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Synthesis and photoluminescence of three
bismuth(III)-organic compounds bearing
heterocyclic N-donor ligands†

Alyssa K. Adcock,‡a R. Lee Ayscue, III, ‡a Leticia M. Breuer,a Chloe P. Verwiel,a

Alexander C. Marwitz, a Jeffery A. Bertke, a Valérie Vallet, b Florent Réal b

and Karah E. Knope *a

Three bismuth(III)-organic compounds, [Bi4Cl8(PDC)2(phen)4]·2MeCN (1), [BiCl3(phen)2] (2), and

[Bi2Cl6(terpy)2] (3), were prepared from solvothermal reactions of bismuth chloride, 2,6-pyridinedicar-

boxylic acid (H2PDC), and 1,10-phenanthroline (phen) or 2,2’;6’,2’’-terpyridine (terpy). The structures were

determined through single crystal X-ray diffraction and the compounds were further characterized via

powder X-ray diffraction, Raman and infrared spectroscopy, and thermogravimetric analysis. The photo-

luminescence properties of the solid-state materials were assessed using steady state and time-depen-

dent techniques to obtain excitation and emission profiles as well as lifetimes. The compounds exhibit

visible emission ranging from the yellow-green to orange region upon UV excitation. Theoretical

quantum mechanical calculations aimed at elucidating the observed emissive behavior show that the

transitions can be assigned as predominantly ligand-to-ligand and ligand-to-metal charge transfer tran-

sitions. The solid-state structural chemistry, spectroscopic properties, and luminescence behavior of the

bismuth compounds are presented herein.

Introduction

Bismuth and bismuth-based materials have been utilized
as pharmaceuticals, photocatalysts, and other solid-state
materials,1–7 due to their attractive materials properties includ-
ing nontoxicity, high thermodynamic stability, and low
cost.2–4,8–11 However, as compared to transition metal- and
lanthanide–organic complexes, relatively limited examinations
of structure–property relationships in main group metal com-
plexes and extended networks have been reported. Recently,
though, bismuth-based compounds have attracted increasing
attention due, in part, to their unique photoluminescence
behaviour.12–23 Trivalent bismuth has a [Xe]4f145d106s2 elec-
tron configuration and possesses lone pair electrons (6s2) with

variable stereochemical activity. This results in a flexible
coordination environment ranging from a hemidirected to
holodirected coordination sphere, a range of coordination
numbers, and thus, the potential for novel structure-
types.14,21–27 Yet, such structural diversity combined with the
limited solubility and hydrolytic propensity of many Bi salt
starting materials can provide significant challenges for con-
trolled synthesis and structure prediction. As such, developing
fundamental knowledge of the synthesis and structural chem-
istry of bismuth-organic-based phases is not only crucial for
overcoming such challenges but also can provide key insight
into the role that structural features have on materials pro-
perties such as luminescence.

Several luminescent bismuth-organic compounds have
been reported to date;12,13,19,22,28,29 however, identification of
the energy transfer pathways is often non-trivial; a number of
charge transfer (CT) and/or ligand emission processes can play
a role in the resulting luminescence. Bismuth-organic com-
pounds have been reported to exhibit luminescence across a
range of colors including “white” light emission.14 The origins
of these emissive transitions have been attributed to ligand-to-
metal charge transfer (LMCT), metal-to-ligand charge transfer
(MLCT), intraligand transitions (n ← π*)/(π ← π*) that are
noticeably shifted from the free ligand emission, and/or intra-
configurational 1P1 →

1S0 and
3P1 →

1S0 transitions originating
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from the 6s2 closed shell Bi3+ metal center.14–19,28,30

Intervalence charge transfer has also been recently reported
for several Bi systems.22,29 Additionally, the luminescence be-
havior of several halobismuthates have been attributed to a
combination of metal-centered sp excited states and halogen-
to-metal charge transfer (XMCT).12,31 Given the number of
plausible energy transfer pathways that generally produce
similar broad visible emission, a combined experimental and
computational approach is essential for identifying structure–
property relationships and elucidating the underlying lumine-
scence mechanisms.

In this work, three compounds built from molecular Bi(III)-
chloride complexes capped by N-donor ligands, 2,2′,6,2″-terpyri-
dine (terpy), 1,10-phenantroline (phen), and 2,6-pyridinedicar-
boxylic acid (PDC), were synthesized under solvothermal con-
ditions. Selection of the ligands was based on several factors.
Beyond their precedence in luminescent materials research,32–35

these ligands have been shown to restrict dimensionality
through capping coordination modes to yield molecular
units.36–40 Moreover, the aromaticity of the ligands may
promote supramolecular interactions such as π–π stacking,
which have been shown to impact the materials properties of
hybrid inorganic–organic complexes.41 The obtained com-
pounds, [Bi4Cl8(PDC)2(phen)4]·2MeCN (1), [BiCl3(phen)2] (2),
and [Bi2Cl6(terpy)2] (3), were structurally characterized via X-ray
diffraction studies and found to vary in nuclearity from mono-
nuclear species (2) to dimeric units (3) to pseudo-tetrameric
complexes (1). To the best of our knowledge, the pseudo-tetra-
mers observed in 1, which are bridged through carboxylate lin-
kages and exhibit long Bi⋯Cl⋯Bi interactions between adjacent
dimers, are unique within bismuth structural chemistry.
Though the structure of compound 2 was previously described
by White et al., the photoluminescence properties of this phase
were not reported.42 As such, 2 is included in this report to aid
in the discussion of relevant structure–property relationships.
The photoluminescence properties of 1–3 were explored
through steady-state and time-dependent techniques. Each
compound displayed visible light emission with room tempera-
ture lifetimes on the order of 10−6 s. Quantum mechanical cal-
culations using structural models obtained from the experi-
mentally determined single-crystal structures were performed to
better understand the origins of the observed emissive path-
ways. The excitation and emission transitions for 1–3 are attrib-
uted to MLCT and LMCT pathways, respectively. Furthermore,
corresponding electron density calculations suggest these CT
pathways are facilitated between Bi-halide subunits and
N-donor ligands. Through this investigation, valuable insight
into structural features that potentially impart and/or influence
luminescence properties is provided.

Experimental section
Materials

Bismuth(III) chloride (Acros Organic, 98+%), 2,6-pyridinedicar-
boxylic acid (Alfa Aesar, 98%), 2,2′;6′,2″-terpyridine (Alfa Aesar,

97%), 1,10-phenanthroline (Acros Organics, 99+%), ethanol
(Warner Graham Company), and acetonitrile (Fisher) were
used as received. Nanopure water (≤0.05 μS; Millipore, USA)
was used in all experiments.

Synthesis

[Bi4Cl8(PDC)2(phen)4]·2MeCN (1). Bismuth chloride
(0.0313 grams, 0.1 mmol), 2,6-pyridinedicarboxylic acid
(0.0165 grams, 0.1 mmol), 1,10-phenanthroline (0.0180 grams,
0.1 mmol), and acetonitrile (3 mL) were loaded into a Teflon-
lined stainless-steel autoclave. The autoclave was heated stati-
cally at 150° for 24 hours in an isothermal oven, then removed
from the oven, and allowed to slow cool to room temperature
over four hours. The reaction vessel was left undisturbed for
one week after which the products were collected, washed with
ethanol, and allowed to dry under ambient conditions.
Colorless, thick needles of 1 were obtained along with a minor
impurity identified as 2 via PXRD. Manual separation of 1
based on morphology allowed for yield estimation and sub-
sequent bulk characterization. Note that crystals of both 1 and 2
were observed when the reaction vessel was opened immediately
after cooling to room temperature; however, manual separation
was not successful in these trials with shorter cooling times.
Estimated yield of 1: 40% (based on Bi). Elemental analysis for
C66H44Bi4Cl8N12O8: Calc. (Obs.): C, 35.18 (34.95); H, 1.98 (1.74);
N, 7.46 (7.17%). Raman 1: ν̃ = 1658, 1590, 1518, 1453, 1421,
1300, 1105, 1053, 1027, 724, 557, 518, 422, 286, 250 cm−1.

[BiCl3(phen)2] (2). Although 2 could be prepared solvo-
thermally as a minor product as described above, in order to
obtain sufficient product for bulk characterization the com-
pound was prepared following a published synthesis.42

Bismuth chloride (0.25 g, 0.79 mmol), 1,10-phenanthroline
(0.43 grams, 2 mmol), and acetonitrile (20 mL) were heated
under reflux with constant stirring (500 rpm). After two hours
the white solid that was initially observed gradually turned
faint pink; the pink solid was isolated via filtration. Further
steps as described in the published synthesis to obtain single
crystals including extraction into dimethyl sulfoxide/dichloro-
methane and evaporation were not performed, as single crys-
tals sufficient for structure determination were obtained from
the synthesis that yielded 1. Yield: 87% (based on Bi).
Elemental analysis for C24H16BiCl3N4: Calc. (Obs.): C, 42.65
(42.77); H, 2.39 (2.26); N, 8.29 (8.28%).

[Bi2Cl6(terpy)2] (3). Bismuth chloride (0.0319 g, 0.1 mmol),
2,6-pyridinedicarboxylic acid (0.0164 g, 0.1 mmol), 2,2′:6′,2″-
terpyridine (0.0236 g, 0.1 mmol), and acetonitrile (5 mL) were
loaded into a 23 mL Teflon-lined stainless-steel autoclave. The
autoclave was heated statically at 150° for five days in an iso-
thermal oven, after which the autoclave was removed from the
oven and allowed to cool to room temperature overnight.
Large, rectangular prisms of 3 were collected, washed with
ethanol, and allowed to dry under ambient conditions. Yield:
83% (based on Bi). Elemental analysis for C30H22Bi2Cl6N6:
Calc. (Obs.): C, 32.83 (32.86); H, 2.02 (2.13); N, 7.66 (7.70%).
Raman 3 ν̃ = 1591, 1563, 1497, 1482, 1456, 1331, 1302, 1288,
1116, 1080, 1042, 1005, 827, 721, 655, 403, 301, 271, 250 cm−1.
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Bulk characterization methods

Powder X-ray diffraction data were collected for bulk samples
from which compounds 1–3 were isolated (Fig. S4–S8†) using
Cu-Kα radiation (λ = 1.542 Å) on a Rigaku UltimaIV with a
rotation speed of 1 degrees per min from 3–40 degrees 2θ.
Combustion elemental analysis was performed on a
PerkinElmer Model 2400 Elemental Analyzer for C, H, and N
determination. Thermogravimetric analyses were conducted
for 1 and 3 on a TA Instruments Q50 Thermogravimetric
Analyzer under flowing air (60 mL min−1) from 50 to 600 °C
with a step speed of 5 °C min−1 (Fig. S18 and S19†). UV-vis
absorption spectra for solid samples of 1–3 were collected on
an Agilent Technologies Cary 5000 UV/Vis-NIR instrument
using a diffuse reflectance attachment. Spectra (Fig. S15–S17†)
were collected over 200–800 nm using the Cary WinUV
program. Raman spectra were collected on single crystals
pulled from the bulk sample using an excitation source of
532 nm (maximum power = 100 mW) on a Horiba LabRAM HR
Evolution Raman Spectrometer. Spectra of 1 and 3 (Fig. S22
and S23†) were recorded from 200 to 2200 cm−1 using 20
accumulations and a laser power between 3.2 to 10%.

Structure determination via single crystal X-ray diffraction

Single crystals of 1–3 were isolated from the bulk samples and
mounted in N-paratone on MiTeGen micromounts. Single
crystal X-ray diffraction data were collected at 100(2) K on a
Bruker D8 Quest diffractometer equipped with an IuS X-ray
source (Mo-Kα radiation; λ = 0.71073 Å) and a Photon 100
detector. Each data set was integrated using the SAINT soft-
ware package included with APEX3.43,44 An absorption correc-
tion was applied using a multi-scan technique in SADABS.44

The structures were then solved using direct methods via
SHELXT and refined by full-matrix least-squares on F2 using
the SHELXL software in SHELXLE.45,46 Crystallographic data
are provided in Table 1, and full refinement details as well as
CIF data are available as ESI.† CIF data for 1–3 were also sub-
mitted to the Cambridge Crystallographic Data Centre (CCDC),
http://www.ccdc.cam.ac.uk/by, and may be obtained by referen-
cing numbers 1841302–1841304.† While the structure of 2 at
295 K was previously reported,42 a low temperature dataset for
2 was collected at 100 K for the sake of comparison with the
structures reported herein. Intermolecular interactions for all
compounds were assessed using the PLATON software suite.47

Luminescence measurements

Excitation and emission spectra were collected on a Horiba
PTI QM-400 Spectrofluorometer at room temperature on
ground solid samples (Fig. S9–S11†). Long pass filters were
used to remove harmonic signatures. Time-resolved measure-
ments to determine lifetime values were acquired at room
temperature using a Xenon flash lamp as the average of 10 000
shots. Decay curves were plotted and fit using Origin Pro 8.5
(Fig. S12–S14†). Lifetime values given are the average of three
independent determinations taken at the maximum excitation
and emission wavelengths.

Computational studies

Structural models obtained from the single crystal structures
were used to calculate the absorption spectra in an effort to
identity the transitions involved in the observed photo-
luminescence spectra. Clusters of various sizes were rendered
and used for analysis, starting from a single molecular unit to
larger systems (dimer, trimer, and pseudo-tetramer). All
spectra were computed using a similar approach proposed by
Sorg et al.,17 based on single point calculations using a current
development version of the ORCA 4.1.2 program package.48,49

The calculations rely on the use of the CAM-B3LYP functional,
a hybrid functional with long-range separation, to compute
the density of the compound,50 associated to def2-SVP basis
set for all atoms,51 and a Relativistic Small Core Effective
Pseudopotential for Bi.52 To accelerate the calculations, two
approximations were used: the RI and chain-of-spheres (COSX)
approximations (grid X5).53,54 The absorption energies and
oscillator strengths were computed by means of the sTDA (sim-
plified Tamm-Dancoff approach) method,55–57 which allows a
reasonable qualitative description of large-system spectra.
Spin–orbit coupling has been neglected as no change in
the spectral envelopes was observed for the monomer
BiCl3(phen)2 in compound 1 (see Discussion in section VII of
the ESI†). An energy cut-off at 5 eV was used, and spectra were
normalized over a region between 250 up to 450 nm. For the
non-zero absorption states, a Lorentzian function was added
on top of each peak, with various widths in order to account
for the natural broadening observed at ambient temperature.

Additional analysis was performed using the ADF
package.58–60 Analysis of the bonds between the metal and the
ligands were realized using the ETS-NOCV (Extended
Transition State Natural Orbitals for Chemical Valence) ana-

Table 1 Crystallographic structure refinement details for 1–3

1 2 3

Chemical
formula

C66H44Bi4Cl8N12O8 C24H16BiCl3N4 C30H22Bi2Cl6N6

MW (g mol−1) 2252.67 675.75 1097.21
T (K) 100(2) 100(2) 100(2)
λ (Mo Kα) 0.71073 0.71073 0.71073
μ (mm−1) 10.813 8.433 11.446
Crystal system Triclinic Monoclinic Monoclinic
Space group P1̄ P21/c P21/n
a (Å) 9.7898(6) 9.6115(3) 12.7368(6)
b (Å) 13.7846(13) 31.7985(1) 9.4838(4)
c (Å) 27.4465(18) 7.5977(2) 13.6313(6)
α (°) 102.725(2) 90 90
β (°) 90.442(2) 109.328(1) 102.0880(10)
γ (°) 110.737(2) 90 90
Volume (Å3) 3363.9(4) 2191.22(11) 1610.06(12)
Z 2 4 4
Rint NAa 0.0224 0.0567
R (I > 2σ) 0.0270 0.0152 0.0247
wR2 0.0627 0.0317 0.0635
GooF 1.076 1.166 1.099
CCDC number 1841302 1841303 1841304

a The refinement of 1 was processed as a two component twin and
therefore, an Rint is not reported. Moreover, compound 2 (295 K) was
previously reported and can be found by referencing PURQUO.42
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lysis method available in the ADF package, with the PBE0 func-
tional. The molecular complex was partitioned into two frag-
ments, the first one being the BiCl3 subunit and the second
the phen groups.61,62

Results and discussion
Synthetic considerations

Synthetic avenues to access bismuth-based materials can be
challenging, in part, due to the limited solubility of bismuth
precursors and the hydrolytic instability of bismuth. The reac-
tion that yielded 1 also produced 2 as a minor impurity; there-
fore, manual separation of the phases was necessary to
perform subsequent characterization and achieve phase purity
of 1. Extensive variation of reaction parameters was performed
in an attempt to afford a phase-pure product of 1 but proved
unsuccessful. Although it was not incorporated into the solid-
state structure of 3, 2,6-H2PDC was added to the reaction and
seemingly enabled improved crystallization of 3 as large block
crystals. Absent this organic “spectator”, a microcrystalline
powder of 3, along with a BiOCl impurity that originates from
partial hydrolysis of BiCl3, was obtained (Fig. S8†).
Solvothermal reactions were used to help mitigate formation
of bismuth oxychloride. Furthermore, the addition of H2PDC
may help drive the assembly of 3 and subsequently preclude
formation of BiOCl; although, the exact role of H2PDC is
unknown. Reactions with other organic species (2,5-H2PDC
and 3,4-H2PDC) were performed in attempt to obtain other
novel phases; however, 3 was the only phase observed.

Structure descriptions

The single crystal structures of 1–3 were determined at 100 K
using single crystal X-ray diffraction. The structure of 2 at
295 K has been previously reported; however, for the sake of
comparison with 1 and 3, a low temperature dataset was col-
lected at 100 K. The structure of each compound consists of
discrete molecular units, varying in nuclearity from mono-

nuclear moieties in 2 to dimeric units in 3 to pseudo-tetra-
meric species in 1.

[Bi4Cl8(PDC)2(phen)4]·2MeCN (1). The solid-state structure
of 1 is built from four crystallographically unique bismuth(III)
ions, eight chloride ions, four bidentate phen ligands, and two
PDC ligands. Bi1 and Bi3 are both seven coordinate, bound to
three chloride ions, two nitrogen atoms from one κ2-phen, and
two oxygen atoms from PDC. The Bi1–O distances are 2.5498
(2) and 2.7644(2) Å, the Bi1–Cl distances range from 2.6678(2)
to 2.7021(2) Å, and the Bi1–N distances are 2.4538(2) and
2.4806(2) Å. In the case of Bi3; however, the Bi3–O distances
are 2.5854(2) and 2.7926(2) Å, the Bi3–Cl distances range from
2.6333(2) to 2.6864(2) Å, and the Bi3–N distances are 2.4424(2)
and 2.5008(2) Å. Bi2 and Bi4 are both six coordinate, bound to
one chloride ion, three nitrogen atoms from one κ2-phen and
one PDC, and two oxygen atoms from the PDC. The Bi2–O dis-
tances are 2.5609(2) and 2.2869(1) Å and the Bi2–N distances
range from 2.4406(2) to 2.5875(2) Å. The Bi2–Cl4 distance is
2.4917(2) Å, and two long Bi⋯Cl interactions are observed as
3.2081(2) and 3.4579(2) Å.63 The Bi4–O distances are 2.5633(2)
and 2.2811(1) Å, with the Bi4–N distances ranging from 2.4271
(2) to 2.5745(2) Å. The Bi4–Cl8 distance is 2.4917(2) Å, and two
long Bi⋯Cl interactions are observed as 3.2147(2) and 3.4905
(2) Å. Bi1 and Bi2 are bridged through one oxygen atom (O52)
of the carboxylate of the PDC ligand, forming dimeric units.
These dimers interact through two chloride atoms (Cl2 and
Cl3) to form pseudo-tetramers as depicted in Fig. 1. Bi3 and
Bi4 are similarly bridged through the carboxylate of one PDC
ligand (O62) to form dimeric units that are then further
bridged into pseudo-tetramers through relatively long
Bi⋯Cl⋯Bi interactions involving two chloride atoms (Cl6 and
Cl7). While one outer coordination sphere acetonitrile mole-
cule per formula unit was resolved during the refinement,
residual electron density existed outside the cluster. This
residual electron density may be attributed to an additional
ACN molecule; however, disorder precluded modeling of these
atoms, and the model was squeezed to remove the residual
electron density. Several intermolecular π–π interactions are

Fig. 1 Illustration of the two unique tetrameric units in 1 which are built from (a) Bi1 and Bi2 and (b) Bi3 and Bi4. Green, red, orange, blue, and black
spheres represent bismuth, oxygen, chlorine, nitrogen, and carbon atoms, respectively. Dotted orange lines denote long Bi⋯Cl interactions.
Hydrogen atoms and acetonitrile solvent molecules have been omitted for clarity. Symmetry operators: (i) 2 − x, 1 − y, 1 − z; (ii) 1 − x, 1 − y, −z.
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observed between the phen and pyridine rings of the pseudo-
tetramers, further stabilizing the crystal structure. As shown in
Fig. 2a, moderate π–π stacking interactions exist between the
phen ligands bound to Bi1 and Bi3 (designated as phen1 and
phen3, respectively). These interactions were tabulated in
Platon47 and the strongest interactions exhibit Cphen3⋯Cphen1

distances of 3.5088(2) Å with a slip angle equal to 18.4°.
Weaker interactions exist between the pyridine rings of each
PDC ligand and the phen ligands bound to Bi2 or Bi4, as
depicted in Fig. 2b. For the PDC bound to Bi1 and Bi2 (PDC5)
and the phen bound to Bi2 (phen2), Cphen2⋯CPDC5 distances
are 3.8167(3) Å with a slip angle of 20.2°. In the case of the
PDC bound to Bi3 and Bi4 (PDC6) and the phen bound to Bi4
(phen4), the Cphen4⋯CPDC6 distance is 3.8811(3) Å with a slip
angle of 24.6°.

[BiCl3(phen)2] (2). As the structure of 2 has been previously
reported, only a brief structural description is provided here.
Compound 2 is built from one crystallographically unique
bismuth(III) metal center, three chloride ions, and two biden-
tate phen ligands. The bismuth ion is seven coordinate, bound
to three chloride ions and four nitrogen atoms from the phen
ligands (Fig. 3). The Bi–Cl bond distances range from 2.598(1)
to 2.748(1) Å, and the Bi–N distances range from 2.476(2) to
2.771(2) Å. Intermolecular π–π stacking interactions are
observed throughout the structure between adjacent phen
rings, with the distance between the centroids Cphen⋯Cphen

found to be 3.7557(1) Å with a slip angle of 22.2°.
[Bi2Cl6(terpy)2] (3). The structure of 3 is built from one crys-

tallographically unique trivalent bismuth ion, one tridentate
terpy, and three chloride ions. Each metal center is seven coor-

Fig. 2 Polyhedral representation of 1 showing π–π stacking interactions (purple dashed lines) between (a) two phenanthroline from adjacent Bi1,
Bi2 and Bi3, Bi4 tetramers and (b) phen and PDC from two Bi1, Bi2 tetramers. Green polyhedra, red, orange, blue, and black spheres represent
bismuth, oxygen, chlorine, nitrogen, and carbon atoms, respectively. Purple spheres represent ring centroids. Hydrogen atoms and acetonitrile
solvent molecules have been omitted for clarity.
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dinate, adopting a distorted pentagonal bipyramidal coordi-
nation geometry, bound to three nitrogen atoms from the
terpy ligand and four chloride atoms. The Bi–Cl distances
range from 2.592(1) to 2.814(1) Å, while the Bi–N bond dis-
tances range from 2.479(3) to 2.626(3) Å. As seen in Fig. 4,
bridging chloride atoms, Cl1 and Cl1′, link the bismuth metal
centers to form discrete molecular dimers. No significant π–π
stacking interactions are present between the terpy rings.

Structural analysis

More than eighty bismuth-organic compounds containing
either bound phen or 2,6-pyridinedicarboxylate have been
reported; the majority exist as either discrete monomeric or
dimeric units or crystallize as extended networks. Zhang and
Feng, for example, synthesized a dimeric bismuth compound
containing both 2,6-H2PDC and phen, [Bi2(2,6-
PDC)2(N3)2(phen)2]·4H2O, under ionothermal conditions
wherein the bismuth metal centers are bridged through the

carboxylate oxygen atoms of the PDC.64 To the best of our
knowledge, 1 marks the first reported bismuth pseudo-tetra-
mer decorated with phen and/or 2,6-PDC ligands. In the
Cambridge Structural Database 2020, reports of discrete chlor-
obismuth tetramers are limited. Approximately eight chloro-
bismuth tetramers with organic ligands bound directly to the
bismuth metal center have been described. Most of the tetra-
mers reported are polychlorobismuthates, with the general
formula [Bi4Clx]

12−x (where x = 16, 18, or 20), that are charge
balanced by outer coordination sphere metal and/or ligand
cations. Dimeric motifs such as that observed in 3 are
common structural units in bismuth-organic materials litera-
ture; however, 3 is the first example of a bismuth-terpy species
with chloride in the inner coordination sphere of the metal.
Five of the reported bismuth-terpy species contain either
bound nitrate or iodine originating from the respective
bismuth salt used in the reactions.65–68 We have also pre-
viously reported a mixed ligand Bi-terpy-thiophenemonocar-
boxylate compound.37 The structural unit of 3 is isostructural
to the bromobismuth-phen dimer published by White et al.,
[Bi2Br6(phen)4], though attempts by the authors to produce
the chloride analog were reportedly unsuccessful.42

Interestingly, the chlorobismuth dimer is accessible using
terpy as a capping ligand, possibly owing to the increased den-
ticity and ability of terpy to better saturate the metal coordi-
nation sphere. Furthermore, it is of note that while the struc-
ture of 1 exhibits a coordination environment consistent with
the presence of a stereochemically active lone pair, as evi-
denced by the distorted metal coordination geometry, appar-
ent open face, and elongation of Bi⋯Cl interactions,23,26,69

little evidence of lone pair activity about the Bi centers is
present in 2 and 3.

Photoluminescence

Luminescence spectra for each compound were collected on
bulk solid samples at room temperature. The luminescence
spectra of the free ligands H2PDC, phen, and terpy were col-
lected and are reported in the ESI (Fig. S9–S11†). Upon exci-
tation of the free ligands at 343, 363, and 348 nm, respectively,
broad emission bands centered between 370–430 nm were
observed. Compounds 1–3 exhibit broad visible emission with
peaks centered at 570, 590, and 537 nm, respectively, as shown
in Fig. 5 and 6. A summary of the excitation and emission
maxima along with lifetime measurements for the reported
compounds is provided in Table 2. Room temperature time-
resolved luminescence studies revealed that 1 displayed short-
lived luminescence lifetimes with a biexponential decay of 8(1)
μs and 76(3) μs (Fig. S12†). Longer biexponential decays of 14
(1) μs and 241(4) for 2 and 10(1) and 196(4) for 3 were observed
(Fig. S13 and 14†).

For each compound, the Commission Internationale
L’Eclairage (CIE) coordinates were determined from the emis-
sion profile and are plotted in Fig. 6. Each compound displays
visible yellow-green to orange emission upon exposure to
UV light as confirmed by the solid-state luminescence
measurements.

Fig. 3 Illustration of the monomeric unit in 2. Green, orange, blue, and
black spheres represent bismuth, chlorine, nitrogen, and carbon atoms,
respectively. Hydrogen atoms have been omitted for clarity.

Fig. 4 Illustration of the dimeric units in 3. Green, orange, blue, and
black spheres represent bismuth, chlorine, nitrogen, and carbon atoms,
respectively. Hydrogen atoms have been omitted for clarity. Symmetry
operators: (i) −x, −y + 1, −z + 1.
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To further our insight into the electronic states and poss-
ible transitions correlating to the reported luminescence,
quantum mechanical methods have been applied using the
ORCA 4.3 software package.48 Various cluster cut-outs of each
compound were rendered and used as model systems to
compute theoretical UV-Vis absorption spectra. These theore-
tical spectra were compared to the experimentally obtained
optical absorption spectra (Fig. S15–S17†). Additionally, mole-
cular orbitals (MOs) involved in the main excitation bands of

the absorption spectra were calculated for each compound.
While there is a degree of uncertainty in the calculated tran-
sition wavelengths and oscillator strengths, the combined
theoretical and experimental data have provided insight into
the transitions responsible for the emissive behavior of the
compounds.

For 1, several cluster cut-outs were prepared and used for
subsequent calculations, including the as-reported pseudo-tet-
ramer, [Bi4Cl8(PDC)2(phen)4], and several dimers of tetramers,
[Bi4Cl8(PDC)2(phen)4]2. Looking at the general shape of the
spectra (Fig. 7), the different renderings of the pseudo-tetra-
mers do not exhibit fundamental differences. Table 3 lists the
position of the lowest states for each “dimer” of tetramers,
showing that the lowest part could be split into two regions
separated by a frontier at 390 nm. For simplicity, our analysis
focused on the strong absorption peaks located at 350 nm and
∼400 nm of one of the tetramer cut-outs (C). Decomposition of
the peaks is reported in Table 4 and the MOs involved in the
absorption process are depicted in Fig. 8.

The lower energy bands involve excitation from the
bismuth-chloride subunit to the phen groups (HOMO−1 →
LUMO+2) in a “metal”-to-ligand charge transfer (Fig. 8).
Different than typical MLCT, there is strong mixing between
the chloride orbitals and that of the Bi3+ ion; thus, the likely
excited state involved in the CT process does not exclusively
have metal character but involves the whole BiCl3 subunit.
Upon de-excitation, these transitions should correspond to a
ligand-to-metal subunit charge transfer (LMCT). Interestingly,
the calculations show that the PDC ligand does not appear to

Fig. 5 Room temperature excitation (dashed) and emission (solid)
spectra for (a) 1, (b) 2, and (c) 3.

Fig. 6 Room temperature CIE chromaticity coordinates for 1–3.

Table 2 Photophysical measurements for 1–3

Maximum
excitation (nm)

Maximum
emission (nm)

Lifetime
(μs)

1 385 570 8(1), 76(3)
2 415 590 14(1), 241(4)
3 387 537 10(1), 196(4)
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be involved in CT at lower energies. However, higher energy
absorption bands can be attributed to ligand-to-ligand charge
transfer between the ligands, resulting in underlying ligand
emissions which are supported by experimentally observed
biexponential decay. To further explore the absorption, the cal-
culated spectra (solid lines) were compared to the experi-
mental absorption spectrum (black dashed line) (Fig. 7b). The
intensity of the simulated spectrum was scaled for easier com-
parison. From the overlay, the general shape of the theoretical
spectrum is in reasonable agreement with the experimental
data. Moreover, in the lower part of the spectra, the more
intense singlet to singlet excitations are about 395 nm, a value

that matches the 385 nm excitation wavelength used for the
experimental characterization of the compound.

For the neutral monomer in 2, three cluster sizes were pre-
pared including the as-reported monomer, [BiCl3phen2], a
pseudo-trimer built from three monomeric units, [BiCl3phen2]3,
and a pseudo-tetramer built from four monomeric units,
[BiCl3phen2]4. When looking at the electron distribution of the
electronic ground state, it is worth noting that the BiCl3 subunit
tends to strongly attract the electrons from the two donor
groups, though predominately from the one with the shortest
Bi–N distances. The Mulliken population analysis yields a total
charge on the bismuth center of 1.5e−, indicating some degree
of covalency between bismuth and the phen groups. The defor-
mation density shown in Fig. 9 nicely supports the fact that
there is an accumulation of density on the BiCl3 subunit (blue
regions), along with a depletion in the N-donor ligands.

An important aspect that can be examined using quantum
mechanical calculations is the qualitative evolution of the
absorption spectra as a function of aggregate size. The absorp-
tion spectra at the SF level (Fig. 10) describe the effect of the
Lorentzian width used to convolute the spectrum. The cluster
aggregate size effects are illustrated in Fig. 10b. As shown in
Fig. 10b, the main absorption bands above 350 nm are slightly
affected by the size of the aggregate, going from the monomer
(Fig. 10a) to the trimer (Fig. 10b), and the relative intensities
of the two main bands evolve with respect to the size of the
system. For example, the band at ∼450 nm for the monomer is
blue-shifted to 425 nm for the larger, linear trimer (Fig. 10b).
The larger compound (tetramer) made of four subunits has a
very similar spectrum (Fig. 10c) to that of the trimer (Fig. 10b).

The decomposition of the low-lying states is proposed in
Table S1† and the MOs are represented in Fig. S25 and S26†
for the trimeric and tetrameric units, respectively. In the larger
aggregates, the lowest energy bands (i.e. above 400 nm) corres-
pond to excitation out of BiCl3 centered orbitals to the π* orbi-
tals of the closest phen group (HOMO−2 → LUMO in the
linear trimer; HOMO−1 → LUMO+5, LUMO+6, and LUMO+7
in the tetramer). The other bands (below 400 nm) are a combi-

Fig. 7 (a) Computed UV-vis absorption spectrum of 1 with two different Gaussian heights (black and red solid lines) calculated with one tetramer.
(b) Computed UV-vis absorption spectrum of 1 calculated with two tetramers in various orientations (C, D, E, & F) overlaid with the experimental
absorption spectrum (black dashed line). The lower part of the theoretical spectrum is reported in the box (squares represent the position of all the
states in that specific region).

Table 3 Lowest absorption wavelengths of singlet states (nm) of
various renderings (C, D, E, F) of “dimers” of tetramers for 1

λC (nm) λD (nm) λE (nm) λF (nm)

398.4 406.2 403.2 398.4
397.2 406.2 403.2 398.3
— 393.6 401.2 386.4
— 393.5 401.2 386.4
366.2 — — —
360.7 — — —
356.6 368.2 365.5 350.6
349.6 368.2 365.5 350.6
330.4 357.4 363.3 341.1
329.1 357.4 363.3 341.1
322.9 314.3 309.2 308.5

Table 4 Decomposition of the main singlet to singlet excitations of 1

λ
(nm) Decomposition of the main singlet to singlet excitations

398.4 −0.99 (HOMO−1 → LUMO+2)
397.2 −0.77 (HOMO−1 → LUMO+2) −0.63 (HOMO → LUMO+1)
366.2 0.98 (HOMO−3 → LUMO + 1) −0.11 (HOMO−2 → LUMO+8)
360.7 −0.99 (HOMO−2 → LUMO+6)
356.6 0.60 (HOMO → LUMO+8) −0.48 (HOMO−1 → LUMO+8) 0.40

(HOMO → LUMO+3)
349.6 −0.76 (HOMO → LUMO+6) −0.63 (HOMO → LUMO+8)
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nation of MLCT as expected for such types of compounds, and
are in agreement with the recent work by Sorg et al.17 or
Ouerghi et al.70 Interestingly, the experimentally determined
excitation wavelength used to collect the emission spectra is
415 nm, which agrees well with the lowest absorption energy
predicted with the highest intensity in the low part of the spec-
trum (Fig. 10b) for a singlet to singlet excitation.

For 3, four cluster cut-outs were rendered: (i) the dimeric
unit, [Bi2Cl6(terpy)2], two different dimer of dimers (ii)
[Bi2Cl6(terpy)2]2 with the ligands perpendicular to each other
(ortho) and (iii) [Bi2Cl6(terpy)2]2 with the dimers in parallel to
each other (in plane), and (iv) a tetramer of dimers,
[Bi2Cl6(terpy)2]4. As shown in Fig. 11, many bands are common
between the considered systems. The region over 350–450 nm
exhibits a dense absorption band. When going from the dis-

crete dimer to larger cut-outs, an increase in the number of
states is observed which is expected from larger aggregates.
However, the main features of the spectra do not change sub-
stantially. In the lower energy part of the spectrum of the tetra-
meric unit, for example, there are three bands with relatively
strong oscillator strength above 380 nm (see Table S2;† MOs
are shown in Fig. 12). The peak at 411 nm can be attributed to
the excitation of the BiCl3 subunit to nonbonding orbitals of
the closest terpy groups belonging to the same molecular sub-
system (HOMO-6 → LUMO+6, see Fig. 12). The two other lower
wavelength absorption bands are more delocalized as the
main contribution to the transition corresponds to an exci-
tation of an electron localized on the BiCl3 center to an orbital
of the “opposite” terpyridine ligand (HOMO−15 → LUMO+1
and HOMO−14 → LUMO+2; Fig. 12). Based on the theoretical

Fig. 8 Molecular orbitals implied in the main low-lying excitations of 1. Note that the cut-out shown is for a “dimer” of tetramers.
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spectrum one would expect that three bands centered at 387,
395, and 411 nm may be used to probe the luminescence of
the compounds; the optimal excitation wavelength determined
experimentally was 387 nm.

Yet, agreement between the experimental absorption data
and the simulation is rather poor, as shown in Fig. 11c. Two
clear absorption bands are observed experimentally, located
at 240 and 370 nm, with none above 400 nm, while the simu-
lated data propose one main band at 240 and 275 nm and a
second dense, but less intense region up to 430 nm.
Regarding the two previous cases and the existing coherence,
no reasonable explanation for such a disagreement has yet
been identified.

Our theoretical analysis compares well with other lumines-
cent polychlorobismuth-organic compounds including the
chlorobismuth-4,4′-bipyridine coordination polymers reported
by Sorg et al.17 Computational studies identified MLCT, orig-
inating from the occupied orbitals of the bismuth chloride
subunit (in their case, Bi2Cl6) to ligand orbitals delocalized
over several ligands, as being responsible for the excitation
bands and subsequent emission resulting from the corres-
ponding LMCT.

Thermal stability

The thermal stabilities of compounds 1 and 3 were investi-
gated using thermogravimetric analysis under flowing air
(Fig. S18 and S19†). For 1, the total weight loss was 56.1% and

Fig. 10 (a) Computed UV-vis absorption spectrum of 2 with two different Lorentzian widths (black and purple solid lines) calculated for one
monomer. (b) and (c) Computed UV-vis absorption spectrum of 2 calculated with one monomer (dashed purple line) and trimer and tetramer (solid
lines) of the monomer, respectively, overlaid with the experimental absorption spectrum (black dashed line). The lower part of the theoretical spec-
trum is reported in the inset (squares represent the position of all the states in that specific region).

Fig. 9 Deformation density of 2. The red areas correspond to a
depletion of the density as compared to the isolated fragments (BiCl3
and the two phenanthroline ligands), while the blue regions correspond
to accumulation of electron density.
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occurred over four consecutive steps. The first weight loss of
roughly 13% occurred over 200–275 °C and is consistent with
the loss of two MeCN and one phen. The second weight loss of
25.9% was complete by 350 °C, and the third weight loss
(4.8%) was complete by 425 °C. Attribution of these steps is
somewhat ambiguous, but the combined weight losses are
consistent with decomposition of two phen groups and two
PDC units. The final weight loss of 12.1% was complete by
600 °C and is consistent with the loss of one phen unit and
three chloride ions (or alternatively seven Cl). For 3, the total
weight loss was 67.3% and occurred over two consecutive
steps. The first weight loss of 23.5% occurred over 180 °C to
∼300 °C, and the second weight loss of 43.8% was complete by
360 °C. Assignment of these steps remains unclear; however,
in an effort to identify the thermal decomposition products,
powder X-ray diffraction data was collected on the resulting
powders. The PXRD pattern of the thermal decomposition
product of 1 did not index to any known bismuth oxide,
bismuth chloride, or bismuth oxychloride phase (Fig. S20†).
However, the PXRD pattern of the thermal decomposition
product of 3 appears to consist of some mixture of BiOCl (calc.
52.5%) and Bi24O31Cl10 (calc. 55.5%) (Fig. S21†). As the total

weight loss for 3 was greater than what could be accounted for
as decomposition to either BiOCl or Bi24O31Cl10, the onset of
BiCl3 sublimation above 300 °C formed in situ may account for
this discrepancy.16

Raman spectroscopy

Raman spectra were collected for 1 and 3 on solid samples of
the bulk phases at room temperature (Fig. S22 and S23†). At
lower wavenumbers, the peak around 245 cm−1 in each spec-
trum can be attributed to a ν(Bi–Cl) vibration. Peaks for 1 and
3 in the range of ca. 1000 to 1570 cm−1 may be attributed to
absorptions from the phen/PDC and terpy ligands,
respectively.64,71

Conclusions

Three luminescent bismuth(III)-organic compounds bearing
N-donor ligands were synthesized and structurally character-
ized. The spectroscopic properties of the compounds were also
examined. The compounds varied in nuclearity, ranging from
monomeric units capped by phenanthroline (2) to a dimeric

Fig. 11 (a) Computed UV-vis absorption spectrum of 3 with two different Lorentzian (black purple solid lines) calculated with one monomer of
dimer. (b) Computed UV-vis absorption spectrum of 3 calculated with one dimer (dashed purple line) and two dimers of dimer (solid lines) in two
different orientations. (c) Computed UV-vis absorption spectrum of 3 calculated with one dimer (dashed purple line) and a tetramer of dimers (solid
red line) overlaid with the experimental absorption spectrum (black dashed line). The lower part of the theoretical spectrum is reported in the box
(squares represent the position of all the states in that specific region).
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species capped by terpyridine (3) to a novel pseudo-tetrameric
complex bearing both 2,6-PDC and phenanthroline (1). The
compounds exhibited visible emission ranging from orange to
yellow-green upon UV exposure. Computational analyses

aimed at elucidating the emissive pathways were performed
and based on these studies the observed luminescence behav-
ior are primarily attributed to ligand-to-ligand and ligand-to-
metal charge transfer transitions.

Fig. 12 Molecular orbitals implied in the main first excitations of 3 for the tetrameric unit.
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