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Section 1. 
1. Materials and methods

Veratrole (CAS Number 91-16-7) was purchased from TCI America. Bromine, bismuth 

acetate (CAS Number 29094-03-9) and boron tribromide (CAS Number 10294-33-4) were 

purchased from Sigma Aldrich. Scanning Electron Microscopy (SEM) and Energy Dispersive X-

ray Spectroscopy (EDX) were performed using a Hitachi TM3000 SEM (Tokyo, Japan) equipped 

for X-ray microanalysis with a Bruker Edax light element Si(Li) detector (Billerica, MA). 



S3

Transmission electron microscopy was carried out at a Tecnai F20ST FEG TEM instrument. 

Carbon grids were purchased from Electron Microscopy Sciences, 1 µm space 400 mesh. Powder 

X-ray diffraction (PXRD) measurements were performed with a Rigaku sixth generation MiniFlex 

X-ray diffractometer with a 600 W (40 kV, 15 mA) CuKα (λ = 1.54 Å) radiation source. Nitrogen 

adsorption experiments were performed with 3Flex (Mircromeritics, Norcross, Georgia) 

instrument. Elemental analyses were performed by Atlantic Microlab, inc. X-ray photoelectron 

spectroscopy (XPS) experiments were conducted on Kratos Analytical AXIS Supra X-ray 

Photoelectron Spectrometer under ultrahigh vacuum (base pressure 10-7 Torr) equipped with a 

monochromatic Al (Kα) X-ray source. Both survey and high-resolution spectra were obtained 

using a beam diameter of 200 μm.  FT-IR was performed on a JASCO FT-IT 6200 type A serial 

number: A008261022 equipped with a TGS detector. For MicroED analysis, data was acquired 

on a Thermo Fisher Talos F200C electron microscope operating at an acceleration voltage of 200 

KeV, corresponding to a wavelength of 0.0251 Å. Screening of the TEM grids for micro crystals 

was done by operating the microscope in over focused diffraction mode to minimize diffraction 

and hysteresis between screening and diffraction operational modes. Infrared (IR) data  was  

collected  on  a Thermoscientific Nicolet  iS50  FT-IR  spectrometer  in  a DRIFTS configuration.   
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Figure S1. Reaction scheme for the synthesis of 2,3,6,7,10,11-hexamethoxytriphenylene 

(HMTP).

1.1 Synthesis of 2,3,6,7,10,11-hexamethoxytriphenylene (HMTP): The synthesis of HHTP 

was carried out according to previously reported conditions.1  9.2 mL of veratrole (72.4 mmol) was 

suspended in 50 mL of dichloromethane. Subsequently, 35.2 g (217.2 mmol) of FeCl3 was 

suspended in dichloromethane (100 mL), and concentrated sulfuric acid (0.75 mL) was added 

dropwise at 0 ⁰C. The veratrole solution was added dropwise to the iron (III) chloride solution at 

0 ⁰C over 15 minutes. The resulting solution was returned to room temperature over the course 

of 3 hours with stirring. At this stage, methanol was added slowly to quench the reaction (150 
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mL). The first portion (50 mL) of methanol was added a milliliter at a time (dropwise) until the 

reaction was transformed from a thick, tarry black slurry to  a  smooth, opaque, yellow suspension. 

Once the methanol had been fully added, the reaction was stirred for 30 minutes then filtered. 

The white solid was washed thoroughly with methanol (5 x 50 mL), then dried under reduced 

pressure at 52 ⁰C, affording pure compound (64.3 g, yield = 64%). 
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Figure S2. Reaction scheme for the synthesis of 2,3,6,7,10,11-hexahdroxytriphenylene (HHTP).

1.2 Synthesis of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP): 3.01 g (7.35 mmol) of 

HMTP was dissolved in dichloromethane (25 mL) within the reaction vessel at 0 ⁰C. The resulting 

solution turned milky-grey, and after 30 minutes of stirring 5.2 mL of boron tribromide (51.45 mmol) 

was added dropwise under inert atmosphere, forming a light blue mixture. The reaction mixture 

returned to room temperature and stirred overnight (20 hrs). The resulting blue mixture was slowly 

quenched with 30 mL of DI water. 25 mL of brine was added to the blue-grey reaction mixture 

and stirred for 5 minutes.  100 mL of ethyl acetate was then added to the reaction mixture, wherein 

the product remained in the aqueous phase. The biphasic solution of ethyl acetate and water was 

heated (75⁰C) and stirred for 12 hrs to afford a purple solution. To the purple solution, dilute 

sulfuric acid was added, and the acidic solution stirred at 50 ⁰C for 8 hrs. Finally, the solution was 

filtered, and the deep purple powder was dried under reduced pressure at 52 ⁰C, affording pure 

HHTP (1.81 g, yield = 76%). Characterization matched reported analysis.
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Figure S3. H1NMR of HHTP taken in deuterated DMSO. 

 

Figure S4. Reaction scheme for the synthesis of Bi(HHTP).

1.3 Procedure 1: Synthesis of Bi(HHTP) at 2:1 molar ratio of metal to ligand ratio:  To a 250 mL 

round bottom flask was added 100 mg (0.308 mmol) of HHTP and 200 mL of H2O. The suspension 

was sonicated for 5 minutes until homogenous. 238 mg (0.616 mmol) of Bi(OAc)3 was then added 

and the suspension was sonicated for an additional 5 minutes. The mixture was heated at 85ºC 

for 24 hours under open atmosphere with stirring, then cooled to room temperature. The 

suspension was centrifuged at 6000 RPM for 5 minutes and decanted. The dark green solid was 

suspended in 200 mL DI H2O and heated with stirring at 50 ºC for 24 hours (water exchanged 

after 6 hours). The suspension was then cooled to room temperature and subsequently 

centrifuged (6000 RPM for 5 minutes) and decanted. The material was then dried overnight in a 

vacuum desiccator. The next day, the green/blue solid was placed in 40 mL EtOAc and vortexed 

for 30 seconds. The material was left in EtOAc for 3 days for activation (solvent exchanged each 
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day and vortexed for 30 seconds in between exchanges). The material was dried in a vacuum 

oven for 24 hours before sensing.

1.4 Procedure 2: Synthesis of Bi(HHTP) at 1:1 molar ratio of metal to ligand ratio: To a 

250 mL round bottom flask was added 100 mg (0.308 mmol) of HHTP and 200 mL of H2O. The 

suspension was sonicated for 5 minutes until homogenous. 119 mg (0.308 mmol) of Bi(OAc)3 was 

then added and the suspension was sonicated for an additional 5 minutes. The mixture was 

heated at 85 ºC for 24 hours under open atmosphere with stirring, then cooled to room 

temperature. The suspension was centrifuged at 6000 RPM for 5 minutes and decanted. The dark 

green solid was suspended in 100 mL DI H2O and heated with stirring at 50 ºC for 24 hours (water 

exchanged after 6 hours). The suspension was then cooled to room temperature and 

subsequently centrifuged (6000 RPM for 5 minutes) and decanted. The material was then dried 

overnight in a vacuum desiccator. The next day, the green/blue solid was placed in 40 mL EtOAc 

and vortexed for 30 seconds. The material was left in EtOAc for 3 days for activation (solvent 

exchanged each day and vortexed for 30 seconds in between exchanges). The material was dried 

in a vacuum oven for 24 hours before sensing.
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2. Reaction Optimization Procedures

Figure S5. Reaction optimization table depicting synthetic conditions and/or different purification 
procedures for Bi(HHTP) and corresponding pXRDs.

Procedures used to carry out synthesis of materials in Figure S1:

Synthetic procedure for trace 1: 20 mg (0.062 mmol) of HHTP was added to a 100 mL round 

bottom flask with 40 mL of DI H2O [1.5 M]. The suspension was sonicated for 5 minutes. 46 mg 

(0.119 mmol) of Bi(OAc)3 was added to the suspension and the suspension was sonicated for an 

additional 3 minutes. The mixture was then heated to 85 ºC for 24 hours with stirring, stopped 

and cooled to room temperature. The material was dried in a vacuum desiccator overnight before 

the pXRD trace was taken (trace 1).

Purification procedure for procedure 1 (trace 2): The material from procedure 1 was taken and 

place into Soxhlet extractor. Ethyl acetate was used for activation for one week at 165 ºC. The 
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material was subsequently dried in a vacuum desiccator for 18 hours before pXRD, which 

indicated the absence of bismuth acetate. 

Synthetic procedure for trace 3: 80 mg of HHTP (0.247 mmol) was added to a 250 mL round 

bottom flask with 160 mL of DI H2O [1.5 M].  The suspension was sonicated for 5 minutes. 184 

mg (0.477 mmol) of Bi(OAc)3 was added to the suspension and the suspension was sonicated for 

an additional 3 minutes. The mixture was then heated to 85 ºC for 24 hours with stirring, stopped 

and cooled to room temperature. The material was dried in a vacuum desiccator overnight before 

placed in a Soxhlet extractor for one week and dried. After pXRD indicated the presence of 

Bi(OAc)3, the material was placed 100 mL of DI H2O and stirred at 50 ºC for two days (water 

exchanged on second day). 

Synthetic procedure for trace 4: To a 250 mL round bottom flask was added 100 mg (0.308 

mmol) of HHTP and 200 mL of H2O [1.5 M]. The suspension was sonicated for 5 minutes until 

homogenous. 119 mg (0.308 mmol) of Bi(OAc)3 was then added and the suspension was 

sonicated for an additional 5 minutes. The mixture was heated at 85 ºC for 24 hours under open 

atmosphere with stirring, then cooled to room temperature. The suspension was centrifuged at 

6000 RPM for 5 minutes and decanted. The dark green solid was suspended in 100 mL DI H2O 

and heated with stirring at 50 ºC for 24 hours (water exchanged after 6 hours).
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3.  pXRD patterns of Bi(HHTP) and HHTP polymorphs 

   

Figure S6. pXRD patterns of (top to bottom) HHTP acetone cocrystal (resolved through this 
study), HHTP tetrahydrate,2 in house synthesized HHTP, Experimental Bi(HHTP) and simulated 
Bi(HHTP).  

   

Figure S7. View along the crystallographic (a) b- axis (b) a-axis and (c) and c-axis for Bi(HHTP)-α 
and Bi(HHTP)-β with cell parameters.
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Section 2. Morphological analysis, Crystallographic data, Network Topology Analysis 
and Description of Bi(HHTP)

   

1. SEM and TEM Characterization 

Figure S8. SEM Micrographs of 2:1 Bi(HHTP) made using Procedure 1 and taken with beam 
voltage of 15 kV at 35000x magnification and working distance of 4 mm. 

Figure S9. (a) SEM Micrographs of 1:1 Bi(HHTP) made using Procedure 2 and taken with 
beam voltage of 15 kV at 35000x magnification and working distance of 4 mm. (b) Energy 
Dispersive Spectroscopy (EDS) analysis of Bi(HHTP).

Figure S10. TEM Micrographs of Bi(HHTP) made using Procedure 1 and taken with beam 
voltage of 50 kV at 38000x magnification. 
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     Selected Area Diffraction Analysis (SAED) of Bi(HHTP)
The sample was prepared by drop casting an acetone suspension (1.0 mg in 5 mL 

sonicated for 16 hours) onto a copper grid (300 mesh, 3.0 mm O.D) for SAED on a TEM (Tecnai 

F20ST FEG instrument). The TEM was transitioned into diffraction mode and a beam stopper 

was position over the direct electron beam.  The distances between lattices (dhkl) and each 

diffraction spot were calculated using Equation S1, where Lλ is a camera constant (λ at 200kV = 

0.0027nm, Lλ= 0.664), and R is measured distance between diffraction spots. The data obtained 

from diffraction spots corresponded to the 2Ө peaks observed in powder X-ray diffraction patterns 

of Bi(HHTP).  

       Rdhkl=Lλ S1

Figure S11.  (a) Nanocrystal of Bi(HHTP) and selected area diffraction (SAD) pattern obtained 
using diffraction mode in TEM (Tecnai F20ST FEG TEM instrument) (b) corresponding d-
spacing (dhkl).(c) Nanocrystal of Bi(HHTP) and (d) SAED pattern obtained using diffraction 
mode in TEM (Tecnai F20ST FEG TEM instrument).

(d)
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The analysis was performed with the ToposPro program package3, topcryst.com,4 and the TTD 

collection of periodic network.4 The reticular chemistry structure resource (RCSR)5  symbols were 

used to describe the crystal nets and  to designate the network topologies.

Figure S12. (a) Structure of Bi(HHTP)-α displaying the interchain Bi-O bond of Bi2 and (b) the 
structure and (c) layering of Bi(HHTP)-β.

ToposPro © software , topcryst.com and the ToposPro analyst team decribed the two models of 

the adjacency matrix for Bi(HHTP)-α. In Bi(HHTP)-α, the coordination polyhedron of two 

nonequivalent Bi1 and Bi2 atoms are distorted quadrilateral (CN=4) and distorted tetragonal 

pyramid (CN=5), respectively. The structure of Bi(HHTP)-β displayed the coordination polyhedra 

of Bi1 and Bi2 as distorted pentagonal pyramid (CN=6) and distorted one-caped octahedron 

(CN=6), respectively (vide infra). 
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Figure S13. (a) Structure of Bi(HHTP)-α displaying the coordination polyhedron of Bi1 and Bi2 
atoms that are distorted quadrilateral (CN=4) and distorted tetragonal pyramid (CN=5), 
respectively. (b) Structure of Bi(HHTP)-β displaying the coordination polyhedra of Bi1 and Bi2 
which are distorted pentagonal pyramid for Bi1 (CN=6) and distorted one-caped octahedron for 
Bi2 (CN=6). 

              

Figure S14.   Bi(HHTP)-α Coordination geometry and bond angles of (a) Bi2 and (b) Bi1. 
Bi(HHTP)-β Coordination geometry and bond angles of (c) Bi2 and (d) Bi1.



S14

2. Standard representation 
The topology may also be described using a simplification procedure, i.e. representation 

of a network in terms of the graph-theory approach3, 6 Here the ligands are represented by their 

centers of mass and the obtained net includes removing of the 0- and 1-coordinated nodes and 

replacing the 2-coordinated nodes (bridge structural groups) by net edges. 

Figure S15.  (a) Bi(HHTP)-α displaying a 2,3-C4 uninodal net in standard representation of the 
valence-bonded MOFs. (b) The tightly packed chains are presented. (c) 3-c uninodal net after 
the contraction of the 2-coordinated nodes. Bi atoms are gray spheres. The centers of mass of 
the HHTP ligands are burgundy.3

             

               

Figure S16. The standard representation of Bi(HHTP)-β resulted in the 3,4,4,5-c nodal net of 
the new topological type with point symbol for net: {42.62.82} {42.6} {43.63.84} {43.63}
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Considering the presence of a lone electron pair on the bismuth atom, through which the 

oxygen atom weakly interacts with it, we have performed the generation of representations for 

the Bi-O bonds of the initial structure. As a result, two topologies were obtained, which differ in 

the value of the solid angle (Ωi): 10 % (I generated representation), 14 % (II generated 
representation). The I generated representation resulted in the 2,3-c nodal net of 2,3C4 

topological type with point symbol for net: {4.8.10}{8}.  The II generated representation resulted 

in the 2-c uninodal net of 2C1 topological type with point symbol for net: {0} (Figure S17).

Figure S17. (a) Bi(HHTP)-β displayed a 2,3-c binodal net obtained within I generated 
representation. (b) Bi(HHTP)-β 2-c uninodal net obtained within II generated representation.

Generation of representations for the underlying net links

Using the subroutine implemented in ToposPro,4 different subnets can be obtained from the 
underlying net that contain the edges of a weight no less than a specified value. Having applied 
the multilevel analysis, we obtain the following order of the subnets that describe the packing of 
the structure of Bi(HHTP)-β on different levels of solid angle (Table 1).

№ Node 
degrees

Ωi, % Dimensionality 
of net

Topological type

1 3,4,4,5-c 8.39 3D New topology with point symbol for net: 
{42.62.82}{42.6}{43.63.84}{43.63}

2 3,4,5-с 8.98 3D New topology with point symbol for net: 
{4.53.6.7}{4.54.6.72.82}{53}

3 4-c 9.27 3D sra
4 2,3-c 10.18 1D 2,3C4
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5 2-c 12.36 1D 2C1
6 1,2-c 35.38 0D 1,2M4-1
7 1,2-c 37.28 0D 1,2M3-1
8 1-c 37.70 0D 1M2-1

Table S1. Multilevel analysis of the packing of structural building units (ligands and complexing 
atoms)

Figure S18. Order of the subnets that describe the packing of the structure on different levels of 
Ωi.

3. Cluster representation 

The cluster simplification procedure implemented in ToposPro allows one to identify more 

complex building units of a structure and characterize their connection mode. Structural building 

units in this representation are periodic chains in the direction of [100]. Fragments of C36H12O11Bi2 

(blue spheres) (Figure S19a) form these infinite chains which are linked together through an 

oxygen atom (Figure S19b). The rod packing with 2M4-1 topology and point symbol 7 is presented 

in Figure 4a.
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Figure S19.  (a) Packing of rods (or chains) with 2M4-1 topology. (b) The fragments C36H12O11Bi2 

(blue spheres) form the chains that are linked to each other through the oxygen atoms.

4. Void Volume 

      

Figure S20. Four unit cells of Bi(HHTP) displaying accessible solvent surface area (blue) 
calculated using Materials Studio© software using a probe radius of 1.2 Å and a calculated 
surface area 101.6 Å2 and a free volume of 22.62 Å³  
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Section 3. Characterization of Bi(HHTP)
1. ATR-FTIR spectroscopy
Infrared spectra were collected using a JASCO model FT- IR-6100 Fourier transform infrared 

spectrophotometer. IR spectrum obtained using a KBr pellet of Bi(HHTP) powder (3 mg) ground 

with KBr (20 mg) and hand pressed (PIKE Technologies Hand Press) into a translucent 6 mm 

pellet. The chamber was purged with N2 for 10 minutes prior to measurement to remove CO2. 

Figure S21. (a)  FT-IR of HHTP precursor (blue) and Bi(HHTP) (green). (b) Expanded (1700 – 
950 cm-1) section indicating presence of new peaks or peak shifts at 1420 and 1261 cm-1 
indicating bidentate catechol coordination event.8
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2. Brauner-Emmet Teller (BET) surface analysis of Bi(HHTP)

    For surface area analysis, the gas adsorption measurements were performed on a 3FLEX 

instrument (Mircromeritics, Norcross, Georgia) with N2 at 77K. 120 mg of Bi(HHTP) prepared 

using Procedure 1 was first activated through Soxhlet extraction in EtOAc for one week and dried 

in the oven under vacuum (20 mTorr, 85 °C) for 24 hours. Before gas adsorption measurements, 

the samples were degassed under vacuum at 95°C for 2 days. For BET calculations, a full 

isotherm with a fitting range of 0 to 1 P/P0 was used.

                      

Figure S22. BET surface area analysis of Bi(HHTP) made using procedure 2.

3. Elemental Analysis of Bi(HHTP) 

Before elemental analysis, Bi(HHTP) was activated in ethyl acetate for 2 days, dried and stored 

in a vacuum desiccator at room temperature for > 3 weeks. C and H analysis was performed by 

Atlantic Microlab Inc. using combustion method by automatic analyzers. The Bi(HHTP) sample 

for elemental analysis was prepared using Procedure 1. The metal bismuth was analyzed by 

ICP-MS at Dartmouth’s elemental analysis facility. The sample for this was prepared by dissolving 

1.0 mg of Bi(HHTP) in 10 mL of 10% H2O2 solution. The solution was then diluted again by 10% 

in deionized H2O and sent for analysis. The results are listed below.   The percent mass of carbon, 

hydrogen and bismuth observed experimentally within the coordination network (38.3%, 1.51% 
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and 33.1%, respectively) were comparable to theoretical calculations (39.0%, 1.62% and 37.7 %, 

respectively) based on the empirical formula of Bi(HHTP)-β (C36H12O12)Bi2-2(H2O).                          

 

Element Theory [Bi(HHTP)] Found

Carbon 39.0% 38.3%

Hydrogen 1.62 % 1.73%

Bismuth 37.7% 33.1%

   Table S2. Elemental analysis performed using both ICP-MS and Combustion techniques of 
Bi(HHTP).

The found carbon and hydrogen content of the Bi(HHTP) matched very well with the theoretical 

values for Bi(HHTP)-β. The observed bismuth content was slightly lower than theoretical values, 

which could also result from the presence of a small amount of residual metal salt impurities.

4. Thermogravimetric Analysis (TGA)

Thermal gravimetric analysis was performed using a TA Instruments TGA 55 with a 

20°C/min ramp from 25°C to 900°C under N2.TGA profile of Bi(HHTP) revealed a total of ~34% 

weight loss with the highest rate of decomposition occurring at 466°C (Figure S14). There was 

an initial loss of ~8% from 100–200oC, potentially due to the loss of volatile solvent molecules 

such as acetone or H2O. Bi(HHTP) also appeared to display slightly higher thermal stability than 

its precursors (HHTP and Bi(OAc)3).
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Figure S23. Thermogravimetric analysis of HHTP, Bi(OAc)3, and Bi(HHTP) coordination network 
prepared using Procedure 2. Thermal gravimetric analysis was performed using a TA 
Instruments TGA Q150 with a 20oC/min ramp from room temperature to 800oC under a nitrogen 
atmosphere.

5. Conductivity measurements on pressed pellets 
A pellet press (Desktop Pellet Press, Across International) was used to compress 0.100 g 

of Bi(HHTP) powder into a 6 mm pellet of 0.41 mm thickness. The measure of bulk conductivity 

of the pellet taken using a four-point probe with 1.25 mm space between the probes. We 

calculated the bulk conductivity in Siemens per centimeter using Equation S2, where I(A) is 

current, V is the voltage, s(cm) is distance of between the probes (1.25 mm), F (unitless) is the 

correction factor accounting for the diameter and thickness of the pellet. The bulk conductivity of 

the pellet was measured at 5.3 × 10-3 S●cm-1. 

                                                 S2σ =
𝐼
𝑉

1
2𝜋𝑠𝐹
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6. Investigation of Arrhenius Activation Energy using Temperature dependent I-V curves.
To investigate the Arrhenius activation energy for electrical conductivity of Bi(HHTP), a 2-

point probe on a 100 mg pressed pellet (thickness was measured to be 0.54 mm) was employed 

to collect the current change under different temperature (293 K to 383 K) with a linear sweep 

voltage from -2.0 V to 2.0 V. The Arrhenius equation can be used to calculate the Arrhenius 

activation energy: 

 Figure S24. (a) I-V curves collected from 25°C to 110°C display Ohmic response between +2 
and –2 V. (b) plot of natural log of current I (ln(I)) to reciprocal temperature (1/T, in K-1)

                      S3𝜎 =  𝜎𝑜 𝑒
𝐸𝑎

𝑘𝐵𝑇

In Equation S3, σ is the conductivity, σ0 is the pre-exponential factor and  is  constant, Ea 

is  the Arrhenius  activation  energy, kB is  the Boltzmann constant, and T is the temperature in 

Kelvin. Because the current (I) measured is proportional to the conductivity σ under the same 

temperature, the above equation can be further written as,

                                           S4𝐼 = 𝐴𝑒
― 

𝐸𝑎
𝑘𝐵𝑇

which equals

                                 S5ln (𝐼) = ln (𝐴) ― 
1
𝑇 

𝐸𝑎
𝑘𝐵

where A is a constant. The plot of natural log of current I (ln(I)) to reciprocal temperature (1/T, in 

K-1) generates the value −𝐸𝑎/𝑘𝐵. The activation energy determined by this method was 425 

meV.
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7. X-Ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) experiments were conducted on a Kratos 

Analytical AXIS Supra X-ray Photoelectron Spectrometer under ultrahigh vacuum (base pressure 

10-7 Torr). The measurement chamber was equipped with a monochromatic Al (Kα) X-ray source. 

Bi(HHTP) was stored under N2 until needed. The material was pressed onto copper tape which 

was mounted on a Dual-Height (Kratos) sample holder. A survey spectrum was obtained from 0 

eV–1400 eV to obtain elemental surface composition and high-resolution spectra were obtained 

at energy regions specific to elements observed in the survey spectrum (C 1s, Bi 4f, O  1s) under 

a pressure of ~10−7 Torr.

            
Figure S25. XPS survey spectrum of Bi(HHTP) indicating the presence of C, Bi, and O, 

elements.
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XPS spectra revealed the presence of C, O, and Bi in the wide scan spectrum (Figure 
S25). High resolution scans of the C1s peak revealed the presence of multiple peaks centered 

around 284.9 eV, which were attributed to sp2 aromatic C=C bonds, C-O--Bi, C=O--Bi, and C—

OH bonds, respectively.9 Bi in low valence oxidation states with peaks at binding energies of 

159.8 eV and 165.0 eV, assigned to Bi3+ 4f7/2 and Bi 4f5/2 levels. We were unable to deconvolute 

the region of the O1s peak present at 532 eV to assign the C-O and C=O bonds, due to the likely 

presence if H2O both within the pores of the network and within the coordination sphere of 

Bi(HHTP)-β creating uncertainty of the correct electronic state of the ligand. Based on the 

deconvoluted C 1s peaks (Figure S25b) data and considering the presence of Bi(III), one possible 

oxidation state of the ligand to result in an overall neutral coordination network is a bis-

semiquinone catechol state (sq, sq, cat) to generate Bi(III) within the network (Figure S26a). The 

C 1s spectra is consistent with this oxidation state, as the deconvoluted peaks in this area present 

C-O, C=O, and C-OH bonds in 2:2.6:1 ratio. 

Another possibility that renders a neutral framework is that all bismuth are in a ratio of 

Bi3+/Bi2+ oxidation states is HHTP generating an alternating (sq, sq, sq) and (sq, sq, cat) state 

(Figure S26b). This would generate a -2.5-overall charge on the ligand. This structure would also 

create a radical ion on HHTP, which is plausibly what we are observing in Electron Paramagnetic 

Resonance (EPR) spectroscopy (Figure S45). Both structures are simply proposed possibilities 

based on XPS data and bond length analysis using previously reported bismuth-catecholates 

(Table S3). It is important to also note that errors in present in bond length measurements, due 

to normal deviations in electron density during diffraction analysis, can introduce a standard 

deviation of around 0.003 Å.
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Figure S26. (a) Oxidation state assignment of Bi(HHTP)-α displaying oxidation states of HHTP 
ligand as bis-semiquinone catechol oxidation state to generate Bi(III). (b) Oxidation state 
assignment of Bi(HHTP)-α displaying oxidation states of HHTP ligand as alternating bis-
semiquinone catechol and tris-semiquinone state of HHTP to generate Bi(III)/Bi(II) state ratio. 
(c) XPS analysis of deconvoluted Bi 4f region indicating the possible presence of Bi2+

. 
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Comparison to Bismuth Catecholate Complex:

   
Table S3. Previously reported bismuth-catecholate molecular structure10 comparing C-O bond 
lengths to aid in the oxidation state assignment. 
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Figure S27. Bi with CN=4 displaying shift in position and coordination environment in the 
presence of water.

8. Optical absorbance Band Gap Calculation 
The optical absorbance spectrum was measured by drop casting a 5-minute sonicated 

solution of Bi(HHTP) (10 mg  in 2 mL) onto quartz cuvette to generate a transparent thin film. 

The spectrum was taken on a Jasco v570 at room temperature. Bi(HHTP) showed a 

measurable absorbance at 690 nm. The optical band gap was determined by plotting the 

absorbance squared vs energy(eV) and estimated to be 1.61 eV based on the value of 

a b s o r p t i o n  e d g e .  
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Figure S28.  (a) UV–vis–NIR spectrum of Bi(HHTP) at  room  temperature. (b) The plot of 
absorbance squared vs. energy in eV and calculated optical bandgap of 1.18 eV.  

9. Computational Study of Electronic Properties
Computation of electronic properties of Bi(HHTP), including band structure, density of states, was 

calculated using BIOVIA Materials Studio with functional generalized gradient approximations 

(GGAs), which are formulas that use both the density and its gradient at each point. PBE11 is a 

version of GGA that is recommended for studies of molecules interacting with metal surfaces and 

fairly reliable for bulk calculations. The SCF tolerance is set at fine level at 5.0×10-7 eV/atom. The 

Brillouin zones were sampled using a 2 × 2 × 4 k-point mesh in the Monkhorst-Pack scheme. 

Figure S29. (a) Calculated electronic band structure (b) and partial and total density of states 
(right) for Bi(HHTP)-α. (c) Calculated electronic band structure (d) and partial and total density 
of states (right) for Bi(HHTP)-β.

Electronic band structure showed that Dirac bands near Fermi level in both Y-A and E−C 

directions, suggesting the intrinsically conductive nature of Bi(HHTP)-α. The high symmetry points 

in the first Brillouin zone showed that the Dirac bands approached the Fermi level through the 

Y-A and E-C (crystallographic c) directions where a low band gap of approximately 0.1 eV was 

observed for Bi(HHTP)-α. The electronic band structure for Bi(HHTP)-β showed Dirac bands near 

the Fermi level in the Z-G and B-D directions with a low band gap of 0.078 eV. The partial density 
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of states analysis showed that, compared with bismuth, the p orbitals from C and O atom 

contribute significantly to the Dirac bands. 

10.  Electron Diffraction Data Collection and Processing
Sample Preparation for Electron Diffraction

Samples were prepared using either Quantifoil or pure Carbon TEM grids. To prepare 

grids, a TEM grid was placed in a vial containing dry powder and gently shaken. The grid was 

then removed and placed in a single-tilt holder at room temperature. Grids were loaded in a Gatan 

626 single-tilt cryo holder and then cooled with liquid nitrogen. After selection of a crystal on the 

grid, the crystal was centered, the eucentric height was adjusted by tilting the crystal through the 

desired rotation range, and the selected area aperture and beam stop were inserted.12

Electron diffraction data was collected using Thermo-Fischer CetaD detector. Images 

were collected in a movie format as crystals were continuously rotated in the electron beam. 

Typical data collection was performed using a constant tilt rate of 0.3°/s between the minimum 

and maximum tilt ranges of -72° to +72°, respectively. During continuous rotation, the camera 

integrated frames continuously at a rate of 3 seconds per frame. The dose rate was calibrated to 

<0.03 e-/Å2 s. Crystals selected for data collection were isolated by a selected area aperture to 

reduce the background noise contributions and calibrated to eucentric height to stay in the 

aperture over the entire tilt range. All diffraction data were processed using the XDS suite of 

programs. All structures were solved ab initio using direct methods in SHELXT and refined with 

SHELXL using ShelXle. Thermal parameters refined anisotropically for all non-hydrogen atoms.

 
Figure S30. Images of Bi(HHTP)-α and Bi(HHTP)-β taken through Coot software.  The density 
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in the voids of Bi(HHTP)-β are postulated to be water molecules visualized in Coot for Windows 

(bernhardcl.github.io)  software. 

Checkcif report alerts encountered during refinement:

1. THETM01_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550 
Calculated sin(theta_max)/wavelength =    0.4990

Response: The TEM sample stage has a limited range of rotation. The flat nature of the crystals 
yielded poor signal-to-noise ratio making data collection difficult at very high angles. Furthermore, 
disordered solvent within the void space contributed also contributed to lower crystal quality. The 
data collection was appropriate to the sample and conditions given instrument limitations. The 
derived crystal structure unambiguously establishes the chemical arrangement between Bi center 
and organic linker.

2. PLAT355_ALERT_3_A Long   O-H (X0.82,N0.98A)  O3       - H1A      .       1.16 Ang.

Potential from the electron diffraction data suggests an -OH group where H1A is participating in 
hydrogen bonding with an O of another linker.

3.  PLAT430_ALERT_2_A Short Inter D...A Contact  O4       ..O5       .       2.41 Ang.

There is likely additional hydrogen bonding occurring between these atoms due to the presence 
of highly disordered solvent in the void spaces of the crystal.

4. PLAT430_ALERT_2_A Short Inter D...A Contact  O8       ..O12      .       2.50 Ang.

There is likely additional hydrogen bonding occurring between these atoms due to the presence 
of highly disordered solvent in the void spaces of the crystal.

5. PLAT082_ALERT_2_B High R1 Value ..................................       0.20 Report

Currently, crystallographic refinement of structures solved through electron diffraction yield 
significantly higher R1 values than that of X-rays. This is likely a result of a combination of factors 
including crystal quality, detector sensitivity, and scattering factor accuracy. Additionally, due to 
instrument limitations, data sets from multiple crystals must be merge which typically introduces 
disorder and diminishes the quality of the final structure. For this particular case, highly disordered 
solvent present within the void space of the crystal is likely contributing to the higher-than-average 
R1 value typically seen for most solved through electron diffraction. Better refinement techniques 
for electron diffraction data will likely arise in the future which will drastically decrease these values 
for similar quality structures.

6. PLAT084_ALERT_3_B High wR2 Value (i.e. > 0.25) ...................       0.42 Report

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbernhardcl.github.io%2Fcoot%2F&data=04%7C01%7CAylin.Aykanat.GR%40dartmouth.edu%7Cb3080efbbac14916e2cf08d8c7d5a918%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637479067777990267%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=UNEvEM8aVCo%2Bn%2FKePc3KQWN8Bx%2B5KI%2F%2BhZU1ih99vJA%3D&reserved=0
https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbernhardcl.github.io%2Fcoot%2F&data=04%7C01%7CAylin.Aykanat.GR%40dartmouth.edu%7Cb3080efbbac14916e2cf08d8c7d5a918%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637479067777990267%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=UNEvEM8aVCo%2Bn%2FKePc3KQWN8Bx%2B5KI%2F%2BhZU1ih99vJA%3D&reserved=0
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See PLAT082_ALERT_2_B.

7. PLAT149_ALERT_3_B s.u. on the   beta    Angle is Too Large .......       0.20 Degree

The error of the beta angle increases as a result of the slight difference between the merged 
datasets of multiple crystals. This is current limitation of electron diffraction as full set of reflections 
is difficult to obtain within a single movie.

8. PLAT410_ALERT_2_B Short Intra H...H Contact  H1       ..H8       .       1.83 Ang.

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

9. PLAT410_ALERT_2_B Short Intra H...H Contact  H4       ..H17      .       1.80 Ang.

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

10. PLAT410_ALERT_2_B Short Intra H...H Contact  H11      ..H14      .       1.88 Ang.  

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

11. PLAT410_ALERT_2_B Short Intra H...H Contact  H19      ..H26      .       1.84 Ang.

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

12. PLAT410_ALERT_2_B Short Intra H...H Contact  H22      ..H35      .       1.88 Ang.

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

13. PLAT410_ALERT_2_B Short Intra H...H Contact H29      ..H32      .       1.86 Ang.
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Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

14. PLAT415_ALERT_2_B Short Inter D-H..H-X       H1A      ..H17      .       1.97 Ang.

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

15. PLAT430_ALERT_2_B Short Inter D...A Contact  O4       ..O6       .       2.79 Ang.

Highly disordered solvent in the void space along with added disorder from merging of datasets 
from multiple crystals decreases the precision of bond lengths and angles. Given the current 
limitations in electron diffraction data processing and refinement the distance between atoms is 
reasonable.

16. PLAT601_ALERT_2_B Unit Cell Contains Solvent Accessible VOIDS of 133 Ang**3

Structure contains large voids with highly disordered solvent.  Using the SQUEEZE technique did 
not substantially improve the quality of the data and produced additional alerts.

11. Pawley Refinement 
Pawley refinement was performed using BOVIVA Materials studio on the electron diffraction data. 

This method is useful to process the diffraction data to achieve valuable information on lattice 

parameters, the presence of background noise and subtractions, and reflection intensities.13 The 

sample, pattern and lattice parameters were either refined or not to optimize crystallite size, lattice 

strain and unit cell sizes (see below). The results of this calculation presented a Rwp of 7.07% 

and an Rp of 12.54% (Figure S32).
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Figure S32. (Top) Parameters used for Pawley Refinement in Materials Studio © (bottom) 
Pawley refinement of the powder X-ray diffraction pattern of activated Bi(HHTP) demonstrating 

the experimental pattern (red dots), the simulated pattern from a computational model (blue line), 

the difference (black line), and the background positions (yellow). The inset in this graph 

demonstrates the optimized structure after refinement. 
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Section 4. Gas Sensing 
1. Fabrication of sensing devices

To generate chemiresistive devices, 1.5 mg of Bi(HHTP) powder was sonicated in 1 mL 

of deionized water for one hour until the suspension was a homogenous dark green color. The 

suspension was dropcasted on 10 μm gap electrodes purchased from Metrohm (part NO. G-

IDEAU10). The devices were left to dry in the dark in ambient atmosphere for approximately 16 

– 18 hours before use. Typical devices resistances (using Bi(HHTP) generated from Procedure 
2) ranged from 1.50 + 1.0 kΩs (measurement on a total of 20 devices). 

Figure S33.  (a) Five devices made using 1.5 mg of Bi(HHTP) sonicated for one hour and 
subsequently dropcast 10 μL on the surface of 10 µm gap electrodes (b) Same devices within 
an edge connector connected to a breadboard.  

2. Sensing Experiments
The devices were placed into an edge connector where a voltage of 1.0 V was applied 

using a potentiostat (PalmSens) (Figure S34). The edge connector was enclosed in a Teflon 

chamber which had gas-inlet and gas outlet ports connected to Sierra Micro-Trak and a Smart-

Trak mass flow controller which were used to deliver controlled concentrations of gases (NO, H2S 

and NH3) from pre-mixed gas tanks (purchased from AirGas tanks of 10,000 ppm of NH3 in N2, 

and 10,000 ppm of H2S or NO in N2). The devices were generally equilibrated under N2 for 1 hour 

before sensing experiments began.  The concentrations of the gaseous analytes were modified 

by adjusting flow rates (N2 as the balance/purging gas). For sequential exposure experiments, 

3-4 devices at a time were exposed to one or five minutes of a specified concentration (5 – 40 

ppm or 0.25 - 2 mL/min) of the chosen analyte at a N2 flow rate of 0.5 L/min and then purged with 

dry N2 for 5 minutes to examine Bi(HHTP) recovery. For saturation exposure experiments, 3-4 

devices were exposed to 15-20 minutes of the specific analyte (5 – 40 ppm or 0.25 - 2 mL/min) 

at a N2 flow rate of 0.5 L/min, and then allowed to recover for at least 30 minutes. The sensing 

experiments were stopped after the traces reached 50 minutes.
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Figure S34. Schematic representation of sensing experiment setup. 

Data Processing: Raw data was normalized in Microsoft Excel using Equation S6. Here, Io is 

initial current, I = current at a specific time to generate normalized change in conductance (-

∆G/Go)

S6
𝐼𝑜 ― 𝐼

𝐼𝑜
 × 100 =  

∆𝐺
𝐺𝑜

This value was plotted against time in minutes. 

Figure S35.  Chemiresistive sensing responses sequential exposure toward (a) 80 ppm of NH3 
(b) 40 ppm of NO.
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3. Studies of Reproducibility Sensing NH3 and NO 

Figure S36.  Chemiresistive sensing responses of two batch of Bi((HTP) made using 10-Micron 
gap electrodes to (a) (5 - 80 ppm) of NO (b) (5 - 80 ppm) 40 ppm of NH3.

4. Initial Rates of Response 
The initial rates of response toward gaseous analytes depend on several properties, both 

intrinsic to the material and related to the sensing apparatus such as electrode contacts and 

sensing chamber. In terms of Bi(HHTP), parameters such as thickness of film on device, 

orientation of crystallites, morphology, size of crystallites, and initial resistances likely play a role 

in the initial rates of response during the first minute of analyte exposure. Extrinsic characteristics 

of the sensing apparatus such as volume of sensing enclosure, rates of analyte delivery, 

fundamental nature of host-guest interactions, contact with gold electrode and their spacing also 

play a vital role.14  Thus, the kinetics of host-guest interactions depend on both the sensing 

material and the intrinsic characteristics of the sensing apparatus, which were kept constant. 
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The responses to the given analyte of each concentration during the first minute of 

exposure are shown below. After the first minute of exposure in which the response changes 

rabidly and there is generally a higher rate of response (-∆G/Go/min), the rate generally decreases 

as the sensor approaches saturation and the initial active sites become occupied.         

Figure S37. (a) Chemiresistive responses of Bi(HHTP)  to 40, 20, 10, and 5, ppm of NH3 after 1 
min  exposure  and the  linear  fitting  of  the  response.  (b)  The slope of the fitting as a function 
of concentration. Error bars represent standard deviations from the mean after averaging values 
from 3 devices.        

Figure S38. (a) Chemiresistive responses of Bi(HHTP)  to 40, 20, 10, and 5 ppm of NO after 1 
min  exposure  and the  linear  fitting  of  the  response.  (b)  The slope of the fitting as  a  
function  of concentration. Error bars represent standard deviations from the mean after 
averaging values from 3 devices.           
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5. I-V Curves Plots with Exposure to Ethanol 
Data for current/voltage plots for Bi(HHTP) collected using EmSTAT potentiostats and 

PStrace software©. Bi(HHTP) was drop cast onto a 10 micron gap electrode device and left 

overnight to dry in ambient atm. The device was then connected to an EmSTAT potentiostat and 

equilibrated for approximately one hour. Linear sweep voltammetry (LSV) was collected by 

sweeping the voltage from -1.0 to 1.0 V at a scan rate of 0.1V/second. Figure 39b displays the 

change in current during exposure of scans 3-5 (8 scans total) to 1000 ppm of ethanol at 35°C. 
Figure 39c displays the I-V curve of Bi(HHTP) after full saturation with EtOH vapor (after 

approximately 5 minutes of exposure).

Figure S39. (a) I-V plot for Bi(HHTP)  demonstrating  Ohmic  nature  of  contacts  when 
sweeping voltage from -1.0V to 1.0V (b) Cyclic voltammetry of 8 scans of Bi(HHTP) from -1.0V 
to 1.0V while exposing scans 3-5 to 1000 ppm of EtOH (c) LSV scan after saturation with EtOH 
vapor (5 minute exposure).

The I-V curves of Bi(HHTP) display ohmic contacts based on the linear relationship of 

current and voltage. The exposure of 1000 ppm of ethanol vapor also demonstrates ohmic 

contacts after saturation, indicating no Schottky barrier modulation during the sensing of VOCs. 

6. Sensing in the Presence of Humidity
The generation of  5000 ppm humidified N2 stream was  followed  by  the  procedure previously 

reported by our group.15 By varying the flow rate parameter, we were able to maximize the 

deliverable ppm (lower  flow  rate  =  higher concentration). Typically, the gas generator 

permeation tube was heated to 80 °C using the embedded oven with temperature control and 

loaded with a vial of deionized water. Total span gas flow through the oven was set to 350 mL/min 

to deliver 5000 ppm of H2O vapor. The gas/vapor stream was mixed with the mass flow  system  
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using  a  Y-connection, where one connection was to the vapor generator and the other to the 

mass flow controllers used for gas delivery. The dilution vapor (5000 ppm water) was mixed with 

the controlled stream from the mass flow controllers (2 mL/min) to deliver a humidified stream of 

a single gaseous analyte at 40 ppm.  

Figure S40. Comparison of response of Bi(HHTP) devices to (a) 40 ppm of NH3 without presence 
of H2O and (b) 40 ppm of NH3 in the presence of 5000 ppm of H2O. Devices were used at an 
applied voltage of 1.0 V.

Figure S41. Comparison of response of Bi(HHTP) devices to (a) 40 ppm of NO without presence 
of H2O and (b) 40 ppm of NO in the presence of 5000 ppm of H2O. Devices were used at an 
applied voltage of 1.0 V.
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Figure 42. Comparison of response of Bi(HHTP) devices using bar chart to 40 ppm of NO and 
NH3 without presence of H2O and in the presence of 5000 ppm of H2O. Devices were used at an 
applied voltage of 1.0 V.

Figure S43. Response of Bi(HHTP) devices to (a) 5000 ppm of H2O and (b) 1000 ppm of H2O. 
Devices were used at an applied voltage of 1.0 V and exposed for approximately 20 minutes. 

Bi(HHTP) displays a concentration dependent “turn-on” response to H2O. At higher 

concentrations of humidity (5000 ppm), Bi(HHTP) demonstrates a decrease in normalized change 

in conductance while at lower concentrations (1000 ppm), Bi(HHTP) demonstrates a an increase 

in normalized change in conductance. This sensing mechanism has been reported before with 

other HHTP-based MOFs,16 and may be indictive of multiple active sites and mechanisms of 

sensing at play. 
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Figure S44. Response of Bi(HHTP) devices under an applied voltage of 1.0 V to (a) 40 ppm NO 
and NH3 (b) Response of Bi(HHTP) devices under an applied voltage of 0.1 V to 40 ppm NO and 
NH3  (c) Sensing responses of Bi(HHTP) to 1.0 V and 0.1 V  to NO and NH3.

7. Limits of Detection Calculation

The theoretical limits of detection (LOD) were calculated using the following equation First, 

the root mean squared (rms) value — representing the noise-based deviation in −∆G/Go — was 

calculated using the baseline trace for 600 data points before exposure to analyte. We took 600 
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consecutive points (N = 600) and fit the data to a polynomial (5th order). We calculated V  from 𝑥2

Equation S4, where yi = measured −∆G/Go and y is the value calculated from the extracted 

polynomial fit. We plotted concentration of analyte  versus  largest  measured −∆G/Go  and  

isolated  the  range  of values  wherein  this  relationship  was  linear. The linear regression 

provided an equation  of  best-fit  (slope  =  m) which we extracted from this concentration 

dependence analysis to be used in Equation S7. With the  values, we  extrapolated  the  

theoretical  LOD  from Equations S8 and S9.

(y – yi)2            S7V𝑋2 = 𝛴

Rms =                           S8
V𝑋2

𝑛

LOD = 3                       S9×  
𝑟𝑚𝑠

𝑚

Comparison of material-based sensors:

Class of 
Sensor

Material Gaseous 
Analyte

Limit of 
Detection

Device Voltage Ref.

NH3 0.29 ppm

NO 0.15 ppm

Acetone 41.2 ppm

MeOH 278 ppm

EtOH 185 ppm

Coordination 
network

Bi(HHTP)

iPrOH 50.2 ppm

Chemiresistor 1.0 V This 
Work

Cu3(HITP)2 NH3 0.5 ppm Chemiresistor 0.1 V 17

Cu3(HHTP)2 NH3 0.5 ppm Chemiresistor 5 V 18

NDC-Y-fcu NH3 0.1 ppm Chemiresistor 1 V 19

NiPc-Ni NH3;
NO

0.31 ppm;
0.06 ppb

Chemiresistor;
Chemiresistor

0.01 V

NiPc-Cu NH3;
NO

0.33 ppm;
0.13 ppb

Chemiresistor;
Chemiresistor

0.01 V

20

Metal– 
Organic 
Frameworks

ZnO@ZIF-8 EtOH 5 ppm Chemiresistor N/A 21

Conductive 
Polymers

Polypyrole (PPy) thin 
film

NH3;
Acetone;
NO2

1.5 ppm; 
50 ppm;
10 ppm

Chemiresistor 1 kHz 
AC 
Voltage
;

22

23

24
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 DC 
Volage;
Varied

Polyaniline (PANI) thin 
film

NH3;
NO2; 
EtOH

1 ppm;
0.05 ppm;
32 ppm

Chemiresistor;
Chemical FET;
Chemiresistor

1 V;
1 V;
0.1 V

25

26

27

Polythiophene (PTh) NO2 10 ppm Chemiresistor 1 V 28

Poly(3,4-
ethylenedioxythiophen
e) (PEDOT)

NH3;
NO2;
NO;
MeOH

1 ppm;
0.2 ppm;
2.5 ppm;
1 ppm

Chemiresistor;
Chemiresistor;
Chemiresistor;
Chemiresistor

1 V;
1 V;
1 V;
1 V

29

30

31

32

ZnFe2O4 microspheres EtOH 0.5 ppm; Chemical FET N/A 33

Pt/SnO2 nanospheres EtOH 0.25 ppm Chemical FET N/A 34

SnO2 hierarchical
Structures

Acetone; 
EtOH

 0.05 ppm;
5 ppm

Chemical FET
Chemical FET

N/A 35

Au/ZnO nanoparticles Acetone 0.05 ppm Chemical FET N/A 36

Metal Oxides

Pt/In2O3 nanoparticles Acetone 0.01 ppm Chemical FET N/A 37

Table S4. Comparison metrics for sensing using MOFs, Conductive Polymers and Metal Oxides

8. Investigation of Sensing Mechanism of NO and NH3 using ATR-IR, XPS and EPR

To investigate   the sensing   mechanism, attenuated total reflectance – infrared spectroscopy, 

(ATR-IR), XPS   and electron   paramagnetic resonance (EPR) spectroscopy were used. All three 

instruments were utilized to observe changes induced in the materials after analyte exposure and 

binding. First, pristine Bi(HHTP) was prepared for ATR-IR analysis by placing 20 mg of powder 

into a  2 mL vial and degassing with N2 (1 L/min) for 2 hours. This sample was also stored under 

N2. Analyte-exposed materials were prepared by purging the pristine Bi(HHTP) with NO or NH3 

(1% of 10000 ppm tank) for 1 hour. The samples were then sealed under an atmosphere of 1% 

analyte (balanced with N2) and left overnight before testing. For ATR-IR, a ZnSe crystal (part 

number 6584-J331A) was utilized.

We used high concentrations of the analyte to ensure saturation of each sample 

to observe small detectable differences using XPS, in which samples are subjected to 

high vacuum conditions that may promote desorption of this analyte from Bi(HHTP). The 

samples were then sealed under an atmosphere of either N2 or 1% analyte (balanced 

with N2) and left overnight before measurement. ATR-IR revealed that after exposure to 

high concentrations of NO, the shifting of the peaks assigned to the bismuth-catechol 

vibrational frequencies at 1256 cm-1 and 1426 cm-1 (Figure 7b).38 This result suggests 

that the analyte-material interaction is occurring near or at the bismuth metal center, 
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affecting the vibrational frequencies of the ligand near the semiquinone/catechol region. 

IR analysis also revealed new bands occurring near 1500 cm−1 , which indicate the 

creation of some ionic nitrate (NO3
−) species.39 This nitrite species could be generated 

from NO reaction with surface-bound O2 on the coordination network. IR analysis of NH3-

exposed Bi(HHTP) revealed the presence of new bands present at approximately 1564 

cm−1, 1438 cm−1  and 1173 cm−1 (Figure 7a), which may arise from the contribution of 

Lewis acid site (LAS) interaction at the bismuth center,40 given Bi(III) complexes are 

known to have good affinity for nitrogen donor ligands41 and Bi(III) borderline “hard” Lewis 

acidity.7 The symmetric stretching mode of NH3 gas was also observed at 950 cm-1. There 

may also be an indication of hydrogen bonding or interaction using Brønsted acid sites 

(BAS)40, 42 of ammonia with uncoordinated hydroxy groups suggestive of the bands 

arising near 1250 - 1050 cm−1. 

ATR-IR analysis of Pristine and NH3-exposed Bi(HHTP)

    

Figure S45. ATR-IR data analysis of (a) pristine and NH3-doped Bi(HHTP) depicting the ranges 
(a) 4000 – 500 cm-1 (b) 2000 – 600 cm-1 pristine and NH3-doped Bi(HHTP).
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ATR-IR spectroscopy on pristine and exposed samples revealed that after exposure to high 

concentrations of NO and NH3, the shifting of bands and presence of several new bands was 

observed. For the ammonia exposed sample, the presence of new bands was observed, 

particularly at 3267 and 2959 cm−1. There is also new bands present at approximately 1564 cm−1, 

1438 cm−1  and 1173 cm−1 which may arise from the contribution of Lewis acid site (LAS) 

interaction at the  bismuth center,40, 42 given that Bi(III) complexes are known to have good affinity 

for nitrogen donor ligands41 and Bi(III) borderline “hard” Lewis acidity. The symmetric stretching 

mode of NH3 gas was also observed at 950 cm-1 (Figure S44). There may also be an indication 

of hydrogen bonding or Brønsted acidity of ammonia with uncoordinated hydroxy groups 

suggestive of the new bands arising near 1250 - 1050 cm−1, which may be Brønsted acid sites 

(BAS).40, 42

       

Figure S46. FT-IR data analysis of (a) pristine and NO-doped Bi(HHTP) depicting the ranges 
(a) 4000 – 500 cm-1 (b) 2000 – 600 cm-1 pristine and NO-doped Bi(HHTP).

The presence of new bands occurring near 1426 cm−1 indicate the creation of some ionic 

Nitrite (NO−2) species. Analyte-material interaction occurring near or at the bismuth metal center 
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is also suggested by the shifting of the peaks assigned to the Bismuth-catechol vibrational 

frequencies at 1256 cm-1 and 1426 cm-1.8 This suggests that the site of interaction with the analyte 

NO are likely occurring either at or near the Bi node.   

XPS Analysis of Pristine and NO-exposed Bi(HHTP) 

Figure S47. Top: Survey spectrum of Bi(HHTP) exposed to NO and NH3 (a) High resolution 
deconvoluted XPS spectra of carbon 1s peak of pristine Bi(HHTP) (b) C 1s peak of NO exposed 
Bi(HHTP). (c) NH3 exposed Bi(HHTP) (d) Bi 4f of pristine Bi(HHTP) and after exposure to NO. 
High (e) Bi 4f region of pristine Bi(HHTP) and after exposure to NH3 (f) deconvoluted spectrum of 
N 1s region after exposure of Bi(HHTP) to NH3. 
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XPS analysis on both pristine and gas exposed materials were prepared using the same 

method as for IR analysis. 20 mg of Bi(HHTP) powder into a  2 mL vial and degassing with N2 (1 

L/min) for 2 hours. This sample was also stored under N2. Analyte-exposed materials were 

prepared by purging the pristine Bi(HHTP) with NO (1% of 10000 ppm tank) for 1 hour. Both 

samples were then mounted on copper tape which was placed on a Dual-Height (Kratos) sample 

holder. A survey spectrum was first obtained to examine the elemental surface composition. Then 

high-resolution spectra were obtained (under ~10-7 Torr pressure) at energy regions specific to 

the elements present in the sample (Bi, O, C). 

High-resolution deconvoluted spectra of the carbon 1 region after NO dosing revealed an 

increase in the peak assigned to the C-O--Bi binding energy and decrease in the peak area 

corresponding to the C=O—Bi binding energy, which supports the hypothesis that the interaction 

is occurring at the Bi node is causing a shift in the chemical environment near the semiquinone 

region.  Compared to the pristine Bi(HHTP), the deconvoluted region of Bi4f7/2  and the Bi4f5/2 in 

the NO-doped Bi(HHTP) displayed a slight shift toward higher binding energies (Figure 47d).  

This shift may be attributed to electron density transferring from the bismuth center to the guest 

analyte, causing higher binding energies of more tightly bound emitted electrons. For NH3 

exposure, the C 1s spectrum displayed a slight increase in the area corresponding to the C=O--

bismuth bond (Figure S47c), and in the region corresponding to the C-O--Bi bond. The high-

resolution spectrum of the Bi 4f orbitals also indicated a small shift of the Bi4f7/2 and the Bi4f5/2 

peaks, indicating an increase in electron density near the Bi metal node (Figure 47e).

     EPR Analysis of Pristine and NH3-dosed and NO-dosed Bi(HHTP)
 EPR spectra were collected on a Bruker BioSpin Gmbh spectrometer equipped with a 

standard mode cavity. For each sample, about 2 mg material was used. The samples were 

flushed with N2 overnight and then sealed in the  EPR  tube  under  N2 atmosphere.

Figure S48. EPR spectrum of (a) Pristine and Bi(HHTP)-NO and (b) Pristine and Bi(HHTP)-NH3.
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Electron paramagnetic resonance spectroscopy of the pristine Bi(HHTP) material 

revealed a broad absorbance band with low intensity centered at g= 2.0, which may indicate an 

unpaired electron residing primarily in a ligand-centered orbital or possibly oxygen located on 

defect sites within the material. Only a slight increase in the intensity of the resonant absorbance 

was observed with exposure to NO, which is consistent with our observations from sensing that 

the interaction of the material with NO is weak and reversible. This slight increase was also 

observed in a marginally higher intensity in NH3-exosed Bi(HHTP) (Figure S48) This result 

suggests that NH3 induced a slight change in the coordination sphere around the EPR active 

centers.

MicroED analysis of NH3 and NO exposed samples 

To analyze the structural changes induced by analyte exposure, we utilized microED 

analysis on samples before and after exposure to 10,000 ppm of NH3 and NO for one hour. The 

samples were capped, parafilmed and sent to UCLA for analysis. 

Figure S49.  Images from microED analysis of BiHHTP-α and Bi(HHTP)-NO in Coot for 
Windows (bernhardcl.github.io)  software.

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbernhardcl.github.io%2Fcoot%2F&data=04%7C01%7CAylin.Aykanat.GR%40dartmouth.edu%7Cb3080efbbac14916e2cf08d8c7d5a918%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637479067777990267%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=UNEvEM8aVCo%2Bn%2FKePc3KQWN8Bx%2B5KI%2F%2BhZU1ih99vJA%3D&reserved=0
https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbernhardcl.github.io%2Fcoot%2F&data=04%7C01%7CAylin.Aykanat.GR%40dartmouth.edu%7Cb3080efbbac14916e2cf08d8c7d5a918%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637479067777990267%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=UNEvEM8aVCo%2Bn%2FKePc3KQWN8Bx%2B5KI%2F%2BhZU1ih99vJA%3D&reserved=0
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Figure S50. Images from microED analysis of BiHHTP-α and Bi(HHTP)-NH3 in Coot for 
Windows (bernhardcl.github.io)  software.

One distinct difference between unexposed Bi(HHTP)-α and the gas exposed samples is the 

presence of density within the void volume of the coordination network. We believe this density 

could be either the presence of water within the pores trapped during synthesis of the network or 

density resulting from the gas exposure treatment of the samples. We also hypothesize that the 

occupation of these pores cause deviation from unit cell parameters that we observed in 

Bi(HHTP)-α (Figure S50).

https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbernhardcl.github.io%2Fcoot%2F&data=04%7C01%7CAylin.Aykanat.GR%40dartmouth.edu%7Cb3080efbbac14916e2cf08d8c7d5a918%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637479067777990267%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=UNEvEM8aVCo%2Bn%2FKePc3KQWN8Bx%2B5KI%2F%2BhZU1ih99vJA%3D&reserved=0
https://nam12.safelinks.protection.outlook.com/?url=https%3A%2F%2Fbernhardcl.github.io%2Fcoot%2F&data=04%7C01%7CAylin.Aykanat.GR%40dartmouth.edu%7Cb3080efbbac14916e2cf08d8c7d5a918%7C995b093648d640e5a31ebf689ec9446f%7C0%7C0%7C637479067777990267%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=UNEvEM8aVCo%2Bn%2FKePc3KQWN8Bx%2B5KI%2F%2BhZU1ih99vJA%3D&reserved=0
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Figure S51. View along the crystallographic (a) b- axis (b) a-axis and (c) and c-axis for Bi-(HHTP)-
NO and Bi(HHTP)-NH3 with cell parameters.

pXRD analysis of NH3 and NO exposed samples 

To analyze the structural changes induced by analyte exposure, we utilized pXRD analysis 

on samples before and after exposure to 10,000 ppm of NH3 and NO. To carry out this procedure, 

we placed approximately 10 mg of Bi(HHTP) on a zero diffraction plate and carried out pXRD 

analysis from 2 – 50 2Ө at a analysis rate of 5º per min. We then used a bell jar with a gas inlet 

port to exposure either NH3 or NO for 1 hour before another analysis was taken at the same 

conditions.  For recovery, the bell jar was used to recover the same zero diffraction plate for 2 

hours. 
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Figure S52. pXRD analysis of Bi(HHTP) before (blue trace) and after exposure to 10,000 ppm 
NH3 for one hour (red trace) and recovered for 2 hours under nitrogen (yellow trace). 

Figure S53. pXRD analysis of Bi(HHTP) before (blue trace) and after exposure to 10,000 ppm 
NO for one hour (orange trace) and recovered for 2 hours under nitrogen (green trace). 
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    After NH3 exposure there was a significant shift in the peak corresponding the (32 )1

plane. This plane is parallel to the π-π stacking layers, which indicates that ammonia exposure is 

resulting in the increasing of distances within these planes. This could result from ammonia 

occupying the available void volumes within Bi(HHTP), causing the expansion of these layers. 

After recovery in N2 for two hours, this shift did not return to its original peak position, consistent 

with our observations in sensing that NH3 binds irreversibly to Bi(HHTP). For NO exposure, we 

observed a slight shift in the (002), (200), (20 ) and (32 ) planes. This peak shift partially recovers 2 1

after N2 exposure for two hours (we believe partial recovery is due to exposure to extremely high 

concentrations of NO), which is consistent with our observation in sensing that NO binding is 

weak and reversible. These slight deviations in peak position could also indicate NO occupying 

the available volume within the pores of Bi(HHTP), causing increases in Bragg planes. 

9. Sensing of Volatile Organic Compounds: MeOH, EtOH, Acetone, iPrOH

A Kintek FlexStream gas generator was used to produce vapors of analyte (ethanol, methanol, 

acetone, or isopropanol) which was diluted in N2 to the desired concentration (1000 ppm). Each 

organic vapor was calibrated before use in the generator by heating the internal permeation glass 

chamber/tube (90 °C) through loading a vial of the desired VOC and setting the span flow rate at 

4 L/min. Equation S10, seen below was used to calculate the concentration delivered of each 

vapor.1 The mass loss of each vial was measured after approximately 16 hours and the equation 

below was used to determine the flow rates and concentrations (ppm). Here, MW = molecular 

weight of solvent (18.01 g/mol), m = solvent mass loss during calibration, t = calibration time 

(minutes), and f = flow rate of dry N2 through the tube (mL/min) 90 °C.

                      S10ppm =
(𝑚 × 10 ―9 )

𝑡 ×
22.41

( 𝑓 × 𝑀𝑊)
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Figure S54. Exposure to 1000 ppm of (a) MeOH, EtOH, Acetone, and iPrOH (b) Normalized 
change in conductance -∆G/Go(%) for each vapor.
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Table S5. Reported pKa values (25 ºC), relative polarities, dipole moments (25 ºC) and 
dielectric constants of all VOCs used in sensing. 

10. Diffuse Reflectance Infrared Fourier Transform Spectroscopy – Investigation of sensing 
mechanism of VOCs and small reactive gases.

Infrared (IR) data was collected on a Thermo Fisher Scientific Nicolet iS50 FT-IR spectrometer 
equipped with a Harrick Praying Mantis DRIFTS accessory. Gas delivery for in-situ DRIFTS 
analysis was handled with a homemade manifold allowing delivery of vacuum, gas analytes, 
VOCs, and pure N2 to purge samples. The Praying Mantis chamber consisted of an air-tight steel 
domed volume that housed a sample cup. A gas inlet and a gas outlet port were affixed to the 
chamber with a Schlenk flask that contained the desired VOC. Gaseous analytes (NH3, NO) were 
delivered from premixed tanks containing 1% analyte in N2. The IR beam path accessed the 
sample cup through KBr windows. Temperature was regulated by a thermocouple-controlled 
heating element.
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Figure S55. (a) Exposure to 558000 ppm of acetone and recovery from acetone vapor. (b) Inset 
of top panel displaying the residual peak at 1690 cm-1 after purging with vacuum. 

Under an atmosphere of acetone, we observed negative-going absorbance bands that matched 
absorbance bands of pristine Bi(HHTP) (Figure S55). After removal of acetone from the 
headspace, a remaining positive absorbance band was observed at 1690 cm-1. The presence of 
new positive band was assigned to physiosorbed acetone species or possibly chemisorbed 
acetone species interacting with Lewis acid sites (LAS) at the Bi node.40

 The negative-going bands 
associated with pristine Bi(HHTP) diminished when acetone was removed with vacuum purging 
but did not fully recover over the course of 10 min.
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Figure S56. (a) Exposure to 108000 ppm of ethanol and recovery from ethanol vapor. (b) Inset 
of top panel displaying the residual peak at 1040 cm-1 after purging with vacuum. 

Exposure of Bi(HHTP) to ethanol resulted in two primary spectroscopic features. First, we 
observed a set of negative-going bands that coincided with bands observed for pristine Bi(HHTP) 
(Figure S56). Second, we observed absorbance bands assigned to gas-phase ethanol. When 
the sample and headspace were purged with vacuum, the gas-phase ethanol bands were 
removed revealing a band at 1040 cm-1 which we assigned to the v(C-O) mode of ethanol 
interacting with LAS (Figure S56).68 The negative-going bands that coincided with absorbance 
bands of pristine Bi(HHTP) recovered slowly but did not fully return the initial baseline of the 
pristine sample.
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Figure S57. (a) Exposure and recovery of Bi(HHTP) to 164000 ppm methanol vapor. (b) Inset of 
top panel displaying the residual peaks at 1600 cm-1, 1460 cm-1, 1130 cm-1, 1050 cm-1, and 1030 
cm-1 after purging with vacuum. 

After exposure to methanol (MeOH), we observed the appearance of new positive-going 
absorbance bands at 1030 cm-1 and 1050 cm-1 as well as negative going bands in the 1650 cm-1 
and 3500 cm-1 range (Figure S57). After removal of MeOH with vacuum purging, we observed 
the bands at 1030 cm-1 and 1050 cm-1, as well as the negative-going bands at 1650 cm-1 and 
3500 cm-1, remained after 12 minutes of vacuum purging. We also observed good background 
recovery of the baseline with extended vacuum purging. 

Positive bands at 1030 cm-1 and 1050 cm-1 were observed after 12 minutes of vacuum purging. 
The new positive bands at 1030 cm-1 and 1050 cm-1 suggested possible chemisorbed methanol 
species interacting with Lewis acid sites (LAS) at the bismuth node.43 The negative going bands 
at 1650 cm-1 and 3500 cm-1 were in regions associated with the δ(HOH) and v(OH) modes of 
water, respectively. These negative bands suggested that exposure to MeOH disrupted these 
features as a result of either hydrogen bonding interactions or desorption of water from the 
network.
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Figure S58 (a) Exposure and recovery to 106,000 ppm isopropanol vapor. (b) Inset of top panel 
displaying the residual peaks at 2980, 1380, 1250, and 947 cm-1 before disappearing after 12 
minutes of purging with vacuum. 

After exposure to isopropanol, we observed positive going absorbance bands at 2980 cm-1, 
1380 cm-1, 1250 cm-1 and 947 cm-1. These bands decreased in intensity yet remained when the 
chamber was purged with vacuum for 12 min. We observed good recovery of the baseline upon 
exposure of Bi(HHTP) to isopropanol (iPrOH) and vacuum purging. The bands at 2980 cm-1, 1380 
cm-1, 1250 cm-1, and 947 cm-1 were characterized as a v(C-H) mode, a non-deprotonated iPrOH 
interaction with the framework, a δ(C-H) iPrOH interaction, and a Lewis-acid type interaction 
between iPrOH and the bismuth metal center, respectively. Unlike acetone and EtOH, iPrOH and 
MeOH did not elicit strong negative going bands corresponding to vibrational modes of pristine 
Bi(HHTP). 
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Figure S59 (a) Exposure and recovery to 10,000 ppm nitric oxide gas. (b) Inset of top panel 
displaying the residual peaks at 1580, 1270, 1185, 995, 860, and 800 cm-1 after purging in N2. 
Exposure to NO resulted in the appearance of sharp negative going bands at 1255 cm-1, 995 cm-1, 
860 cm-1 and 800 cm-1. 

Upon exposure of Bi(HHTP) to NO, we observed two types of spectroscopic features.  
First, under and atmosphere containing 1% NO in N2, the gas-phase spectral features of NO were 
clearly visible. Second, an immediate, strong, and broad negative band spanning from 3000 cm-

1 to 2000 cm-1 was observed which continued to increase in intensity until NO was removed. We 
assigned this negative going broad feature to perturbations of the electronic structure of the 
framework resulting in changes to the electronic structure of the framework. Third, sharp negative 
bands at 1255 cm-1, 995 cm-1, 860 cm-1, and 800 cm-1 were observed after 12 minutes of vacuum 
purging; they, as well as the other negative going bands, are possibly due to NO impacting the 
electronic structure of the Bi(HHTP) framework and bonds in an oxidative deleterious manner. 
One possible explanation of the 1255 cm-1 , 860 cm-1, and 800 cm-1 bands were disappearance 
of a bismuth-catechol band and the disappearance of bismuth bonding related bands, 
respectively.44 



S60

Figure S60. (a) Exposure and recovery to 10,000 ppm ammonia gas. (b) Inset of top panel 
displaying the residual peaks at 1565, 1475, 1430, and 1250 cm-1 after purging in N2. 

Upon exposure of Bi(HHTP) to ammonia (NH3) we observed two primary spectral features. First, 
we observed positive-going bands near 1565 cm-1, 1475 cm-1, 1390 cm-1, and 1250 cm-1. Second, 
we observed negative-going bands in the 4000 cm-1to 3300 cm-1 range and in the 1650 cm-1 range. 
After purging with N2 gas for 12 minutes, we observed that the set of positive going bands between 
1565 cm-1 and 1250 cm-1 remained as did the negative going bands observed between 4000cm-

1 to 3300 cm-1 and at 1650 cm-1. We assigned the bands at 1565 cm-1 and 1250 cm-1 to the δasym 
and δsym bands of NH3+LAS, respectively. The bands at 1475 cm-1 and 1390 cm-1 were assigned 
to the δasym and δsym bands of (NH4

+) which indicated NH3 adsorbed to Brønsted acid sites (BAS) 
within the network.43,45 The negative going bands 4000cm-1 to 3300 cm-1 and at 1650 cm-1 were 
assigned to the v(OH) mode and the δ(HOH) mode of water, respectively. Their negative-going 
nature suggested that water was either desorbing from the framework or otherwise being altered 
by interactions with NH3 (possibly at BAS).
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