions yet the average structure is best described as an eight coordinate Bi metal center bound to 

three terpy nitrogens, four oxygens from two chelating TC ligands, and a chloride ion (Figure 3). 

Nonetheless, as single crystal X-ray diffraction provides an average structure, in theory there are 

four possible Bi complexes (Figure S11) that may give rise to the observed substitutional disorder 

of the Cl1 and TC(31) ligands. These structural units include: 3A-Cl(a) with one TC unit and one 



 16 

Cl ion, 3A-Cl(b) inverse coordination of one Cl and one TC unit, 3A-Cl(c) with two chlorides, 

and 3A-Cl(d) with two TC units. Further descriptions of the disorder and the refinement of 3A-Cl 

are provided in Supporting Information. Distances of 2.4338-2.6793(1) Å, 2.419-2.525(1) Å, and 

2.5894-2.5879(1) Å were observed for the Bi-O, Bi-N, and Bi-Cl bonds, respectively. Moderate 

π-π stacking interactions (Figure S12) between neighboring monomers give rise to an extensive 

3D supramolecular network; Cg(terpy)-Cg(terpy) distances are 3.6064(2) Å and 3.6083(2) Å with slip 

angles of β=23.1° and 23.2°, respectively, while terpy-TC stacking interactions have Cg(terpy)-Cg(TC) 

distances of 3.6841(2) Å and 3.6877(2) Å with slip angles of β=23.7° and 23.3°. Compound 3A-

Br is isomorphous with 3A-Cl, exhibiting° the same substitutional disorder and corresponding 

designations, 3A-Br(a-d). Relevant bond distances for 3A-Br are provided in Table S2. 

 

Figure 3: Illustration of the monomeric unit in 3A-Cl(a). Note that significant substitutional 

disorder of the TC and Cl ligands is present in the structure; however, this disorder has been 

omitted for clarity. Purple, green, yellow, blue, black, and red spheres correspond to bismuth, 

chloride, sulfur, nitrogen, carbon, and oxygen atoms, respectively. Hydrogen atoms are excluded 

for clarity. 
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Compound 3B-Cl, BiCl(terpy)(k2-TC)2, is a polymorph of 3A-Cl. Unlike 3A-Cl, there is no 

evidence of substitutional disorder of the TC and Cl ligands. The structure consists of discrete 

monomeric units akin to those observed in 3A-Cl that is built from an eight coordinate Bi metal 

center bound by three terpy nitrogen atoms, four oxygens from two bidentate TC, and a Cl atom. 

Bi-N, Bi-O, and Bi-Cl bond distances are 2.4394-2.6101(1) Å, 2.3857-2.6700(2) Å, and 2.6228(1) 

Å, respectively. More pronounced bond asymmetry in 3B-Cl as compared to 3A-Cl is indicative 

of increased Bi lone pair stereochemical activity. Furthermore, increased torsion of the terpy ligand 

is observed in 3B-Cl as compared to 3A-Cl. A summary of NCCN and CCCC torsion angles are 

provided in Table S4. The monomeric units are further propagated into an extended 3D 

supramolecular network through intermolecular terpy-terpy and terpy-TC π-π stacking interactions 

between adjacent monomers (Figure S13). Cg(terpy)-Cg(terpy) distances and slip angles are 3.7692(2) 

Å and 20.3°, while Cg(terpy)-Cg(TC) distances are 3.6648(2) Å and 3.7239(2) Å with slip angles of 

15.2° and 25.5°, respectively. 

The structure of compound 4, [BiCl(terpy)(k2-TC)2][Bi(terpy)(k2-TC)3]•0.55(TCA), consists of 

two co-crystallized monomers with the general formulas [Bi(terpy)(k2-TC)3] and [BiCl(terpy)(k2-

TC)2] as shown in Figure 4. A partially occupied (~55%) protonated, unbound TCA exists in the 

outer coordination sphere. One of the monomeric units,  [Bi(terpy)(k2-TC)3], is built from a nine 

coordinate Bi1 metal center that is bound to six oxygens from three bidentate TC and three 

nitrogens from a terpy ligand. Bi-O and Bi-N bond distances for Bi1 range from 2.4643-2.5970(2) 

Å and 2.5156-2.5960(2) Å, respectively. By comparison, the other monomer, [BiCl(terpy)(k2-

TC)2], consists of  an eight-coordinate metal center (Bi2) which is bound to one chloride, four 

oxygens from two TC ligands, and three nitrogens from a capping terpy. Bi-Cl, Bi-O, and Bi-N 

bond distances for Bi2 range are 2.6514(2) Å, 2.4623-2.5742(2) Å, and 2.4899-2.5306(2) Å, 
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respectively. A complete list of metal-ligand bond distances is provided in Table S3. Hydrogen 

bonding is observed between outer-coordination sphere TCA (O91-H91A) and O42 with a donor-

acceptor distance of 2.6400(2) Å and a O-H···O angle of 173°. Intermolecular π-π stacking 

interactions between the terpy ligands of adjacent monomers are also observed with the strongest 

exhibiting a Cterpy···Cterpy distance of 3.6209(2) Å with a slip angle (β) of 15.6°. Taken together 

these π-π stacking interactions link monomeric units into 1D supramolecular chains (Figure S14). 

 

Figure 4: Illustration of the monomeric complexes observed in 4. Purple, green, yellow, blue, 

black, and red spheres correspond to bismuth, chloride, sulfur, nitrogen, carbon, and oxygen atoms. 

Hydrogen atoms are excluded for clarity; however, hydrogen bonding interactions are displayed 

with a blue dashed line between outer coordination sphere TCA -OH group and bound TC 

carboxylate oxygen atoms. 
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The structure of compound 5, [BiBr3(terpy)(MeOH)], consists of two crystallographically distinct 

monomers of the same general formula [BiBr3(terpy)(MeOH)] (Figure 5). One of the monomers 

contains a seven coordinate metal center, Bi1, which is bound to three bromides, three nitrogens 

from a tridentate terpy, and one oxygen from methanol. Bi-Br, Bi-O, and Bi-N bond distances 

within this unit are 2.7742-2.9054(2) Å, 2.6280(2) Å, and 2.4723-2.6061(2) Å, respectively. The 

Bi metal center, Bi2, in the other crystallographically distinct monomeric complex has the same 

local coordination environment as that observed for Bi1; Bi-Br, Bi-O, and Bi-N distances are 

2.7610-2.9491(1) Å, 2.6474(2) Å, and 2.4887-2.5724(2) Å, respectively. Intermolecular stacking 

interactions are observed between terpy ligands of neighboring monomers with Cterpy-Cterpy 

distances of 3.5556-3.8506(3) Å and corresponding slip angles (β) of 14.8-23.7°. Interestingly, 

these π-π stacking interactions only exist between like monomers. Overall, the monomers 

containing Bi1 produce a 2D supramolecular sheet through π-π stacking interactions. By 

comparison, the monomers built from Bi2 are linked into supramolecular 1D chains along [100] 

via π-π stacking interactions of the capping terpy ligands. Hydrogen bonding between the bound 

halide and water molecules of the Bi1 and Bi2 monomeric complexes are observed with 

O41−H41···Br4 and O51-H51···Br3 donor-acceptor distances and angles of 3.2057(3) and 

3.3320(3) Å and  163 and 176°, respectively. Packing diagrams of 5 that further illustrate these 

hydrogen bonding interactions are provided in the Supporting Information (Figures S15-S16). 
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Figure 5: Illustration of the co-crystallized monomeric complexes in 5. Purple, brown, blue, black, 

and red spheres correspond to bismuth, bromide, nitrogen, carbon, and oxygen atoms, respectively. 

Hydrogen atoms are excluded for clarity. 

 

The structure of compound 6, [BiBr2(terpy)(k2-TC)][BiBr1.16(terpy)(k2-TC)1.84], consists of two 

co-crystallized monomers as illustrated in Figure 6. The monomeric complexes have the general 

formulas [BiBr2(terpy)(k2-TC)] and [BiBr1.16(terpy)(k2-TC)1.84]. The first complex, 

[BiBr2(terpy)(k2-TC)],  is built from a seven coordinate Bi1 metal center bound to two Br atoms, 

two oxygens from a bidentate TC, and three nitrogens from a capping terpy ligand. This unit is 

isostructural one of the complexes, 3A-Br(c), described previously. Bi-Br, Bi-O, and Bi-N bond 

distances for Bi1 range from 2.7954-2.8501(2) Å, 2.4859-2.5276(2) Å and 2.4565-2.5292(2) Å, 

respectively. The second complex, [BiBr1.16(terpy)(k2-TC)1.84], exhibits substitutional disorder of 

the Br and TC substituents; the number of bound bromides and TC refined to 1.16 and 1.84 per 

bismuth metal center. Overlapping Br and TC positions are shown in Figure S8. As a result of this 

disorder, Bi2 may be described as a seven or eight coordinate complex, depending on the 

occupancy of the Br/TC units. Given the low partial occupancy of Br5 and Br6, combined ~16 %, 

we describe the complex here as eight coordinate for the sake of discussion. The Bi2 metal center 

is bound to one Br, four oxygens from two TC units, and three nitrogens from a capping terpy. Bi-

Br, Bi-O, and Bi-N bond distances for Bi2 range from 2.8144-2.9871(2) Å, 2.3928-2.7380(2) Å, 

and 2.4453-2.5053(2) Å, respectively. Significant bond asymmetry as well as the presence of an 

apparent “open” face directed trans to N4 is evident of appreciable Bi lone pair stereochemical 

activity. A complete listing of metal-ligand bond distances is provided in Table S3. Intermolecular 

π-π stacking interactions between terpy and/or TC ligands of adjacent monomers is observed 

(Figure S17); the strongest of these interactions has a CTerpy-Cterpy distance of 3.7147(2) Å and a 
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slip angle (β) of 22.9°. Interactions between the terpy and thiophene rings are also observed with 

Cterpy-CTC distances of 3.7625(2) Å and 3.8236(2) Å with corresponding slip angles (β) of 23.3 and 

25.0°. Intermolecular π-π stacking between TC units have a CTC-CTC distance of 3.6832(2) Å with 

a slip angle of 18.5°. Overall, these stacking interactions link the monomeric complexes into  a 3D 

supramolecular network.  

 

Figure 6: Illustration of the monomeric units in 6. Note that for the sake of clarity, partial 

occupancy of the Br/TC units bound to Bi2 is not shown. Purple, brown, yellow, blue, black, and 

red spheres correspond to bismuth, bromide, sulfur, nitrogen, carbon, and oxygen atoms, 

respectively. Hydrogen atoms are excluded for clarity.  

 

 

Synthesis and Design Considerations. 

In this work, 2,2’,6’,2”-terpyridine (terpy) and 2-thiophene monocarboxylate (TC) were used as 

ligands. In addition to possessing intrinsic luminescent properties, these ligands were chosen for 

their propensity to adopt chelating binding modes that would likely restrict the dimensionality of 

the resultant metal complexes to discrete molecular species rather than extended networks. 
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Molecular species are of particular interest as they provide a platform for building fundamental 

knowledge of structure property relationships; the individual structural motifs along with the 

supramolecular interactions that underpin unique luminescent behaviors may be elucidated thus 

informing materials design for molecular and extended networks alike. Furthermore, our prior 

research efforts employing these ligands in Ln-, Bi-, and Ln doped Bi-based compounds provides 

analogous systems from which a more in-depth understanding of structure-property relationships 

may be understood.51-52  

Relatively mild synthetic conditions afforded a structurally diverse catalog of Bi-halide-organic 

compounds. Terpyridine effectively “capped” the Bi coordination sphere in all of the phases 

reported herein. By comparison, TC and halide ions exhibited competitive Bi binding; 

deprotonation of the TCA was achieved through pH adjustment of the reaction solution. Absent 

pH adjustment of the reaction solution, the TCA likely remained protonated and did not coordinate 

the bismuth metal center. This was evidenced in the synthesis of compound 1, 

[Bi2Cl6(terpy)2](H2O)0.5, that formed under acidic solution conditions, without the addition of base 

and for which no evidence of TC complexation was observed (Figure S18). Indeed, without 

sufficient base additions compound 1 was often observed as an unwanted coprecipitate in the 

synthesis of compounds 3A-Cl, 3B-Cl, and 4. Similarly, no or insufficient pH adjustment during 

the synthesis of 6 would lead to the undesired formation of 5. 

While pH served as a critical synthetic handle to control Bi-TC ligand complexation, the limited 

solubility of Bi salts posed a significant challenge in obtaining phase pure products. With respect 

to phase purity, the general insolubility of bismuth compounds resulted in an arduous synthetic 

landscape, with unwanted coprecipitates, mixed phase products, and crystal twinning often 
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observed. Slight variations in the synthetic conditions including metal to ligand stoichiometry, 

temperature, solvent, reaction time were thus examined. 

For the phases containing BiCl subunits (2, 3A-Cl, 3B-Cl, and 4), reaction time, metal to ligand 

ratio, and solvent were determinant factors in the compound that formed. Polymorphs 3A-Cl and 

3B-Cl were obtained under nearly identical synthetic conditions with reaction time as the only 

variable. Whereas the kinetic product, 3A-Cl, could be isolated within minutes of mixing the 

reactants,  compound 3B-Cl formed when the reaction was allowed to proceed for hours. For these 

phases, a ratio of 1 BiCl3: 1 terpy: 3 TCA was used. Notably, this ratio is not consistent with the 

stoichiometry observed in the final product, BiCl(terpy)(TC)2. However, efforts to prepare 

BiCl(terpy)(TC)2 stoichiometrically resulted in the coprecipitation of 3A-Cl and 2, 

Bi2Cl4(terpy)2(k2-TC)2 . A phase pure product of 2 was obtained at a reaction stoichiometry of 1 

BiCl3: 1 terpy: 1 TCA which is consistent with the composition of 2.  

While 3A-Cl and 3B-Cl were isolated from methanolic solutions, compound 4, [BiCl(terpy)(k2-

TC)2][Bi(terpy)(k2-TC)3]•(TCA), was prepared under aqueous conditions. The solvent system was 

also an important factor in isolating the bromide phase as the synthetic conditions used to isolate 

the chloride phases were not directly transferable to the bromide analogs. Unlike 3A-Cl, compound 

3A-Br was obtained from an aqueous reaction solution. Furthermore, compound 6, 

[BiBr2(terpy)(k2-TC)][BiBr1.16(terpy)(k2-TC)1.84], was isolated from a methanol solution with mild 

heating. Without this additional adjustment in reaction temperature, 3A-Br and 6 were obtained 

as coprecipitates. Full details of the optimal synthetic parameters used to isolate each phase are 

presented in the Supporting Information. 

The overall specificity of the synthetic conditions required to achieve phase purity for the 

compounds reported herein alludes to a complicated reaction landscape that through careful 
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control, yielded a structurally diverse catalog of compounds. Importantly, the reported phases 

provide solid-state snapshots of varied Bi-organic and Bi-halide complexation that coupled with  

electronic structure calculations afford insight into the structural underpinnings of distinct 

luminescent features. 

 

Luminescent Behavior of the Homometallic Phases 

The solid-state photoluminescent behavior of the reported materials was examined via steady-

state and time-dependent methods. Compounds 2, 3A-Cl, 3A-Br, 3B-Cl, 4, and 6 exhibited 

yellow-green to yellow emission, with broad transitions centered at 533 to 560 nm (Figure 7). 

Individual spectra are provided in the Supporting Information as Figures S29-S34. 

 

Figure 7: Emission spectra for bulk samples of 2, 3A-Cl, 3A-Br, 3B-Cl, 4, and 6 at an excitation 

(λEx = 420 nm). 

 

Shifts in the emission maxima were observed and attributed to slight variations in ligand 

orientation, halide identity, and/or supramolecular packing as seen in other hybrid materials.53-55 

Interestingly, comparison of the emission spectra of polymorphs 3A-Cl and 3B-Cl revealed a shift 

of approximately 10 nm in the peak maximum. This shift is consistent with visual inspection of 
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the samples under a UV hand lamp, for which the emission of 3B-Cl (λmax = 540 nm) was 

noticeably greener than 3A-Cl (λmax = 550 nm) emission. Additionally, a bathochromic shift in 

emission was observed in the spectra of isomorphous compounds 3A-Cl and 3A-Br (λmax = 560 

nm). Unfortunately, time-dependent luminescent decay studies for these homometallic Bi halide 

phases revealed lifetimes below the reliable detection limits of our instrument (τ = <10 µs). Broad 

emission with short emission decay lifetimes have similarly been reported for other Bi-halide and 

Bi-organic materials.56-58 By comparison, the excitation spectra for the homometallic phases, 2, 

3A-Cl, 3A-Br, 3B-Cl, 4, and 6, exhibited relatively rare profiles, with excitation extending into 

the visible region (Figure 8). 

 

Figure 8: Normalized excitation spectra for 2, 3A-Cl, 3A-Br, 3B-Cl, 4, and 6. 

 

As shown in Figure 8, the excitation spectra for 2, 3A-Cl, 3A-Br, 3B-Cl, 4, and 6 all exhibit an 

onset at approximately 280 nm but vary in overall profile. Notably, for all of these compounds the 

excitation profiles extend into the visible region. The spectra of polymorphic compounds 3A-Cl 

and 3A-Br show no significant shifting of excitation maxima (λmax = 420 nm); however, more 

pronounced intensity is seen at lower wavelengths (300-360 nm) for 3A-Br. Similarly, for the 
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BiBr phase, 6, the most intense excitation features are observed at lower wavelengths with a 

maximum excitation wavelength of 360 nm.  

Comparison of the excitation spectra of isostructural compounds 3A-Cl and 3A-Br suggests that 

halide identity has little bearing on how far into the visible region excitation may be achieved. By 

contrast, the relative number of complexed halide ions per metal center appears to be a significant 

factor on extension of the excitation profile into the visible region across the compounds reported 

herein. For example, comparison of the excitation spectra of 2, 3A-Cl, and 3B-Cl shows that 

whereas excitation extends out to 500 nm for 2, little intensity is observed past 470 nm and 450 

nm for 3A-Cl and 3B-Cl, respectively. The numbers of bound chloride ligands per Bi metal center 

are three, one, and one for 2, 3A-Cl and 3B-Cl, respectively. While visible excitation has been 

achieved in several other Bi halide hybrid materials, the origin of these transitions, as well as the 

resultant emission, has been difficult to discern from photoluminescent data alone.7, 59 The 

photoluminescent behavior of bismuth-based materials has been attributed to a number of 

pathways including metal centered (MC) transitions, metal-to-ligand/ligand-to-metal charge 

transfer (MLCT/LMCT), and/or intra- or interligand charge transfer (ILCT/LLCT).26, 29-31, 60 Thus, 

in an effort to identify the transitions, orbital contributions, and corresponding structural motifs 

that underlie the luminescence observed for 2, 3A-Cl, 3A-Br, 3B-Cl, 4, and 6 as well as elucidate 

trends in the observed PL spectra, parallel computational efforts were employed. 

Structural cut-outs, derived from the single crystal structural data for compounds 2, 3A-Cl, 3A-

Br, 3B-Cl, and 6, were rendered and used as models for quantum mechanical calculations. For all 

compounds, the experimental absorption bands could be accounted for using isolated molecular 

units which for compounds 3, 4, and 6 are monomers and for compound 2, is a dimer.  The 

theoretical UV-Vis absorption spectra were calculated and compared to the experimentally 
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obtained optical absorption spectra (Figures S44, S50, S54, S55, S56). Overall, all of the modeled 

structures containing halide substituents exhibited absorption features that extended into the visible 

region (400+ nm), consistent with the experimental absorption spectra. These computational 

results are provided in the Supporting Information; however, herein we discuss compound 3A-Br 

as this phase best illustrates the features and trends exhibited by the reported compounds. Due to 

substitutional disorder of the metal bound bromide and TC ligands in 3A-Br (Figure S11), multiple 

structural cut-outs, including BiBr(terpy)(TC)2 [3A-Br(a)], BiBr2(terpy)(TC) [3A-Br(c)], and 

Bi(terpy)(TC)3 [3A-Br(d)], were modelled to explore the influence of changes in the Bi local 

coordination environment on the resulting spectra. Cut-out 3A-Br(b) was not included since it is 

structurally equivalent to 3A-Br(a). The theoretical absorption spectra with the singlet-state 

transitions for these species are displayed in Figure 9.  

 

    
Figure 9: Theoretical absorption spectra for associated singlet state transitions for monomeric 

species BiBr(terpy)(TC)2 [3A-Br(a)], BiBr2(terpy)(TC) [3A-Br(c)], and Bi(terpy)(TC)3 [3A-

Br(d)]. Inset spectra show zoomed in region of interest (350-650 nm).  

 

The spectra of the monomeric model complexes all exhibit transitions between 200-350 nm 

consistent with intra- and interligand transitions. However, above 350 nm notable differences are 

observed (Figure 9, inset) that may be attributed to differences in local coordination environment. 
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The energies of all significant ground state (GS) to singlet excited state transitions between 315-

600 nm are summarized in Table 2. Further, the frontier orbital contributions for 3A-Br(a), 3A-

Br(c), and 3A-Br(d) are shown in Figures 10, 11, and 12, respectively. 

 

Table 2: Absorption energies of frontier orbital transitions for 3A-Br(a), 3A-Br(c), and 3A-Br(d).  

The orbital model (OM) numbers for each structural derivative are denoted for occupied (Occ.) 

and virtual (V.) orbital contributions and correspond to those shown in Figures 10-12.  

State 

3A-Br(a) 

Energy 

(eV)  (nm) 

Figure 10 

OM 

Occ.    V. 

 

3A-Br(c) 

Energy 

(eV)  (nm) 

Figure 11 

OM 

Occ.    V. 

 

3A-Br(d) 

Energy 

(eV)  (nm) 

Figure 12 

OM 

Occ.    V. 

1 2.60 479 9 1  2.07 598 6 1  3.05 407 10 1 

2 2.83 438 9 2  2.30 540 6 2  3.33 372 10 2 

3 3.07 404 8 1  2.91 425 5 1  3.70 335 
3 

5, 8 
1 

4 3.14 395 7 1  2.96 419 4 1  3.75 331 
2 

7, 3 
1 

5 3.37 368 8 1  2.99 414 3 1  3.89 319 
1 

5, 8 
1 

6 3.45 359 7 2  3.03 408 2 2  - - - - 

7 3.61 343 2 1  3.21 387 5 2  - - - - 

8 3.89 319 
1 

2, 3 

1 

2, 1 
 3.26 381 4 2  - - - - 

9 3.92 316 
2 

2, 3 

2 

1, 1 
 3.29 376 3 2  - - - - 

10 - - - -  3.34 372 2 2  - - - - 

11 - - - -  3.42 363 4 3  - - - - 

12 - - - -  3.58 346 6 3  - - - - 
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Figure 10: Calculated molecular orbital diagram for relevant 3A-Br(a) energy states involved in 

the transitions observed between 315-650 nm. 

 

For 3A-Br(a), the lowest energy absorption occurs at 479 nm and originates from a transition 

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO). As depicted in Figure 10(i), the HOMO mainly consists of the 6s orbital of the Bi and 

the pz orbital of bromide with some contribution from the non-bonding orbitals of the TC group 

trans to the Br. Such mixed contributions emphasize a cooperative metal-halide energy state. As 

shown in Figures 10(j) and 10(k), the LUMO and the LUMO+1 states are  π* orbitals of bound 
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terpy. Therefore, the calculated absorbance band and the corresponding experimentally observed 

excitations in the visible region are attributed to a metal-halide subunit to ligand charge transfer 

(XMLCT). Notably, all of the bands between 350-450 nm correspond to excitations out of 

occupied orbitals solely exhibiting halide orbital identity. Such contributions suggest 

intramolecular halide to ligand charge transfer (XLCT) mechanisms may also give rise to the 

excitations seen in the experimental data. Finally, the absorbance bands below 350 nm demonstrate 

TC to terpy based transitions which suggest ligand-to-ligand charge transfer (LLCT) pathways. 

Therefore, the absorptions/excitations between 315-600 nm, result from various types of 

transitions that are facilitated by a harmonious concert of metal, halide, and organic orbital 

interactions. Although the broad emission bands for the homometallic phases (Figure 7) are 

reminiscent of ligand and/or Bi3+ centered transitions, the origin of the emission is likely attributed 

to a ligand to metal-halide subunit charge transfer (LXMCT) given the low energy of the calculated 

XMLCT excitations relative to other charge transfer, intramolecular, or intra-atomic transitions. 

Alternatively, relaxation from the terpy π* (LUMO)  π could also serve as a potential route for 

the observed emission. 
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Figure 11: Calculated molecular orbital diagram for relevant 3A-Br(c) energy states for transitions 

between 315-650 nm. 

 

For 3A-Br(c), the lowest energy transition calculated at 598 nm also originates from a HOMO 

 LUMO transition. As depicted in Figure 11(f), the HOMO shows significant contributions of 

the 6s orbital of the Bi and the pz orbitals of both bromides. Once again, terpy π* orbitals serve as 

the virtual LUMO states as shown in Figure 11(g-i). Therefore, the calculated visible absorbance 

is assigned to a XMLCT pathway. As compared to 3A-Br(a) which only possesses a single Br 

substituent, the 3A-Br(c) derivative possesses a trans BiBr2 sub-unit. An increasing number of 

halide substituents on Bi that are able to interact with the unoccupied terpy π* orbitals, likely 

results in a more delocalized HOMO, characterized by mixing of the Bi s and Br p orbitals with 

antibonding character. Based on this molecular orbital character, the anticipated higher energy of 

the HOMO as compared to underlying occupied bonding orbitals would have associated decreases 

in transition energy to the LUMO, and a subsequent bathochromic shift of absorbance further into 
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the visible region. Remarkably, this relationship between halide coordination and visible excitation 

is reflected in the experimental excitation spectra of the reported compounds. 

 

Figure 12: Calculated molecular orbital diagram for relevant 3A-Br(d) energy states for transitions 

between 315-650 nm. 

 

For 3A-Br(d), no calculated absorption transitions were observed beyond 407 nm. As illustrated 

in Figure 12, the main orbital contributions for the few calculated absorbances observed suggest 

that these transitions may originate from independent intramolecular metal-to-ligand charge 

transfer (MLCT) and LLCT pathways. The notable absence of visible absorbance bands absent 

halide coordination further corroborates that the BiX sub-unit serves as the essential structural 

motif for obtaining visible excitation as well as the resulting emission. It is worth noting that we 

previously reported a homometallic Bi(terpy)(k2-TC)3 compound that is isostructural to 3A-Br(d); 
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this phase not only lacked visible excitation but also did not possess any appreciable 

luminescence.52 Taken together, this suggests that for an otherwise non-luminescent Bi complex 

(i.e. Bi(terpy)(TC)3), halipurede substitution may unlock unique luminescent properties. It is worth 

noting that all of the structural models for 3A-Cl, 3A-Br, 3B-Cl, and 6 that contain a BiX sub-unit 

exhibit visible absorbance bands in the calculated spectra, which is consistent with the 

experimental excitation spectra. 

Structural cut-outs of 3A-Cl, akin to those described for 3A-Br, were also modelled in an effort 

to examine the effects of halide identity on the energy of the calculated transitions. The calculated 

absorbance spectra for 3A-Cl(a), 3A-Cl(c), and 3A-Cl(d) are shown in Figure S50. The 

corresponding energies are provided in Table S5 and the molecular orbital designations are 

illustrated in Figures S51-53. The presence and extension of absorptions into the visible region for 

the 3A-Cl derivatives appears to similarly depend on the existence and number of metal-bound 

halides in the complex. The lowest energy absorptions calculated for 3A-Cl(a) and 3A-Cl(c) 

correspond to transitions from the HOMO consisting of mixed Bi and chloride orbital contributions 

to the LUMO virtual states that are solely terpy π* orbitals. For the halide substituted complexes, 

the transitions calculated above 380 nm for the 3A-Cl derivatives are consistent with those 

calculated for the isomorphous 3A-Br. The calculated absorbance spectra for 3A-Cl(a) and 3A-

Br(a) are shown in Figure S54. Comparison of the spectra reveals that the BiBr derivative exhibits 

more absorption bands at lower wavelengths (i.e., 316 and 319 nm) than the BiCl analog; this is 

in good agreement with the general shape of the experimental excitation profiles. The prominence 

of higher energy transitions (300-400 nm) within BiBr phases, as well as low-energy absorptions 

that extend into the visible range, is further reflected in the calculated absorbance spectrum of 

compound 6 (Figure S55). 
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Slight shifts that are observed in the experimental excitation spectra of 3A-Cl and 3B-Cl are also 

accounted for by the computational results. As shown in Figure S57, the calculated absorption 

spectra for the isostructural compounds 3A-Cl(a) and 3B-Cl reveal a shift in the lowest energy 

transition. This shift is attributed to differences in TC ligand orientation and Bi-Cl bond lengths, 

observed both experimentally and computationally, that likely originate from the increased 

stereochemical activity of the Bi 6s occupied orbital in 3B-Cl  as compared to 3A-Cl. Alternatively 

and/or in concert with the distortion of the metal center, increased torsion of the terpy ligand as 

observed in 3B-Cl away from the more planar motif seen in 3A-Cl may also contribute to the 

observed shifting given the relevance of the terpy π* orbitals to the LUMO. Similar increases in 

π* energy with increasing torsion of bipyridine substituents have been observed.61 The shifting of 

the calculated, visible absorption band is consistent with that seen in the experimental excitation 

and absorbance spectra, wherein the lowest energy absorptions for 3B-Cl are slightly blue shifted 

as compared to those observed for 3A-Cl(a). Analysis of monomer cutouts derived from 6 further 

support the relationship between the Bi-X bond distance and/or associated distortions about the 

metal center and shifts in the calculated and experimental data (Figure S55). These discrete 

changes in structure and absorbance highlight the sensitive, yet potentially tunable interplay of 

ligand identity/orientation, stereochemical activity of the Bi metal center, subsequent energetic 

pathways, and overall luminescent behavior. 

Finally, to assess the potential impacts of supramolecular packing interactions on the excitation 

and emission spectra, pseudo-oligomeric cut-outs of 3A-Br were rendered that captured the 

relevant intermolecular π-π stacking interactions derived from the crystallographic data. 

Comparison of the calculated transition energies and absorbance spectra of the monomeric unit to 

those of pseudo- dimeric, trimeric, tetrameric, pentameric, and hexameric models revealed no 
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major changes in the higher energy (200-350 nm) absorption features. However, significant blue 

shifting of the absorbance bands between 350-600 nm was observed with increasing size of the 

pseudo-oligomer. The calculated absorbance spectra for the monomer and pseudo-hexamer models 

of 3A-Br(c) are shown in Figure 13, with the lowest energy absorptions for the monomer and 

hexamer calculated at 600 and 460/525 nm, respectively. 

    

Figure 13: Theoretical absorption spectra for associated singlet state transitions for monomer and 

pseudo-hexamer units of 3A-Br(c). Sub-set spectra highlight region of interest (350-650 nm)   

 

This shift of approximately 75 nm emphasizes the necessity of having a large enough system 

modelled to reproduce the positioning of the bands of the experimental data more accurately. 

However, regardless of positioning, the structural origins of these visible absorption bands were 

found to be identical and very localized to intramolecular transitions between the BiX and organic 

ligand sub-structures of the individual complexes. Since our primary aim was to characterize the 

origins of these low-lying bands, the prior discussion and calculated data were justifiably limited 

and simplified to the monomer representation of the Bi halide organic compounds. Moving 

forward, these visible absorptions of interest were exploited to further achieve interesting 

luminescent properties in heterometallic phases. 
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Photoluminescent Color Tuning in Eu Doped Samples. 

The photoluminescent behavior of a Eu doped heterometallic series, 3A-Bi1-xEuxCl (x = 0.001, 

0.005, 0.01, 0.05), was investigated. The excitation and emission spectra of compound 3A-

Bi0.995Eu0.005Cl, which is representative of the series, are shown in Figure 14. Examination of the 

excitation profile reveals three predominant features with maxima at approximately 320, 380, and 

420 nm, with the most intense peak falling in the visible range, as was observed for the 

homometallic analog 3A-Cl. Furthermore, this excitation pathway can be utilized to obtain dual 

emissive features. 

 

Figure 14: Relative excitation (dashed line) and emission (solid line) spectra for compound 3A-

Bi0.995Eu0.005Cl at the specified wavelengths of interest.  

 

Characteristic Eu emission is observed with the peak of maximum intensity centered at 616 nm 

which corresponds to the 5D0  7F2 transition. Transitions to the 7F0, 7F1, 7F3, and 7F4 energy levels 

are seen at 582, 593, 652, and 680-705 nm, respectively. Such intense emissions confirm effective 

sensitization of the Eu metal center doped into the Bi host. Eu sensitization is likely facilitated 

through the “antenna effect”;18, 62 however, charge transfer pathways may also act to sensitize the 
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Eu emission. In addition to the sharp Eu centered transitions, a broad underlying emissive feature 

centered at 550 nm is observed. The profile of this broad band and its position are consistent with 

that of the homometallic phase, 3A-Cl, and likely originates from similar ligand/LXMCT energetic 

transitions. Interestingly, the relative intensities of the sharp Eu transitions and the broad-band 

emission of the  3A-Bi1-xEuxCl (x = 0.001, 0.005, 0.01, 0.05)  series can be controlled 

compositionally through the amount of Eu doping. As illustrated in Figure 15, increased Eu 

incorporation results in more dominant and intense Eu emission. As a result, photoluminescent 

color tuning (PLCT) from yellow-green emission in the homometallic Bi phase to red emission at 

only 5% Eu doping in 3A-Bi0.95Eu0.05Cl was achieved. Compound 3A-Bi0.999Eu0.001Cl 

demonstrates the greatest contribution of ligand/LXMCT based emission within the heterometallic 

series and subsequently produced the highest degree of color tuning away from characteristic red 

Eu3+ emission. Images of emission from the bulk samples under a UV handlamp (λEx = 365 nm) 

are provided in Figure S43. While compositional based PLCT has been reported for Ln and Ln 

doped Bi hybrid materials,28, 63 the heterometallic phases reported herein are uniquely capable of 

exhibiting emissive color tuning upon UV and visible excitation. 
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Figure 15: Normalized emission of 3A-Cl, 3A-Bi0.999Eu0.001Cl, 3A-Bi0.995Eu0.005Cl, 3A-

Bi0.99Eu0.01Cl, and 3A-Bi0.95Eu0.05Cl upon common excitation at λEx = 420 nm. 

The emission chromaticity and corresponding CIE coordinates for the luminescent compounds 

reported in this work are summarized in Figure 16. For the homometallic phases, the emission 

from the BiBr phases was inherently more yellow than the light green-yellow emissions of the 

BiCl phases. Trace doping of between 0.1-5% Eu relative to Bi synthetic loading yielded the 

heterometallic phases that exhibit yellow-green, yellow, light orange, orange, and red emission, 

with the color based on the relative contributions of the broad emission attributed to the ligand and 

the sharp transitions ascribed to Eu metal centered emission. 
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Figure 16: CIE chromaticity plot for the compounds reported in this work. Calculated coordinates 

for Bi homometallic phases 2, 3A-Br, 3B-Cl, 4, and 6 are rendered as black squares. Compound  

3A-Cl is shown as a white square and the Eu doped series, 3A-Bi0.999Eu0.001Cl, 3A-

Bi0.995Eu0.005Cl, 3A-Bi0.99Eu0.01Cl, and 3A-Bi0.95Eu0.05Cl, is represented by white triangles. 

 

Time dependent luminescent studies were performed to provide further insight into the nature 

and potential origins of the observed emissions. Lifetime measurements monitored at the principal 

5D0  7F2 Eu emission (λEm= 616 nm) for the heterometallic phases 3A-Bi0.95Eu0.05Cl, 3A-

Bi0.99Eu0.01Cl, and 3A-Bi0.995Eu0.005Cl, revealed lifetimes of 1060(3), 1052(4), and 1041(3) μs, 

respectively. These values are consistent with other emissive Eu species.64 The decay spectra and 

corresponding exponential fits are displayed in Figures S37-S39. The region fitted for the lifetime 

calculations was set over 160-7000 μs; however, a rapid initial decay between 110-150 μs was 

observed. The relative influence of this initial decay was shown to increase with decreasing Eu 

composition and the corresponding increases in the relative influence of the aforementioned broad-

band transition. Attempts to determine the lifetime of this initial decay could not be reliably 

evaluated due to instrumental limitations. Yet, the lifetime value is known to be less than 10 μs, as 
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in the homometallic phases. Slight decreases in the lifetime of Eu emission with increasing 

influence of a second emissive feature suggest Eu emission and the broad LMXCT/ligand emission 

observed in the 3A-Bi1-xEuxCl (x = 0.001, 0.005, 0.01, 0.05) series are competitive radiative 

pathways. Nevertheless, the presence of these simultaneous emissions with relatively short- and 

long-lived lifetimes afford color tuning of the observed emission through applied delays in time 

resolved luminescence studies. As shown by the emission spectra of 3A-Bi0.999Eu0.001Cl and 

Bi0.995Eu0.005Cl (Figures S40 and S41) the observed emission profile and corresponding 

chromaticity can be controlled by variation of applied delays in the timeframe of collection. Upon 

increases in the observation delay time between 0 to 50 μs, influence of the broad feature centered 

at 550 nm is incrementally diminished; however, longer lived Eu emission is retained and 

subsequent red chromaticity is seen. While the discussed luminescent phenomena produced by 

these homo- and heterometallic Bi halide organic materials may be desirable, further insight into 

their structural origins is needed to fully understand, control, and optimize their potential 

application.  

 

 

Structure-Property Relationships. 

The Bi halide organic hybrid materials reported herein are built from a range of  monomeric and 

dimeric complexes, and provide solid-state snapshots into bismuth-ligand coordination chemistry. 

Indeed, the solid-state complexes provide models from which the impact of ligand substitution on 

luminescent behavior may be understood. No appreciable luminescence was observed for 

compounds 1 and 5. This is likely due, in part, to the incorporation of solvent water and methanol 

that are known to enable non-radiative decay via molecular vibrations.65-66 This assertion is 

supported by the observation of a previously reported luminescent Bi2Cl6(terpy)2 phase,33 upon 
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removal of water from 1 (Figure S19). Aggregation of organic and inorganic-organic complexes 

through intermolecular interactions in solution and the solid state has been shown to affect the 

luminescent behavior of these species by limiting molecular vibrations and the resultant non-

radiative decay pathways.67-69 Therefore, the potential for supramolecular interactions to assist 

luminescent transitions should not be discounted. To this point, the extensive π-π stacking 

interactions of terpy and TC ligands observed within these phases are anticipated to serve a 

secondary but supportive role of increasing structural rigidity and minimizing luminescence 

quenching due to vibrational pathways.  

As shown by the computational studies, the organic ligands used in this work and their associated 

orbitals were involved in the observed luminescent transitions. While the π* orbitals of terpy serve 

as the principal virtual states for energy transfer and subsequent emission, the TC ligand orbitals 

contributed to many of the underlying occupied energy states and corresponding higher energy 

LLCT transitions. Yet the presence and associated energy state transitions of the BiX subunit are 

arguably the most significant factor with respect to the luminescent properties of the materials; 

energy transfer between the BiX subunit and ligand excited states underpins the luminescent 

behavior observed for 2, 3A-Br, 3B-Cl, 4, and 6. The electronic structure calculations as well as 

the spectra obtained experimentally also show that ligand orientation and the number of halide 

substituents play an important role in the extension of the excitation bands into the visible region. 

Furthermore, the interplay of the Bi 6s2 stereochemical activity and ensuing distortion of the 

coordination sphere including elongation of Bi-X bond lengths may also lead to shifting of 

absorbance/excitation features given their attributed relevance to the HOMO energy state. For 

example, isostructural monomers 3A-Cl and 3B-Cl possess Bi-Cl distances of 2.5879(1) and 

2.6228(1) Å, respectively. With this increase in bond length, a concurrent blue shift is observed in 
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the corresponding calculated absorption spectra (Figure S57), the experimental solid-state UV-Vis 

spectra (Figure S44), and the low energy excitation maxima (Figure 8). Additionally, isostructural 

models 6(c) and 6(d) exhibit Bi-Br distances of 2.8144(2) and 2.9757(2), respectively, and also 

demonstrate blue shifting of the calculated lowest energy transition as the Bi-X bond distance 

increases (Figure S55). This observation is consistent with other hybrid and inorganic systems,32, 

70-73 wherein distortions in metal center coordination led to shifts in energy states and the 

corresponding transitions. Increased stereochemical activity of the Bi lone pair electrons is 

indicative of increased p orbital character and sp hybridization.32, 71 In the presented work, such 

hybridization as well as mixing with the halide p orbital contributions, may facilitate a lower 

energy HOMO than that observed for Bi compounds for which the lone pair is more 

stereochemically inert. Concurrent with the distortion of the Bi coordination environment, 

increased torsion of the terpy ligand away from its typical planar motif appears to increase the 

LUMO, as previously reported.61 The increased distortions of the metal-halide unit and terpy 

ligands result in a widening of the HOMO  LUMO transition and manifests as a blue shifting of 

absorption bands to higher energy.  

The importance of the BiX sub-unit to the luminescent properties of the reported compounds  is 

further evidenced in the 3A-Bi1-xEuxCl (x = 0.001, 0.005, 0.01, 0.05) series. This heterometallic 

series exhibited unprecedented dual emission from both Eu and LXMCT/ligand pathways upon 

UV and visible excitation. By comparison, the previously reported heterometallic Eu doped phase, 

Bi0.84Eu0.16(terpy)(k2-TC)3, lacked halide substituents and exhibited only Eu emission with no 

visible excitation pathway.52 The excitation and emission spectra for 3A-Cl and 3A-

Bi0.995Eu0.005Cl, as well as previously reported BiEu- and Eu-terpy-TC reference compounds are 

illustrated in Figure S42.51-52  Comparison of these spectra highlights the departure from customary 
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UV excitation and subsequent Eu emission from phases absent halide substituents towards visible 

excitation and simultaneous emissions that originate, in part, from BiX-to-ligand transitions for 

the Bi-halide-terpy-TC complexes. Even though these simultaneous emissions likely result from 

competitive pathways, they also afford compositional PLCT as a function of Eu doping percentage. 

Variation of Ln doping percentages to achieve PLCT is a well-established design strategy in 

luminescent materials literature,74-75 yet to the best of our knowledge the Eu doped Bi-halide 

organic hybrid materials reported herein provide one of the first examples of emissive color tuning 

within hybrid materials that can be achieved upon visible excitation. 

It is worth noting that similar XMLCT pathways serving as intermediate energy states have 

recently been observed in Bi- and Sb-halide materials.59, 76-77 Botta and colleagues, for example, 

reported several BiBr-dioxide pyridine coordination polymers that display mechanochromism, for 

which the excitation and emission are attributed to XMLCT and inverse LXMCT pathways, 

respectively.23, 31, 59 These energy transfer pathways were assigned primarily to higher energy 

absorption features (λ = <350 nm), yet visible excitation features are often present as well. These 

previously reported materials possess three or more Br ions per Bi metal center and excitation 

bands that extend well beyond 500 nm. These results are consistent with our findings in which 

mixed BiX orbital contributions are involved in the luminescent transitions of the reported 

materials as well as our experimentally and computationally derived trend that with increasing 

halide complexation, excitation extends further into the visible region. The relationship between 

the number of bound halides and shifting of the excitation wavelengths is also consistent with 

reports of red shifting in absorbance bands with increasing halide incorporation for perovskite 

precursor solutions/thin film species such as PbI2, (PbI3)-, (PbI4)2-, and potentially (Pb2I9)5-.78-81 

This trend has also been observed for other main group metal halide species, including Bi.82  A 
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natural extension of this trend would correlate with the well-documented visible light 

absorbance/photovoltaic properties of main group metal perovskites, including Bi, that almost 

exclusively possess six halides bound to each metal center, and for which distortion of the metal 

coordination environment and halide identity directly impact the observed photoactive behavior.20, 

83 While these observations may not be universal for all Bi halide materials, such correlations seem 

to be a promising avenue towards controlling excitation pathways and achieving tailored 

luminescent properties. 

 

CONCLUSION 

Seven novel bismuth(III) halide phases consisting of 2,2’,6’,2”-terpyridine and/or 2-

thiophenemonocarboxylate ligands were isolated through systematic variation of synthetic 

conditions. The structures are built from monomeric and dimeric complexes that exhibit 

differences in the number of bound halide/TC units per metal ion as well supramolecular packing 

interactions. The homometallic phases 2, 3A-Cl, 3A-Br, 3B-Cl, 4, 6 exhibited broad yellow/green 

emission. Notably, the emissions could be observed upon visible excitation (λEx = > 400 nm). 

Computational analysis based on DFT calculations and experimentally deduced structures were 

performed in an effort to better understand the origin of the visible excitation pathways. Analyses 

of frontier molecular orbital energies showed that the visible absorbance features could be 

attributed to intramolecular metal-halide to ligand charge transfer processes (XMLCT). 

Furthermore, the extension of the transitions deeper into the visible region was found to depend 

on the number and orientation of halide ions coordinated to the Bi metal center. This 

computationally derived trend was also apparent upon inspection of the solid-state structures and 

the experimental excitation spectra. Furthermore, the extent of Bi 6s2 stereochemical activity is 
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anticipated to influence the Bi-X bond distances and corresponding HOMO energies, while 

distortions of the terpy ligand impact the LUMO energies. Increased separation of these energy 

levels with increased distortion of the metal center and terpy ligand are reflected in the 

experimental and computational data as blue shifts in low energy absorption and excitation 

transitions. Therefore, these tailorable structural features are predicted to serve as a promising 

design features that may be harnessed towards controlling and tuning luminescent properties, such 

as visible excitation.  Luminescent studies of a heterometallic series, 3A-Bi1-xEuxCl (x = 0.001, 

0.005, 0.01, 0.05), revealed simultaneous ligand/LXMCT and Eu emissions whose relative 

intensities were tunable based on Eu composition. Subsequently, photoluminescent color tuning 

from green-yellow to red emission was achieved; increased Eu incorporation was found to increase 

the influence of Eu3+ emission on the overall emission chromaticity. Additionally, the highlighted 

visible excitation seen in the homometallic Bi phases was retained across the Eu doped 

heterometallic series. The lack of visible excitation in related Eu only and Eu doped Bi phases 

without halide substituents further suggests that the BiX sub-unit is crucial to obtaining this useful 

luminescent property. As demonstrated through the combined experimental and computational 

examination of structure property relationships reported herein, Bi halide organic materials present 

unique luminescent behaviors that warrant further exploration towards the design of materials with 

tailorable luminescent properties.  
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ABBREVIATIONS 

PLCT, photoluminescent color tuning; WLE, white light emission, LED, light emitting diode; 

TCA, 2-thiophene monocarboxylic acid; TC, 2-thiophene monocarboxylate; terpy, 2,2’,6’,2”-

terpyridine; CIE, Commission Internationale d’Eclairage; ILCT, Intra/interligand Charge 

Transfer; XMLCT, Halide-Metal to Ligand Charge Transfer; XLCT, Halide to Ligand Charge 

Transfer. 
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The synthesis, structural characterization, and photoluminescent properties of a series of Bi-halide-

organic hybrid compounds. A heterometallic lanthanide doped series displayed simultaneous 

emissive features and compositional based photoluminescent color tuning (PLCT). All emissive 

homo- and heterometallic phases exhibit visible excitation pathways that based on theoretical 

quantum mechanical calculations are attributed to halide-metal to ligand charge transfer 

(XMLCT). 

 

 


