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Abstract: 

 Catena-poly[fac-triiodobismuth(III)-tris-(-ethane-1,2-diylbis(diphenylphosphane oxide-

2O,O'))], a 2-D sheet network of BiI3 was synthesized from BiI3 and ethane-1,2-diylbis(diphenylphosphane 

oxide (DppeO2) in tetrahydrofuran. The crystal structure revealed a trigonal structure with three-fold 

symmetry at Bi. Bismuth centers show fac-BiI3O3 coordination, with Bi–I = 2.9416(2) Å and Bi–O = 

2.4583(17) Å. The I–Bi–I and O–Bi–O angles (95.520(7)° and 79.04(6)°, respectively) indicate trigonal 

distortion in the Bi octahedron. Bridging DppeO2 ligands centered on inversion centers give rise to a 2-D 

sheet polymer. The 8.3 Å thick sheets consist of three layers in a sandwich structure. The outer layers are 

composed of phenyl rings and BiI3 groups with the iodide atoms pointing outward. The central layer 

consists of the O=PCH2CH2P=O bridging groups. Computational results suggest that semi-conducting 

behavior arises from Bi(III) centers. A halide to DppeO2 * transition is suggested by theoretical results.  
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Introduction: 

Despite its placement amongst the heavy metals, Bi is widely regarded as non-toxic. Bismuth(III) 

halides systems are of interest because they represent precursors for, or alternatives to, BiOX 

photocatalysts (X = Cl, Br, I) [1]-[4]. Bismuth(III) oxyhalides have relatively low energy band gap values 

3.22, 2.64, and 1.77 eV for X = Cl, Br, and I, respectively [5]. The bismuth(III) center in BiOX has been shown 

to be a source of hole-electrons when irradiated in the near-UV or visible range [2],[5],[6]. The resulting 

radicals, such as hydroxide or superoxide, have been demonstrated to cause the destruction of organic 

pollutants in comparable fashion to that of TiO2. Precursor or alternative complexes to BiOI would ideally 

contain the elements Bi, O, and I. Nevertheless, relatively few molecular or network species of this 

composition are known. Thus, we set out to produce a network containing BiI3 bridged by oxygen-

containing bridging ligands.  

 Bismuth(III) halides readily form a wide variety of ionic and neutral clusters [7]-[10]. These have 

been shown to be readily capped by oxygen donors such as hexamethylphosphoramide (hmpa), dimethyl 

sulfoxide (dmso), triphenylphosphane oxide (PPh3O), triphenylarsane oxide (AsPh3O), tetrahydrofuran 

(THF), and various polyethers [11]-[17]. As with all 6-coordinate Bi(III) complexes, the products of these 

reactions feature essentially octahedral Bi centers, and in some cases also show bridging halide centers. 

For example, Bi2I6(PPh3O)4 is an iodide-bridged dimer and Bi2I6(hmpa)2 is an iodide-bridged polymer chain, 

whereas [BiI2(hmpa)4]+ is monomeric. Molecular BiX3(LL) complexes (X = Cl, Br, I) have been prepared in 

which LL = (iPrO)2(O)PCH2P(O)(OiPr)2 is chelating [18]. Coordination polymers of Bi not linked via bridging 

halides are very rare. A single report involving bridging oxygen donors utilizes aryl di- and triphosphonic 

acid esters, such as 4,4ʹ-[(iPrO)2P(O)]C6H4C6H4[P(O)(OiPr)2] [19]. These bridging ligands resulted in 

formation of 1- and 2-D polymers of BiX3.  

The structurally dependent bismuth-halide band gap has been shown to play a pivotal role in the 

photochemical and photophysical properties of these systems including photo- and thermochromic 
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behavior [10],[20-21]. Early examples include the thermochromic changes in 1,10-phenanthrolinium salts 

of [BiI4]– studied by Tershansy et al. [22]. These brightly colored crystals blue shift upon cooling from 296 

K to 100 K. Temperature-dependent XRD studies reveal that changes to the Bi–I and Bi...Bi distances are 

responsible for this photophysical change. Our recent work on related iodobismuthate(III) complexes has 

also added to the understanding of these systems [23]. However, despite reported studies of bismuth(III)-

containing halide crystals, the photophysical properties of these systems remain difficult to predict.  

 Here we report the preparation of BiI3(DppeO2)3/2 (1, DppeO2 = ethane-1,2-

diylbis(diphenylphosphane oxide)), representing only the second instance of an oxygen-ligand-bridged 

bismuth(III) iodide polymer, following [(BiI3)2(4,4ʹ-[(iPrO)2P(O)]C6H4C6H4[P(O)(OiPr)2])]•¼CH3CN [19]. Due 

to the presence in 1 of an isolated metal-halide center with coordinated aromatic ligands, a number of 

possible electronic transitions are possible. Thus, density functional theory (DFT) and time-dependent 

(TD-DFT) calculations have been performed to predict and visualize the electronic transitions in 1 upon 

photo irradiation. We believe our findings contribute to the theoretical understanding of the 

photochemical and photophysical properties of oxygen-ligand-bridged bismuth(III) halide polymers. 

Experimental: 

General: 

BiI3 and 1,2-bis(diphenylphosphanyl)ethane (Dppe) were obtained from Sigma-Aldrich and were 

used as received. Ethane-1,2-diylbis(diphenylphosphane oxide) (DppeO2) was prepared by H2O2 oxidation 

of Dppe following the literature [24]. Acetone was distilled from Drierite and tetrahydrofuran (THF) was 

purified using an LC Technologies SPBT-1 bench top solvent purifier. Analysis for C and H was carried out 

by Atlantic Microlabs, Norcross, GA. Thermogravimetric analyses (TGA) were conducted using a TA 

Instruments Q500 in the dynamic (variable temp.) mode with a maximum heating rate of 50 oC/min. to 

800 oC under 60 mL/min. N2 flow.  
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Synthesis of 1: 

BiI3 (176 mg, 0.298 mmol) was dissolved in 10 mL THF to form a yellow solution. DppeO2 (215 mg, 

0.500 mmol) was dissolved in 10 mL warm THF to form a colorless solution. The solutions were combined 

and stirred for 12 hours under air, during which time a yellow precipitate formed. The solid was collected 

by vacuum filtration and dried under vacuum (292 mg, 0.236 mmol, 79.3%). Anal. Calcd for C39H36BiI3O3P3: 

C, 37.92; H, 2.94. Found: C, 37.65; H, 3.09. 

X-ray crystallography: 

Crystals were grown from an acetone solution of 1, which was layered with ethyl ether in 5 mm 

i.d. tubes. A selected crystal was mounted on a glass fiber. All measurements were made using graphite-

monochromated Mo K radiation on a Bruker-AXS three-circle DUO diffractometer, equipped with a 

SMART Apex II CCD detector. Initial space group determination was based on a matrix consisting of 36 

frames. The data were reduced using SAINT+ [25], and empirical absorption correction applied using 

SADABS [26].  

The structure was solved using intrinsic phasing. Least-squares refinement was carried out on F2. 

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in riding positions 

and refined isotropically. Structure solution, refinement, and the calculation of derived results were 

performed using the SHELXTL package of computer programs [27] and ShelXle [28]. Details of the X-ray 

experiment and crystal data are summarized in Table 1. Selected bond lengths and bond angles are given 

in Figure 2.  

Computational Details: 
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 The empirical formula of 1 contains a fractional amount of DppeO2 (3/2). In order to perform DFT 

and TD-DFT calculations on 1, we developed a model with the formula BiI3(DppeO2)3 that would preserve 

the octahedral geometry of the Bi(III) center, Scheme 1. Density functional theory (DFT) calculations at 

the B3LYP level of theory using the SDD basis set as implemented in the Gaussian 09 software was used 

for all atoms [29-32]. Ground state geometry parameter results agree with the experimental XRD data 

described below. Because of its agreement to the experimental data, we used this ground state geometry 

for molecular orbital (MO) calculations and performed TD-DFT calculations all at the B3LYP level of theory 

using the SDD basis set for all atoms [33-35]. MOs were generated and visualized using the Avogadro 1.2.0 

software program [36]. 

Scheme 1. DFT model of formula BiI3(DppeO2)3 used in the calculations of 1. 

 

Results and Discussion: 

Synthesis and Structure: 

The title compound, BiI3(DppeO2)3/2 (1), was easily prepared by reacting BiI3 and DppeO2 in THF 

solution. The product slowly forms from solution as a yellow powder in good yield. Elemental analysis and 
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thermogravimetric analysis (TGA) confirmed that 1 consists of a 2:3 ratio of BiI3 and DppeO2. The TGA 

trace revealed a sharp loss in mass between 295 and 350 °C, corresponding to the loss of all ligands, and 

leaving Bi, 19.4% remaining mass (theoretical = 16.9%, see Figure 1). Recrystallization of 1 from 

acetone/ethyl ether produced orange crystals that solved in trigonal space group R–3c. 

Figure 1. TGA trace of BiI3(DppeO2)3/2, 1. 

 

The crystallographically independent unit of 1 consists of Bi1/3I(DppeO2)1/2 (Figure 2). The Bi atom 

lies on a 3-fold rotation center, and the ethane group of DppeO2 is centered on an inversion center. Bond 

lengths and angles in 1 are unexceptional. Trigonal distortion from octahedral geometry about Bi is 

evident from the relatively large I–Bi–I bond angle (95.520(7)°) and small O–Bi–O bond angle (79.04(6)°). 

Figure 2. Thermal ellipsoid drawing of BiI3(DppeO2)3/2, 1. Displacement ellipsoids shown at 50% 

probability. Hydrogen atoms are omitted. Color scheme for Figures 2–6: Bi orange, I purple, O red, P pink, 

C grey. Selected bond lengths (Å) and angles (°): Bi1–O1 2.4583(17), Bi1–I1 2.9416(2), P1–O1 1.4980(19), 

O1–Bi1–O1ʹ 79.04(6), O1–Bi1–I1 163.19(4), O1ʹ–Bi1–I1 84.50(4), O1ʺ–Bi1–I1 101.21(4), I1–Bi1–I1ʹ 

95.520(7). Symmetry transformations used to generate equivalent atoms: ʹ –x+y+1,–x+1,z; ʺ –y+1,x–y,z. 
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Compound 1 is the first example of a diphosphane dioxide coordination polymer of Bi. Expansion 

of 1 via special positions produces a 2-D coordination polymer (Figure 3). The 2-D sheet, which is nearly 

perfectly planar, is about 8.3 Å thick (Figure 4). fac-BiI3 units alternate between sheet faces, as do the 

phenyl rings. Thus, the sheet consists of three layers, with the two outer BiI3/phenyl layers surrounding a 

central layer of OPCH2 units (Figure 4). 

Figure 3. Ball and stick packing diagram of BiI3(DppeO2)3/2, 1, projected perpendicular to c-axis, showing 

network formation. Carbon atoms are shown as capped sticks; hydrogen atoms are omitted.  
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Figure 4. Space-filling diagram of 1 projected perpendicular to a-axis showing 2-D sheet structure. 

Hydrogen atoms are omitted. 

 

DFT and TD-DFT Calculations 

 Our group and others have reported on the various electronic transitions bismuth(III) iodide 

complexes undergo upon excitation, which include ligand-to-metal charge transfer (LMCT), mixed 

halide/metal-to-ligand charge transfer (X/MLCT), and cluster-centered metal halide rearrangement (CC) 
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[23],[37-42]. The high degree of conjugation in the DppeO2 ligand further offers the possibility of ligand 

𝜋➝𝜋* transitions in 1 [37],[38]. The wide variety of transitions reported in BiI3 complexes makes it difficult 

to predict the nature of the transitions in 1. To investigate this question, we employed DFT calculations 

on a model of 1 with molecular formula BiI3(DppeO2)3 (Scheme 1). Ground state calculation results are 

shown in Figure 5 and summarized in Table 2. Ground state parameters are in general agreement with 

experimental X-ray structural values (Table 2). Minor deviations between experimental and calculated Bi–

O and Bi–I bond lengths were observed in the quasi-octahedral bond angles. We attribute these minor 

structural differences to the fact that these calculations are performed in the gas phase, allowing for a 

higher degree of rotational and translational freedom, but failing to account for packing effects present 

in a solid crystalline state. 

Figure 5. DFT ground state geometry for the BiI3(DppeO2)3 unit.  

  

 Molecular orbital calculations for the ground state (Figure 6) show that the higher occupied 

molecular orbitals are composed of the Bi 6s and I 5p atomic orbitals. The lower unoccupied molecular 

orbitals are composed of the ligand 𝜋* orbitals. This MO composition is not surprising given other reports 
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of bismuth(III) iodide complexes containing aromatic ligands [37]-[42]. In these systems, the higher 

molecular orbitals have also been localized to the iodobismuth(III) center, while the lower unoccupied 

molecular orbitals are localized to aromatic ligands. Given this MO composition and the lack of evidence 

for 𝜋 stacking interaction in the X-ray structure, it is unlikely that any 𝜋➝𝜋* transition occurs upon 

photoexcitation. MO calculations do not predict any energetically-accessible unoccupied MOs consisting 

of the Bi 6p AOs. This eliminates the possibility of a metal-halide cluster rearrangement during excitation. 

Rather, what is occurring in 1 is most likely an X/MLCT or XLCT transition.  

Figure 6. DFT calculated frontier orbitals of BiI3(DppeO2)3 in the ground state showing the HOMO-3 

through LUMO+3. The HOMOs are composed primarily of the I 5p and Bi 6s atomic orbitals, while the 

LUMOs are composed of the DppeO2 𝜋* orbitals.  
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 MO calculations indicate that an X/MLCT transition would constitute promotion of an electron 

from the HOMO-3 to the LUMO, while an XLCT would originate from the HOMO to the LUMO. The high 

energy separation (Table 3) between the HOMO-3 and the LUMO (4.05 eV) make this transition unlikely, 

leaving the XLCT as the most probable transition. TD-DFT calculations support this assertion by predicting 

that the lowest excited state results from electron transfer from the HOMO to the LUMO. The calculated 

transition energy of 3.54 eV indicates that 1 is a semi-conductive material with a band gap energy slightly 

larger than that of TiO2 (3.2 eV) [43],[44]. The TD-DFT calculated UV-vis spectrum (Figure 7) also agrees 

with this interpretation, and shows that promotion of valence band electrons to the conduction band 

occurs well into the UV range, with a small portion extending into the visible region.  

Figure 7. TD-DFT calculated UV-vis spectrum of BiI3(DppeO2)3.  

 

Conclusions:  

 Coordination of BiI3 with ethane-1,2-diylbis(diphenylphosphane oxide) (DppeO2) produces a 

metal-organic network complex BiI3(DppeO2)3/2 (1). X-ray structural solution shows trigonal symmetry 

with a three-fold rotational position at bismuth and the inversion center located at the center of the 

DppeO2 ligand. The resulting sheet network is nearly planar and consists of distorted octahedral fac-BiI3O3 

centers linked by groups of three DppeO2 ligands. Thermal analysis of the compound shows loss of all 
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ligands beginning near 300 °C. TD-DFT calculations reveal an XLCT electronic transition whereby electrons 

are excited from the I 5p HOMO to the DppeO2 𝜋*. These calculations predict a bandgap between the 

HOMO and LUMO of 3.54 eV, well within the range of current Bi(III) semiconductive materials. 

Supplementary Material: Crystallographic information on CCDC 1588714 can be obtained free of charge 

by e-mailing data_request@ccdc.cam.ac.uk or by contacting The Cambridge Crystallographic Data Centre, 

12 Union Road, Cambridge, CB2 1EZ UK; Fax +44(0)1223-336033; www.ccdc.cam.ac.uk/data_request/cif. 
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Table 1.  Crystal and Structure Refinement Data. 

 BiI3(DppeO2)3/2, (1) 

CCDC deposit no. 1588714 

color and habit orange block 

size, mm 0.31 × 0.30 × 0.18 

Formula C39H36Bi1I3O3P3 

formula weight 1235.26 

space group R–3c 

a Å 14.7907(9) 

c, Å 63.920(4) 

volume, Å3 12110.0(16) 

Z 12 

calc, g cm−3 2.033 

F000 6972 

(Mo K), mm−1 6.816 

Radiation MoKα (λ = 0.71073  Å) 

temperature, K 100 

residuals:a R; Rw 0.0167, 0.0445 

goodness of fit 1.037 

peak and hole, eÅ−3 0.751, −0.877 
aR = R1 = ||Fo| − |Fc||/ |Fo| for observed data only.  Rw = wR2 = {[w(Fo

2 – Fc
2)2]/[w(Fo

2)2]}1/2 for all 

data. 
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Table 2.  Bond length (Å) and angle (°) comparison of DFT and X-ray parameters for 1. 

Parameter Calculated X-ray 

Bi–I  3.152 2.942 

Bi–O 2.354 2.458              

I–Bi–I 93.3 95.5 

O–Bi–I 89.2 84.5 

Bi–O–P 154 156 
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Table 3. Calculated MO energies and composition for 1. 

MO Energy Composition 

LUMO+3 –1.265 Bi 6s / DppeO2 𝜋* 

LUMO+2 –1.311 DppeO2 𝜋* 

LUMO+1 –1.341 DppeO2 𝜋* 

LUMO –1.407 DppeO2 𝜋* 

HOMO –5.357 I 5p 

HOMO–1 –5.392 I 5p 

HOMO–2 –5.425 I 5p 

HOMO–3 –5.461 Bi 6s / I 5p 
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