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ABSTRACT

We  recently  developed  a  family  of  materials,  Porous  Metal  Halide 

Semiconductors (PMHS), that exhibit record water stability and tunable optoelectronic 

properties. However, the extent to which porosity influences these features remains 

unclear. Motivated by this, we report the synthesis of (DHT)(H3O)2Bi4I16
.2(H2O) (DHT 

= [3.3.3] cryptand), where the custom-made DHT cage expands the pore size from 4.3 

to  6.2  Å,  compared  to  previously  reported  DHS-based  analogs  (DHS  =  [2.2.2] 

cryptand). The material has been water stable for 24 months, featuring a single crystal to 

single crystal transformation, while gas and vapor sorption studies demonstrated that it 

can selectively adsorb and desorb H2O at 298K. (DHT)(H3O)2Bi4I16
.2(H2O) is a direct 

bandgap semiconductor that exhibits broad band-edge emission at room temperature. 

This combination of attributes prompted us to evaluate the material against  Karenia 

brevis, an alga responsible for harmful algal blooms (HABs). Our studies revealed that 

(DHT)(H3O)2Bi4I16
.2(H2O) suppressed K. brevis growth at concentrations as low as 10 

mg/L, with no inhibition observed against non-target marine algae strains. This work 

elucidates the influence of porosity on the optoelectronic properties and water stability 

of  PMHS  compounds,  and  underscores  their  potential  for  impactful,  previously 

unexplored applications such as HAB mitigation.
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INTRODUCTION

Hybrid (organic-inorganic) metal halide semiconductors (MHS) is a family of 

materials  with  unique  structural  versatility  and  fully  customizable  mechanical,1 

magnetic and optoelectronic properties.2-4 The adjustable composition of the inorganic 

part and the tailor-made design of the organic part of the structure allow them to be 

utilized not only for established semiconductor applications, such as solar cells5-6 and 

photodetectors,7-8 but also for emerging applications, such as gas sensing,9 spin valves10

and antibacterial coatings.11

Evidently, two of the most important prerequisites for commercialization are the 

non-toxic nature of the materials and their long-term environmental stability.12 Despite 

significant  efforts  to  create  lead-free,  water-stable  MHS,13-14 a  permanent  solution 

remained elusive until recently. Motivated by the above challenges, we created a family 

of  materials,  namely  porous  metal  halide  semiconductors  (PMHS).15 The  use  of 

molecular cages as structure-directing agents and counter-cations not only rendered 

reported PMHS porous but also water-stable for 27 months so far, a record stability 

performance for MHS.16 

Despite this achievement, the extent to which porosity dictates water stability in 

PMHS materials is unclear. In an effort to investigate this relationship, we report here a 

member of the family of PMHS compounds, namely (DHT)(H3O)2Bi4I16
.2(H2O), (DHT 

= [3.3.3] cryptand), to study the effect of porous nature on the optoelectronic properties 

and water stability of isostructural PMHS compounds. The material has been water 

stable for 24 months so far based on XRD studies, featuring a single crystal to single 

crystal  (SCSC)  transformation  in  water,  while  gas  and  vapor  sorption  studies 

demonstrated that it can selectively adsorb and desorb H2O at room temperature (RT), 

while it is impermeable to N2 and CO2. In addition to its robust porosity and selective 

sorption behavior, the compound is a direct bandgap semiconductor with broad band-

edge emission at  room temperature,  characteristics  closely resembling those of  its 

previously  reported  analog,  (DHS)Bi2I8 (DHS  =  [2.2.2]  cryptand).17 Notably, 

(DHS)Bi2I8 not  only  exhibits  similar  water  stability  but  also  demonstrates  broad-

spectrum antibacterial activity against both Gram-positive and Gram-negative bacteria. 

This convergence of water stability, porosity, and bioactivity positions PMHS materials 

as promising candidates for environmental remediation applications.

Motivated by these multifunctional characteristics, we investigated the potential 

of PMHS compounds for mitigating harmful algal blooms (HABs). In recent years, the 
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frequency,  intensity,  and  geological  distribution  of  HABs  have  increased,  posing 

heightened risks to marine ecosystems and human health.18 Karenia brevis (K. brevis) is 

a toxic dinoflagellate commonly associated with the “red tide” blooms that produces 

potent neurotoxins known as brevetoxins (BTx).19 These toxins can have detrimental 

effects on marine life, leading to fish kills, marine mammal strandings, and disruptions 

to  the  food  web.20 Additionally,  when  these  BTx  become  aerosolized,  they  pose 

significant  risks  to  human  health,  causing  respiratory  irritation  and  exacerbating 

conditions such as asthma.21 The economic impacts of  K. brevis blooms on coastal 

communities  are  also  considerable,  often  necessitating  the  closure  of  shellfish 

harvesting  areas  and  causing  substantial  losses  for  coastal  tourism  and  fisheries 

industries.22 

For these reasons, multiple HAB mitigation strategies have been implemented 

focusing on biological,  physical or chemical methods. Biological techniques employ 

top-down grazing and bottom-up bacterial decomposition through the use of parasites, 

copepods, and ciliates.23-24 However, there are limitations to their widespread utilization 

due to hurdles associated with the mass production, storage, and controlled deployment 

of proposed organisms. Physical treatments of HABs involve the removal of harmful 

algae cells using methods such as skimming, isolation, and ultrasonic destruction.25-26

Although generally safe and effective, such treatments are expensive, with limited 

effectiveness  in  large-scale  blooms,  and  often  lack  selectivity  for  HAB  species. 

Chemical-based methods are the most extensively studied approaches for managing 

HAB blooms, including algicides such as copper sulfate, ozone, sodium hypochlorite, 

and magnesium hydroxide.27-28 Although chemical methods are effective in most cases, 

concerns exist regarding their impact on non-target organisms, bioaccumulation, and 

potential uncontrolled release into the environment.

Considering  that  current  mitigation  strategies  are  still  relatively  ineffective 

against HABs, there is a pressing need to test alternative solutions.29 Recognizing that 

chemical methods are more efficient and versatile, we hypothesized that a material 

capable of selectively mitigating HABs without uncontrolled release to the environment 

and with minimal to no impact on phytoplankton and marine organisms would be an 

excellent candidate for this application. 

In this regard, water-stable PMHS materials hold great promise, as they feature 

fine-tunable  optical  properties,  are  composed  of  abundant,  inexpensive,  and 

biocompatible elements, such as Bi and I, and can be activated with visible light to  
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generate reactive oxygen species (ROS).15, 17 Water stability, meaning PMHS are water-

insoluble, is critical because, in contrast to currently utilized water-soluble inorganic 

salts  and  organic  algicides  (such  as  copper  salts,  CuSO4,  NaOCl,  and  phthalate 

esters),30-31 a water-insoluble agent can be applied directly to the bloom area and can be 

wholly recovered from the targeted area without being released into the environment, 

thus not damaging non-target organisms. 

Preliminary studies revealed that  (DHS)Bi2I8 and  (DHT)(H3O)2Bi4I16
.2(H2O) 

suppressed K. brevis growth at concentrations as low as 10 mg/L. Such inhibition was 

found at significantly lower concentrations of materials than the effective inhibitory 

concentrations of previously reported bacterial strains (1 mg/mL). Toxicity evaluation 

indicated selectivity towards K. brevis, as inhibition was not seen against other marine 

algae strains such as Nannochloropsis oculata (N. oculata) and Tetraselmis suecica (T. 

suecica) at similar concentrations, demonstrating the non-toxic impact of PMHS on 

non-target, beneficial green algae in the marine ecosystem. 

This work showcases the ubiquitous nature of our synthetic methodology for 

acquiring potentially permanent water-stable MHS, coupled with tunable porosity and 

optoelectronic  properties.  Moreover,  we unveil  the  structural  versatility  of  PMHS 

materials  and  their  significant  potential  for  intricate  applications,  such  as  HAB 

mitigation. It is pointed out that this is the first time a MHS material has been evaluated 

for this purpose. 

EXPERIMENTAL SECTION

Many of the methods utilized here are also reported in this reference.17

Starting materials. 
All  starting  materials  for  synthesis  were  purchased  commercially  and  were  used 
without further purification.  Bismuth(III) oxide, 98+%, was purchased from Acros 
Organics, Hydriodic acid 57 wt. % in H2O, distilled, stabilized, 99.95% purchased from 
Sigma-Aldrich,  1-chloro-2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)ethane  (98%)  and 
2,2’-(oxybis(2,1-ethanediyloxy))bis[ethanamine] (98%) were purchased from Aaron 
chemicals. Sodium iodide 99.5%, potassium carbonate 99%, sodium chloride 99%, 
sodium thiosulfate 98%, acetone 99.5%, acetonitrile 99.9%, methanol >95%, ethyl 
acetate  99.5%  and  dimethyl  sulfoxide  (DMSO)  99.9%  were  provided  by  Fisher 
Chemical.  THF  99.9%  was  purchased  from  Thermo  Scientific.  For  the  stability 
experiments, the following amounts of materials and solvents were utilized.  Water: 
200mg in 4mL, salt water: 150mg in 8mL, acid: 150mg in 4mL.
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XRD measurements. 
Single-crystal X-ray diffraction
 X-ray diffraction data were measured on a Bruker D8 Venture PHOTON II CMOS 
diffractometer equipped with a Cu Kα INCOATEC ImuS micro-focus source (λ = 
1.54178  Å)  equipped  with  a  cryostream  800  system  (Oxford  Cryosystems)  for 
temperature regulation.  Indexing was performed using APEX4 (Difference Vectors 
method).32 Data  integration  and  reduction  were  performed  using  SaintPlus.33 
Absorption  correction  was  performed  by  a  multi-scan  method  implemented  in 
SADABS.34 Space  group  was  determined  using  XPREP implemented  in  APEX3. 
Structure was solved using SHELXT35 and refined using SHELXL-2018/3 (full-matrix 
least-squares on F2)36 through OLEX2 interface program.37 Ellipsoid plot was done 
with Platon.38 Disordered molecule was refined with restraints. All hydrogen atoms 
were located geometrically and were refined using a riding model. 
Bond angle variance  (σ 2) parameters were determined using the following formula39:

 σ2=1
11 ∑

i=1

12

(θi−90° )2, (θi are the 12 I−Bi−I bond angles within an octahedron).

Powder X-ray diffraction
 Powder  X-ray  diffraction  patterns  were  collected  on  a  Bruker  D8  Advance 
Diffractometer with a Lynxeye detector using CuKα radiation. X-ray source operated at 
40kV/40mA and Ni filter was used to suppress Kbeta radiation. 2.5 deg primary and 
secondary Soller slits were used to suppress axial divergence. Diffraction patterns were 
recorded from 2 to 60 2θ in variable slits mode and with knife edge installed. A typical 
scan rate was 20 sec/step with a step size of 0.02 deg. 

Optical Spectroscopy
 Optical diffuse-reflectance measurements were performed at room temperature using a 
Cary 5000 UV-Vis-NIR Spectrophotometer, coupled with an integrating sphere, from 
200  to  2500  nm.  BaSO4 was  used  as  a  non-absorbing  reflectance  reference.  The 
generated reflectance-versus-wavelength data were used to estimate the band gap of the 
material by converting reflectance to absorbance data according to the Kubelka−Munk 
equation: α/S = (1 − R)2/2R, where R is the reflectance and α and S are the absorption 
and scattering coefficients, respectively.40

TGA-DSC measurements
 Thermogravimetric  Analysis  (TGA)  measurements  were  performed  on  a  TA 
Instruments Q50 Thermogravimetric Analyzer. An amount of ~12 mg of sample was 
placed inside an Alumina Pan and heated up to 700 oC under N2 flow with a heating rate 
of 5 oC/min. Differential Scanning Calorimetry (DSC) measurements were performed 
on a TA Instruments Q20 Differential Scanning Calorimeter. A sample of 3 mg was 
placed inside an aluminum pan and heated up to 250 °C under N2 flow with a heating 
rate of 5 C/min. 

SEM/EDS measurements
The SEM/EDS was performed with a Hitachi SU70 SEM using an IXRF SDD EDS 
system. The samples were prepared by pressing the powder on to a substrate of carbon 
adhesive tape and tilting the sample to 30 degrees. The electron beam energy was set to 
5 KeV for SEM and 16 KeV for EDS. 
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1H-NMR and 13C-NMR
The 1H and 13C NMR experiments were recorded using a Bruker AVANCE III HD 600 
MHz spectrometer.  Data are reported as follows: chemical shifts in ppm, multiplicity 
(s= singlet, br= broad, t= triplet, multiplet = m, J = coupling constant represented in Hz.

LC-MS studies
LC-MS studies were performed on an Agilent LC-MS SQ 6120 equipped with an 
Agilent 1100HPLC diode array detector (DAD) using electrospray (ESI) atmospheric 
pressure chemical ionization (APCI ± ve).

Gas sorption measurements
Gas sorption measurements for N2 (99.999%) and CO2 (99.999%) were recorded at 
77 K  and  195 K  respectively  up  to  1 bar,  using  a  state-of-the-art,  high  precision 
BELSORP-MAX X from Microtrac MRB, equipped with four (4) analysis stations and 
a detachable thermostatic bath for accurate measurements.  For the aforementioned 
measurements the desired cryogenic temperature was achieved using a bath of liquid 
nitrogen (LN2, 77 K, N2) and a mixture of acetone/dry ice (195 K, CO2) in a cryogenic 
dewar as a coolant. The bright red powder sample was placed in a 9 mm pre-weighted 
quartz cell and then it was activated at 180 oC (5 °C/min) for 12 hours, under vacuum. 
After  the  activation  process  the  cell  was  re-weighted  to  measure  the  exact  mass 
(0.1555 g) of the sample and then it was placed at the analysis station.

Vapor sorption measurements
Vapor sorption isotherms for H2O were recorded at 298 K up to 1 bar, using the same 
apparatus.  The  desired  temperature  was  achieved  with  the  use  of  the  detachable 
thermostatic bath. The material was re-activated following the procedure described 
above. Prior to measurements, the vapor was degassed to remove any dissolved gases 
following a standard protocol. For comparison purposes, all isotherms are presented as 
the  amount  adsorbed as  a  function  of  the  relative  pressure,  p/p0,  where  p0 is  the 
saturation pressure of the vapor at the measurement temperature.

DFT Studies 
We carried out density functional theory (DFT) calculations as implemented in the 
Quantum ESPRESSO package.41-42 For the reaction energies, the Kohn-Sham wave-
functions and energies are calculated with the GGA-PBE43-44 for electron exchange and 
correlation, using a plane-wave basis, with energy and charge density cutoffs of 50 and 
400 Ry,  respectively.  The Grimme dispersion correction DFT-D3,45-46 was  used to 
account for the dispersion corrections. Ultrasoft pseudopotentials are used to describe 
the core-valence interactions.47 The structural relaxation is performed until the force on 
each atom is smaller than 0.01 eV/Å. For the geometry optimization, a k-point sampling 
of 3x3x3 was used for the Brillouin zone integration and a 5x5x5 k-mesh for the 
electronic structure analysis following the Monkhorst-Pack scheme.48 The formation 
energies  were  calculated  as  the  difference  between  the  total  energies  of  products 
(systems) and the reactants (precursors): 

Ef = E(products) -ΣE(reactants), for the two systems

(DHT)I2 + 4BiI3 + 2HI + 4H2O   →   (DHT)(H3O)2
.Bi4I16

.2(H2O)
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(DHT)I2 + 2BiI3 +  2H2O       →   (DHT)Bi2I8
.2(H2O)

The dielectric functions of the two systems were calculated using epsilon.x included in 
the  Quantum ESPRESSO package  within  the  independent  particle  approximation, 
which neglects local field effects. A Gaussian broadening of 0.15 was applied and both 
the  real  and  imaginary  parts  were  subsequently  used  to  derive  the  absorption 
coefficient.

Algae Growth and Inhibition Studies
Karenia brevis MK-620 (henceforth  K. brevis)  was  obtained from the  W.R.  Mote 
Aquaculture Park and maintained in filtered seawater media for 24 hours to determine 
the reduction of cultured  K. brevis cells. Flask experiments were conducted in the 
laboratory under ambient fluorescent light. The experimental cultures of K. brevis cells 
were prepared in 1-L flasks containing filtered seawater growth medium, which was 
inoculated with an exponentially growing culture at an initial concentration of 106 

cells/L. Each flask was inoculated with the respective concentration of materials and 
cell counts were confirmed via microscopic enumeration at 100X magnification using a 
direct  microscope.  All  experiments  were  run  in  triplicate  and  cell  counts  were 
confirmed 24 hours after the introduction of the materials to determine the inhibitory 
effects of the PMHS.

Nannochloropsis oculata CCMP 525 (henceforth N. oculata) was procured from the 
National Center for Marine Algae and Microbiota (NCMA) (Bigelow laboratory for 
Ocean Sciences, Maine, USA).  Tetraselmis suecica  UTEX LB 2286 (henceforth  T. 
suecica) was purchased from the culture collection of algae at the University of Texas 
(Austin, USA). N. oculata and T. suecica were maintained in macronutrient modified 
F/2 (Phyto Technology Laboratories, USA) marine medium. The pH of all the media 
was set at 7.5 using a pH meter (Orion 3 Star, Thermo Fisher, USA). For inoculum 
preparation, the algal strains were cultivated at an optical density of 0.2 at 750 nm 
(O.D.750nm) at concentrations of 10 mg/L and 30 mg/L alongside negative controls (no 
addition  of  any  materials)  of  the  (DHS)Bi2I8 and  the  (DHT)(H3O)2Bi4I16

.2(H2O) 
materials in the respective media using 125-mL Erlenmeyer flasks with a working 
volume of 50 mL under continuous white light with an intensity of 100 µmol/m2s in an 
incubator shaker (Excella E24, New Brunswick Scientific, Eppendorf, Germany) at 150 
rpm at 25 °C for 7 days. OD750nm values were recorded every 24 hours to monitor algal 
growth after exposure to the materials.

Type I ROS Studies
UV- Vis measurements were performed at room temperature using a Shimadzu UV-
1900i UV-Vis Spectrophotometer. 10 mg of sample were sonicated in 1 mL of deionized 
water  until  a  suspension  was  formed.  40  mg  of  N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD) were dissolved in 1 mL of deionized water. 30 μL of the 
material solution were added to 3 mL of DI water, fresh F/2 media, and spent F/2 media 
before 30 μL of the TMPD solution was added. Measurements were recorded before and 
after irradiation with a 50W IP66 LED Floodlight, noting times of color changes that  
indicate the presence of Type I ROS. 

Type II ROS Studies
UV-Vis measurements were performed at room temperature using a Shimadzu UV-
1900i UV-Vis Spectrophotometer. 10 mg of sample were sonicated in 1 mL of deionized 
water  until  a  suspension  was  formed.  A  1  mmol  of  9,10-anthracenediyl-
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bis(methylene)dimalonic acid (ABDA) was prepared in DMSO. 30 μL of the material 
solution were added to 3 mL of DI water before 30 μL of the ABDA solution was added. 
The  sample  was  then  irradiated  by  a  50W IP66 LED Floodlight  for  30  minutes. 
Measurements  were  recorded over  ten-minute  intervals,  noting  the  degradation  of 
ABDA and the presence of Type II ROS. 

RESULTS AND DISCUSSION

Synthetic aspects and structural characterization

In order to study the effect of porosity on the water stability and optoelectronic 

properties of PMHS compounds, we targeted the synthesis of PMHS materials featuring 

the same inorganic part composition and structure dimensionality but with tunable pore 

size. Toward this goal, we designed and synthesized a custom-made molecular cage,49 

namely [3.3.3] cryptand (DHT), expanding the cavity of previously reported [2.2.2] 

cryptand (DHS)  from 4.3  to  6.2  Å,  distance  measured  among the  protons  of  the 

ammonium groups (-N-H…H-N-), van der Waals radii excluded. 

The reaction between Bi2O3 and the DHT linker in a hot HI solution gave rise to 

(DHT)(H3O)2Bi4I16
.2(H2O) as dark orange microcrystals (Figure S6). Single-crystal X-

ray  diffraction  (XRD)  studies  uncovered  a  0D  structure  that  crystallizes  in  the 

orthorhombic space group Pnn2 (Figure 1 and Table 1). The uniform composition and 

crystallinity of  the as made material  was confirmed using in-house powder X-ray 

diffraction, as the experimental and calculated patterns from single-crystal XRD studies 

are identical (Figure 2), while  energy-dispersive X-ray spectroscopy (EDS) studies 

validated the (DHT)(H3O)2Bi4I16
.2(H2O) formula, revealing a Bi:I ratio of 1:4.3 (Figure 

S7). The inorganic part of the structure is a tetranuclear [Bi4I16]4- cluster featuring three 

crystallographically independent Bi(III) atoms and eight I atoms. Due to the presence of 

two glide planes perpendicular to  a  and  b crystallographic axes and 2-fold rotation 

parallel to c-axis, asymmetric units of three independent Bi(III) atoms generate isolated 

Bi(III) iodide tetramers consisting of edge-sharing [BiI6]3- octahedra along the c-axis 

(Figure 1c). The inorganic anionic clusters are separated and charge-balanced by the 

DHT ligands and two H3O+. One H3O+ resides in the cage, and the other one in the 

interstitial space. The structure is completed by two crystalline H2O molecules lying in 

the interstitial space as well. Adjacent tetramers lie at a distance of 4.1 Å and 7.1 Å 

along the c and b axes, while corresponding clusters are eclipsed. 
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Figure 1. (a) The unit cell contents of the crystal structure of (DHT)(H3O)2Bi4I16
.2(H2O) 

viewing along the c-axis. (b) Part of the crystal structure along the a-axis showcasing 

the packing of the inorganic clusters. (c) The structure of the inorganic [Bi4I16]4- tetramer 

showing  the  octahedral  connectivity  and  representative  Bi-I  bond  lengths.  (d) 

Molecular representation of the [3.3.3] cryptand (DHT) molecular cage.

Underlying Bi-I bond lengths span from 2.894(2) Å to 2.9528(12) Å and from 

3.0763(14)  Å  to  3.3684(17)  Å,  for  the  non-bridging  and  bridging  iodide  atoms, 

respectively (Table S3). These values align well with those of other iodobismuthate(III) 

systems,50-51 such  as  (TMPZ)BiI5 (TMPZ =  1,1,4,4-tetramethylpiperazine)  and  (S-

MeTMPZ)BiI5 (S-MeTMPZ = (S)-1,1,2,4,4-pentam-ethylpiperazinium.52 The  edge-

sharing  octahedra  feature  a  slight  distortion  that  is  manifested  in  the  bond  angle 

variance (σ2) values of 12.4 deg.2, 13.7 deg.2 and 17.7 deg.2 for each crystallographically 

independent Bi(III) respectively (see experimental section for corresponding formulas). 
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Table  1.  Crystal  and  structure  refinement  data  for  (DHT)(H3O)2Bi4I16
.2(H2O)  and 

(DHT)Bi2I8
.2(H2O) at 298 K and 296 K respectively.

(DHT)(H3O)2Bi4I16
.2(H2O) (DHT)Bi2I8

.2(H2O)
Crystal 
system

orthorhombic triclinic

Space group P n n 2 P-1

Unit cell 
a = 15.1457(3) Å, α = 90° a = 12.6298(6) Å, α = 110.107(2)°



This distortion arises from the bond angle variation from an ideal octahedron, such that 

I-Bi-I angles range from 82.27(5)° to 177.42(7)° for the cis and trans arrangements, 

respectively (Table S4). Comparable octahedral distortion values have been reported 

before  with  other  [Bi4I16]4- tetramer-based  compounds,  such  as  (AmV2)Bi4I16 that 

exhibit σ2 values of 29.7 deg.2 and 10.3 deg.2.53 

Compared with (DHS)Bi2I8 structure, it was found that the inorganic clusters are 

the same. Specifically,  Bi-I  bond lengths and I-Bi-I  angles closely match the two 

materials, albeit (DHT)(H3O)2Bi4I16
.2(H2O) features a lower level of distortion for the 

inorganic part, based on recorded σ2 values. Determined values range from 12.4 deg.2 

and 13.7 deg.2 to 17.7 deg.2 for the (DHT)(H3O)2Bi4I16
.2(H2O) and from 37.65 to 18.34 

deg2 for the (DHS)Bi2I8 compound, respectively. 

The organic counter-cations are eclipsed along all crystallographic axes, lying at 

a distance of ~5.7 Å and ~9.5 Å along the c and a axes, respectively, revealing a brick 

wall packing motif (Figure 1a). DHT molecules are disordered over two positions 

across  a  2-fold  axis.  This  packing  configuration  is  distinctly  different  from  that 

observed for the (DHS)Bi2I8 material, where the DHS molecules feature a hexagonal 

arrangement motif.
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Figure  2.  (a)  Comparison  of the PXRD  patterns  for  the  as-made (DHT)

(H3O)2Bi4I16
.2(H2O) crystals to the calculated pattern based on the solved single crystal 

structure. (b) Zoom into the highlighted area of the PXRD patterns from 6° to 18° 2θ, 

verifying the high crystallinity and phase purity of the as-made sample.

 To  investigate  the  thermal  stability  of  the  corresponding  material, 

thermogravimetric  (TGA)  analysis  and differential  scanning  calorimetry  (DSC) 

measurements were performed. TGA plot reveals that the material loses its crystalline 

H2O and H3O+ gradually up to 170 °C, which is confirmed by the DSC measurements 

that show two endothermic peaks at ~120 °C and ~170 °C (Figure S8). The structure 

maintains its thermal integrity up to 245 °C, at which point a sharp decline in the 

corresponding sample mass is observed.54 Two degradation steps were recorded at ~250 

°C and ~320 °C (Figure S8a). We assign the first weight loss, accounting for ~23% 

mass loss, to the decomposition of the organic part of the structure and HI, and the 

second step, being approximately 65%, to the sublimation of BiI3, correlating well with 

other literature reports.55,50 
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Water stability behavior

Immersion of fresh as-made crystals in liquid water for 24 months revealed a 

SCSC transformation, giving rise to (DHT)Bi2I8
.2(H2O), a 0D material crystallizing in 

the triclinic space group P-1 (Figure 3 and Table 1). The structure features the same 

inorganic part as the parent  (DHT)(H3O)2Bi4I16
.2(H2O) (Figure S9a). There are two 

crystallographically independent Bi atoms and eight I atoms that constitute the four 

octahedra of the tetramers. Corresponding octahedra feature a slightly larger degree of 

distortion, as compared to the (DHT)(H3O)2Bi4I16
.2(H2O), deriving from determined σ2 

values of 11.9 deg.2 and 23.8 deg.2 However, the configuration of the organic molecules 

is different. There is no disorder, and there are no H3O+ in the crystal structure; rather, 

there are two crystalline H2O molecules in the DHT cavities (Figures 3c and S9c,d). The 

aforementioned  H2O molecules  are  stabilized  by  multiple  strong  hydrogen  bonds 

spanning from 1.8 Å to 2.1 Å, deriving from interactions with the ammonium (-NH3
+) 

and ether  (-CH2-O-CH2-)  groups  of  the  ligand.  Comparison of  the  calculated and 

experimental PXRD patterns reveals that the (DHT)(H3O)2Bi4I16
.2(H2O) has completely 

transformed into a major (DHT)Bi2I8
.2(H2O) phase and another secondary phase, which 

was not possible to be identified by means of single crystal XRD studies (Figures S10). 

Figure 3.  (a) The unit  cell  contents  of  the crystal  structure of  (DHT)Bi2I8
.2(H2O) 

viewing along the a-axis. (b) The structure of the inorganic [Bi4I16]4- tetramer showing 

the octahedral connectivity and representative Bi-I bond lengths. (c) A molecular cage 

filled with two H2O molecules, stabilized through multiple strong hydrogen bonds. 

It should be noted that SCSC transformations upon water treatment have been 

recorded before for MHS materials.56-57-58 Zhang et al., reported a reversible moisture-

induced  dimensional  transformation  for  the  1D  PDABiI5 (PDA  =  1,3-propane 

diammonium) which converted into the 0D dimeric (PDA)2Bi2I10
.2H2O,59 while Kandel 
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et  al.,  observed  that  Cs3BiBr6·3DMSO

underwent an SCSC transition yielding the Cs3BiBr6 phase upon exposure to MeOH 

vapors.60 

Notably, as made single crystals remained in their mother solution (conc. HI) for 

at least four months without any structural degradation, demonstrating the robustness of 

the crystal structure under strongly acidic conditions (Figure S11). 

Despite the observed phase transition, it is safe to claim that the use of the DHT 

molecules as structure-directing agents and counter-cations did indeed give rise to a 

water-stable material with performance similar to (DHS)Bi2I8 (20 months in water), 

affirming the general applicability of our synthetic strategy for the acquisition of porous 

and water-stable metal halide semiconductors. 

Gas and vapor sorption studies

N2 and CO2 sorption isotherms recorded at 77 K and 195 K, respectively, in a 

previously activated (DHT)(H3O)2Bi4I16
.2(H2O) at 180 °C under vacuum, showed no 

gas uptake (Figure 4a). Meanwhile, due to the water-stable nature of the material, we 

performed H2O vapor sorption studies at 298 K, revealing a reversible sorption (closed 

loop) (Figure 4b). At 298 K, an uptake of 0.67 mmol g-1 at 0.8 p/p0 was recorded, which 

is close to the calculated value of 0.6 mmol g-1, assuming two H2O molecules inside the 

cavity of DHT, as it was elucidated from the XRD and DFT studies (Figure 4b). The 

slight hysteresis observed during desorption may be attributed to the magnitude of 

hydrogen bonding between the adsorbates and the framework, supported further by 

their narrow confinement. Similar behavior has been observed before for microporous 

Metal  Organic  Frameworks  (MOFs),  such  as  DUT-69.61 Nevertheless,  the  overall 

sorption process remains fully reversible, indicating the interactions of H2O within the 

material are relatively mild (physisorption). It is noted that the points of the isotherms 

close  to  0.99  p/p0 suggest  condensation  associated  with  interparticle  meso/macro-

porosity due to the polycrystalline nature of the sample. 
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Figure 4. (a) N2, CO2, and H2O isotherms at 77 K, 195 K, and 298 K respectively. (b) 

H2O adsorption and desorption isotherms recorded at 298K up to 1bar, the reversible 

character of the isotherm is indicative of physisorption of the vapor molecules in the 

adsorbent. 

The results demonstrate that the available space created by DHT cages is accessible by 

H2O  in  the  0D  (DHT)Bi2I8 solid,  featuring  a  very  similar  isotherm  to  the  2D 

(DHS)2Pb5Br14 material rather than the 0D (DHS)Bi2I8.  Based on the shape of the 

isotherm, which shows a gradual increase in H2O uptake (no knee) associated with slow 

adsorption kinetics, we hypothesize that, despite DHT featuring a larger cavity than 

DHS, the higher flexibility of the former cage might be responsible for the slower vapor 

diffusion. Upon crystalline H2O and H3O+ removal after activation, the cage might twist 

to accommodate the lost space, dwindling its pore cavity, thus slowing down incoming 

H2O molecules. 

DFT studies

In  order  to  shed  light  on  the  thermodynamic  stability  of  (DHT)

(H3O)2Bi4I16
.2(H2O) over (DHT)Bi2I8

.2(H2O), we performed DFT calculations on their 

formation energies. The calculated values were -2.84 eV and -2.91 eV per formula unit, 

respectively, indicating that (DHT)Bi2I8
.2(H2O) is thermodynamically more stable by 

approximately  70  meV.  The  small  energy  difference  points  out  (DHT)

(H3O)2Bi4I16
.2(H2O) as a metastable phase. The fact that this transition took about 24 

months  likely  depicts  not  only  the  modest  thermodynamic  driving  force  favoring 

(DHT)Bi2I8
.2(H2O),  but  also  a  significant  kinetic  barrier  associated with  structural 

reorganization.
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Figure 5 shows the electronic band structure evolution with H2O loading for 

(DHT)(H3O)2Bi4I16
.2(H2O) and  (DHT)Bi2I8

.2(H2O),  respectively.  Both  compounds 

exhibit direct band gaps at the Γ and V high-symmetry points of their corresponding 

Brillouin zones, with values of 1.15 eV and 1.52 eV, respectively, without the presence 

of H2O in the DHT. Upon water loading (two H2O molecules per DHT), the band gap of 

(DHT)(H3O)2Bi4I16
.2(H2O) increases  to  1.36  eV,  whereas  the  band  gap  of 

(DHT)Bi2I8
.2(H2O) marginally decreases to 1.51 eV. This trend in the corresponding 

bandgap  values  matches  well  with  the  difference  in  distortion  between  the  two 

materials, with (DHT)Bi2I8
.2(H2O) featuring a slightly higher distortion compared to 

(DHT)(H3O)2Bi4I16
.2(H2O) (see water stability behavior section above). It is pointed out 

that underlying structural distortions typically dominate the extent of metal-halogen 

(M-X)  orbital  overlap  and  the  optoelectronic  properties in  hybrid  metal-halide 

semiconductors.62

We note that the calculated band gap values, obtained using DFT-PBE with spin-

orbit coupling (SOC), are underestimated compared to the experimentally measured 

band gaps. These variations in the band gaps of the two systems with H2O loading are 

likely due to changes in the crystal structures that occur when H2O is incorporated into 

the DHT cage. Specifically, for (DHT)(H3O)2Bi4I16
.2(H2O), the lattice vectors a and c 

increase by 2.3% and 1.6%, respectively, whereas, b decreases by 0.4 %. In the case of 

(DHT)Bi2I8
.2(H2O) all the lattice vectors,  a,  b, and  c increases by 1.4 %, 0.5%, and 

0.2%, respectively.  We also  note  that  the  bands  are  more  disperse  in  the  case  of 

(DHT)Bi2I8
.2(H2O). Evidently, SOC has a greater influence in the electronic structure of 

(DHT)(H3O)2Bi4I16
.2(H2O), since the degeneracy of the bands is lifted, leading to a 

discernible Rashba-type band splitting, in particular near the CBM, which arises from 

the non-centrosymmetry of the system. In contrast,  the triclinic  (DHT)Bi2I8
.2(H2O) 

system exhibits no splitting, with its band structure remaining unchanged upon the 

inclusion of SOC.

Examining closely the density of states (Figure S12) we observe that the valence 

band region near the VBM in both materials is mainly dominated by the I and O atoms, 

whereas the conduction band region near the CBM is dominated by the Bi and I, similar 

to other metal halide semiconductors. In particular, around the VBM, the states feature a 

contribution mainly from the 5p orbitals of the I atoms and the 2p orbitals of the O 

atoms. A small contribution from the carbon 2p orbital and the hydrogen 1s orbitals is 

also noticeable. The CBM is mainly composed of the 6p orbitals of Bi atoms and the 5p 
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of the I atoms. Therefore, the states of the O species deriving from the organic part of the 

structure  can  potentially  contribute  to  the  electrical  and  optical  properties  of  the 

materials.  

Figure  5. Band  structure  evolution  of  (DHT)(H3O)2Bi4I16
.2(H2O)  and 

(DHT)Bi2I8
.2(H2O) with water loading. (a) and (b) no water loading, (c) and (d) two 

H2O molecules per one DHT cage. 

The calculated real and imaginary parts of the dielectric function are shown in 

Figure S13. Both  (DHT)(H3O)2Bi4I16 and (DHT)Bi2I8
 exhibit similar static dielectric 

constants of approximately 4 in the limit of zero photon energy, indicating comparable 

low-frequency polarization response. However, their frequency-dependent dielectric 

functions differ noticeably. As the energy increases, the real part (Re(ε)) shows the 

highest  peak  intensity  at  2.1  and  2.2  for  (DHT)(H3O)2Bi4I16 and  (DHT)Bi2I8, 

respectively. The imaginary part of the dielectric function for (DHT)(H3O)2Bi4I16 shows 

a gradual onset starting around 1.5 eV, followed by a sharp and pronounced peak at 

higher energy. In contrast, (DHT)Bi2I8 exhibits an immediate and steep rise at slightly 

higher energy, indicating a more abrupt absorption onset and suggesting a slightly 

higher optical band gap relative to the former. These differences imply that  (DHT)
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(H3O)2Bi4I16 supports more complex electronic transitions, likely influenced by its non-

centrosymmetric  orthorhombic  structure  and  the  presence  of  spin–orbit  coupling 

(SOC),  which lifts  band degeneracy and introduces Rashba-type splitting near the 

conduction  band  minimum,  along  with  non-dispersive  flat  bands.  In  contrast,  the 

centrosymmetric triclinic (DHT)Bi2I8 displays a simpler dielectric response. 

Optical properties

Utilization of the Kubelka-Munk equation (see experimental section) allowed 

the determination of the optical absorbance of the fresh and water-treated materials 

from UV-vis diffuse reflectance studies (Figure 6). Notably, (DHT)(H3O)2Bi4I16
.2(H2O) 

features a sharp absorption edge at 2.04 eV. 

To  evaluate  the  material’s  photoluminescence  emission,  (DHT)

(H3O)2Bi4I16
.2(H2O),  a  475 nm monochromatic  light  was  utilized,  offering enough 

energy to excite the carriers across the bandgap. We observed broad, band-edge light 

emission centered at 608 nm (2.04 eV) with a full width at half maximum (FWHM) of 

119 nm (0.38 eV) (Figure 6a).  Photoluminescence excitation (PLE) measurements 

demonstrated no change in the PL peak profile for the material, centered at 608 nm in 

the examined excitation region from 405 nm to 485 nm (Figure 6b). The measured 

average decay lifetime at RT is 0.33 ns determined by time-correlated single-photon 

counting  (TCSPC)  spectroscopy  measurements.  Through  deconvolution  with  the 

instrument response function (IRF), multiexponential fitting of the emission decay 

curve shows two components with decay constants of 0.07 and 3.4 ns (Figure S10). This 

PL emission performance is the same as in the case of the (DHS)Bi 2I8 material, which 

features  the  same  inorganic  part  ([Bi4I16]4-)  and  structure  dimensionality  (0D). 

Furthermore, the distance between adjacent tetramers is also very similar, 4.1-4.2 Å and 

4.1-4.4 Å for the (DHS)Bi2I8 and (DHT)(H3O)2Bi4I16
.2(H2O), respectively along two of 

the three crystallographic axes.  The  aforementioned traits validate that  the porous 

nature can be tuned by using larger molecular cages, with 
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Figure  6.  (a) The  recorded  absorption  and  emission  spectra  of  (DHT)

(H3O)2Bi4I16
.2(H2O) compound at RT, (b) PLE spectra map of the pristine material at 

RT,  comparison of  the  (c)  experimental  absorbance and (d)  calculated absorption 

coefficient spectra for the fresh sample and the H2O-treated one, (DHT)Bi2I8
.2(H2O).

minimum impact on the corresponding optical properties. We point out that band-edge 

excitonic radiative luminescence in Bi(III) iodides is rare,63 with few reports only, such 

as MA3Bi2I9.64 

UV-vis measurements of the water-treated sample (DHT)Bi2I8
.2(H2O) revealed 

minuscule changes for the absorption onset compared to the as-made material, which 

aligns pretty well with the calculated absorption coefficient spectra from DFT studies 

(Figure 6d). We hypothesize that although from DFT the (DHT)Bi2I8
.2(H2O) has a 

larger  optical  bandgap,  what  we  see  from  the  band  structure  of  (DHT)

(H3O)2Bi4I16
.2(H2O) relates to a smaller indirect energy transition captured by the tail of 

the absorbance spectra at ~ 1.6 eV (Figure 6c, red line), while there is another optically 

active stronger transition that takes place at slightly higher energy than the one observed 

for (DHT)Bi2I8
.2(H2O) ((Figure 6c, green line).  

18



Karenia brevis inhibition studies and mechanism of action

K.  brevis cell  cultures  were  treated  with  (DHS)Bi2I8  and  (DHT)

(H3O)2Bi4I16
.2(H2O) at concentrations of 10mg/L and 30mg/L over the period of 24 

hours. The inhibitory activity of the material was assessed via manual cell counts, where 

it was observed that after 24 h, the inhibition rate was 55 ±3% and 86 ±4.6% at 10 mg/L 

and 30 mg/L,  respectively,  for  the  (DHS)Bi2I8 material.  A very similar  trend was 

observed for the  (DHT)(H3O)2Bi4I16
.2(H2O) analog, with values of 63 ±4.2% and 85 

±5.7%,  respectively  (Figure  7).  The  material  performance  at  these  specific 

concentrations is comparable to other chemical HAB mitigation agents,30-31 showcasing 

the immense potential of PMHS against HABs (Table S9). We ascribe this activity to the 

generation of  ROS by the respective PMHS, a common feature of  semiconductor 

materials activated under ambient or UV light conditions.65 Indeed, recent studies, 

including those that utilized semiconductor compounds such as TiO2,66 validated that 

ROS can lyse K. brevis cells.27 

The formation of type-I ROS by the (DHS)Bi2I8 material was confirmed by the 

color change of a TMPD (N,N,N',N'-Tetramethyl-p-phenylenediamine) solution from 

clear to blue after illumination for 131s, resulting from electron transfer between type-I 

ROS and the dye (Figure S15a). Evaluation of the (DHT)(H3O)2Bi4I16
.2(H2O) materials 

indicated a color change after 115s, slightly faster than the DHS analog. We further 

examined  the  type-II  ROS  generation  by  the  degradation  of  ABDA  (9,10-

Anthracenediyl-bis(methylene)dimalonic  acid),  as  shown  in  Figure  S15.  After  30 

minutes  of  irradiation,  56%  and  33%  degradation  of  ADBA was  seen  for  the 

(DHS)Bi2I8 and  (DHT)(H3O)2Bi4I16
.2(H2O) compounds,  respectively,  indicating  the 

generation of singlet oxygen by these compounds. Therefore, the generation of both 

type-I  and  type-II  ROS species  from PMHS under  visible  light  corroborates  our 

hypothesis for a ROS-based mechanism of action for K. brevis inhibition. Importantly, 

the material maintains its structural integrity after the treatment of crystals in 1% and 

3.5% NaCl solution and 1% F2 algae medium for at least 24 hours, as evident by PXRD 

studies (Figure S16).
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Figure 7. K. brevis inhibition by (DHS)Bi2I8 and (DHT)(H3O)2Bi4I16
.2(H2O). The labels 

“negative” indicate controls, where K. brevis was cultivated in the absence of the two 

compounds.

 

Toxicity studies

In order to investigate the performance of PMHS against non-target marine 

organisms, we evaluated the growth of the beneficial marine algae Nannochloropsis  

oculata and Tetraselmis suecica in the absence and presence of (DHS)Bi2I8 and (DHT)

(H3O)2Bi4I16
.2(H2O).   Microalgae, like N. oculata and T. suecica, are considered to be 

promising  resources  for  pharmaceuticals,  aquaculture,  and  biofuel  production.  N. 

oculata is a unicellular, small green algae of the genus Nannochloropsis that can be 

found in marine and freshwater environments.  This species plays a crucial role in the 

global carbon and mineral cycles and is found in oceans worldwide.67-68 The genus 

Tetraselmis consists  of  green  flagellates  that  are  also  present  in  both  marine  and 

freshwater environments.69 T. suecica cells are fast-growing, have an ovoid shape, and a 

size of approximately 10 micrometers, as shown in Figure 8a.70 As seen in Figure 8, 

utilizing the same concentration of PMHS that induced K. brevis inhibition had no 

impact on the growth of these marine algae species as there were negligible changes 

between the control samples (labeled negative) and the samples inoculated with our 

materials. In particular, N. oculata cells recovered quickly after exposure to both the 

(DHS)Bi2I8 and  (DHT)(H3O)2Bi4I16
.2(H2O)  compounds,  growing  to  an  average 

O.D.750nm of 0.932, as shown in Figures 8c,d. Furthermore, the tested T. suecica cells 
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demonstrated growth after 24 hours of exposure to concentrations of 10 mg/L and 30 

mg/L, respectively, of the (DHS)Bi2I8 compound, as shown in Figures 8a,b. Similar 

results  were  seen  with  the  (DHT)(H3O)2Bi4I16
.2(H2O)  compound,  with  negligible 

variations from the O.D. values in the control samples over 7 days after inoculation, 

growing to an average O.D.750nm of 0.834.  

While ROS are highly reactive and non-selective in mechanism, our results 

show that the examined materials selectively inhibit  K. brevis without significantly 

affecting N. oculata or T. suecica. Both these green algae feature improved antioxidant 

activity, due to their high concentration of antioxidant compounds, such as carotenoids, 

chlorophyll  ⍺, vitamin E, and tocopherols, which help them resist potential damage 

from ROS.71-72-74 Although  K. brevis has some antioxidant mechanisms,75 it is much 

more susceptible to the presence of ROS than the tested species66, 76. 

 

Figure 8.  Upper graphs: 7-day growth curves of T. suecica after treatment with (a) 

(DHS)Bi2I8 and (b) (DHT)(H3O)2Bi4I16
.2(H2O). Lower graphs: 7-day growth curves of 

N. oculata after treatment with (c) (DHS)Bi2I8 and (d) (DHT)(H3O)2Bi4I16
.2(H2O). The 
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inset images present agar plate photos of the two algal species. 

CONCLUSIONS

PMHS  is  a  versatile  class  of  semiconductors  equipped  with  record  water 

stability performance, tunable porosity, and optoelectronic properties. However, there is 

limited understanding of the underlying structure-property relationships, particularly 

regarding the impact of porosity on each of the aforementioned features. To address this 

challenge, we aimed to expand the platform of available PMHS materials by utilizing 

molecular cages with progressively larger cavities as structure-directing agents and 

counter-cations. Consequently, we designed and synthesized a molecular cage with an 

elongated cavity, compared to the previously reported DHS molecule, namely DHT, 

which was utilized for the synthesis of the compound (DHT)(H3O)2Bi4I16
.2(H2O). The 

corresponding material is a 0D semiconductor, which features very similar structural 

characteristics to the previously reported  (DHS)Bi2I8 material,  as both of them are 

composed  of  the  same  inorganic  part,  isolated  [Bi4I16]4-  tetramers.  (DHT)

(H3O)2Bi4I16
.2(H2O) has been water-stable for 2 years so far, albeit it exhibits an SCSC 

transformation to a different 0D phase, namely (DHT)Bi2I8
.2(H2O), featuring the same 

inorganic part.

Gas and vapor sorption studies demonstrated that it can selectively adsorb and 

desorb  H2O at  RT,  while  it  is  impermeable  to  N2 and  CO2,  showcasing  its  ultra-

microporous  nature. beyond  its  porous  nature,  the  compound  is  a  direct  bandgap 

semiconductor  that  exhibits  broad  band-edge  emission  at  room  temperature,  as 

evidenced by DFT, UV-vis, and PL studies. 

Evidently, the expansion of the molecular cage allowed the fine-tuning of the 

porous nature of the material (in terms of pore size and water uptake), without imparting 

the optical properties, and the recorded water stability performance. 

Motivated  by  this  combination  of  attributes,  we  evaluated  (DHT)

(H3O)2Bi4I16
.2(H2O) against  K. brevis,  the  alga  responsible  for  HABs.  Our  studies 

revealed that (DHT)(H3O)2Bi4I16
.2(H2O) suppressed K. brevis growth at concentrations 

as low as 10 mg/L. Toxicity evaluations indicated selectivity toward K. brevis, as no 

inhibition was observed against beneficial, non-target marine organisms. 

This  work  elucidates  the  influence  of  porosity  on  both  the  optoelectronic 

properties and water stability of PMHS compounds, and underscores their potential for 

impactful, previously unexplored applications such as HAB mitigation. Notably, the 
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observed stability suggests that our synthetic methodology to generate porous hybrid 

semiconductors may lead to permanently water-stable MHS. In turn, this not only 

addresses currently available material deficiencies but also lays the foundation for the 

exploitation of these compounds in demanding applications,  where water stability, 

porosity, and semiconduction are interwoven. 
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S1. Organic synthesis

Synthesis of 1-iodo-2-(2-(2-(2-iodoethoxy) ethoxy)ethoxy)ethane

Reaction Scheme 1. Synthesis of the diiodo precursor from the dichloro precursor.

Synthesis of 1-iodo-2-(2-(2-(2-iodoethoxy) ethoxy)ethoxy)ethane:   
1-chloro-2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)ethane  (5.0  g,  21.6  mmol)  was 
dissolved in acetone (250 mL). Sodium iodide NaI (8.0 g) was added, and the mixture 
was heated under reflux for 72 hours. After cooling to room temperature, the excess NaI 
was  filtered  out  and  the  solvent  was  recovered  through  rotary  evaporation.  The 
recovered solvent  was  washed with  brine,  sodium thiosulphate  solution and ethyl 
acetate. The ethyl acetate layer was collected and evaporated to obtain a pale yellow 
liquid as 1-iodo-2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)ethane (8.96g, 98% yield). The 
transformation of the dichloro compound into its diiodo precursor was confirmed using 
HNMR. 1H-NMR of dichloro precursor (CDCl3, 600 MHz, RT): δ = 3.54, 3.57, 3.66 
(16H) ppm (Figure S1), 1H-NMR of diiodo precursor (CDCl3, 600 MHz, RT): δ = 3.18, 
3.58, 3.67 (16H) ppm (Figure S2).

Synthesis of [3.3.3] Cryptand (DHT)
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Reaction Scheme 2. Synthesis of [3.3.3] Cryptand (DHT).

Synthesis of [3.3.3] Cryptand (DHT): In a dry round bottom flask 2,2’-(oxybis(2,1-
ethanediyloxy)) bis[bisethanamine] (1.00 g, 5.20 mmol) dissolved in dry acetonitrile 
(150  mL)  at  room  temperature.  The  as-synthesized  1-iodo-2-(2-(2-(2-iodoethoxy) 
ethoxy) ethoxy) ethane (4.36 g, 10.5 mmol) was added to this solution, followed by the 
addition of K2CO3 (15 g). The reaction mixture was heated under reflux for 72 hours. 
After cooling to room temperature, excess K2CO3 was filtered out, and the solvent was 
recovered  under  reduced  pressure  using  rotary  evaporation.  The  semi-solid  crude 
material was recrystallized from Ethanol/THF (2:50) to obtain pure white powder (1.08 
g, 58 %). 1H-NMR (CDCl3, 600 MHz, RT): δ = 2.57 (m, 12H), 3.54 (t, 12H), 3.60 (m, 
24H) ppm (Figure S3).  13C-NMR (CDCl3, 600, MHz, RT): δ = 69.44, 69.31, 67.11, 
54.13 ppm (Figure S4). 

1. NMR Measurements
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Figure S1. 1H-NMR of dichloro precursor in CDCl3.

Figure S2. 1H-NMR of diiodo precursor in CDCl3.
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Figure S3. 1H-NMR of DHT in CDCl3.

Figure S4. 13C-NMR of DHT in CDCl3.

2. LC-MS Measurements

1 mg of the compound was dissolved in 1 ml of methanol to find a clear solution. It was 
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filtered, and an LC-MS experiment was performed. Observed MS (LC-MS) m/z = 
509.4 (64%), [M+H] = 255.3 (100%) Base peak (Figure S5). 

Figure S5. LC-MS spectrum of DHT in methanol.

S2. Material synthesis
 
(DHS)Bi2I8: 377 mg (1 mmol) of DHS linker were dissolved in a solution consisting of 
8 mL of 57 wt. % HI and 2 mL of 50 wt % H3PO2, by heating under constant magnetic 
stirring.  Then  932  mg  (2  mmol)  of  Bi2O3  were  added  to  the  hot  colorless 
solution. Heating was discontinued and the sample was left to cool to RT directly. Dark 
orange crystals deposited after 10 min. They were collected by suction filtration and 
dried under vacuum overnight.

(DHT)(H3O)2Bi4I16
.2(H2O): 127 mg (0.25 mmol) of DHT linker were dissolved in a 

solution consisting of 2 mL of 57 wt. % HI, by heating under constant magnetic stirring. 
Then 233 mg (0.5 mmol) of Bi2O3 were added to the hot colorless solution. Heating was 
discontinued and the sample was left to cool to RT directly. Dark orange crystals 
deposited after  10 min.  They were collected by suction filtration and dried under 
vacuum overnight.
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S3. Characterization

X-ray diffraction measurements

Crystallographic tables

Table S1. Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(Å2x103) for (DHT)(H3O)2Bi4I16

.2(H2O) at 298.00 K with estimated standard deviations 
in parentheses.

Label x y z
Occu-
pancy

Ueq
*

Bi(1) 0 5000 10404(1) 1 48(1)

Bi(2) -101(1) 2801(1) 8458(1) 1 49(1)

Bi(3) 0 5000 6558(1) 1 46(1)

I(1) -1289(2) 3706(1) 6713(2) 1 61(1)

I(2) -1086(2) 5752(2) 5068(2) 1 81(1)

I(3) 1136(1) 4243(1) 8463(2) 1 46(1)

I(4) 1157(2) 4320(2) 11882(2) 1 88(1)

I(5) -1142(2) 3621(1) 10351(2) 1 60(1)

I(6) -1534(1) 1715(1) 8442(2) 1 76(1)

I(7) 918(2) 2140(2) 6796(2) 1 76(1)

I(8) 1005(2) 2119(2) 10014(2) 1 79(1)

N(1) 4060(20) 2830(20) 8340(30) 0.5 68(9)

H(1) 4184.21 3347.13 8407.9 0.5 82

N(2) 5825(17) 6999(18) 8380(20) 0.5 46(7)

H(2) 5570.46 6510.94 8349.82 0.5 56

C(3) 4890(20) 2590(30) 7880(40) 0.5 76(11)

H(3A) 4966.24 2859.08 7249.21 0.5 91

H(3B) 4820.03 2083.98 7697.09 0.5 91

C(4) 5710(20) 2660(20) 8490(60) 0.5 70(11)

H(4A) 5593.88 2549.84 9197.96 0.5 84

H(4B) 6153.56 2331.92 8230.26 0.5 84

O(5) 5990(20) 3380(20) 8380(40) 0.5 62(10)

C(6) 6780(20) 3523(19) 8860(30) 0.5 46(7)

H(6A) 7239.75 3233.95 8555.48 0.5 55

H(6B) 6731.59 3386.35 9579.19 0.5 55

C(7) 7000(30) 4280(20) 8790(40) 0.5 68(10)

H(7A) 7127.42 4393.49 8082.85 0.5 81

H(7B) 7538.46 4363.28 9180.87 0.5 81
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O(8) 6320(30) 4767(19) 9160(30) 0.5 68(9)

C(9) 6410(30) 4838(16) 10240(30) 0.5 73(10)

H(9A) 6794.64 4460.88 10495.97 0.5 87

H(9B) 5836.59 4786.37 10562.76 0.5 87

C(10) 6800(30) 5585(15) 10480(40) 0.5 75(11)

H(10A) 6795.73 5673.09 11206.9 0.5 91

H(10B) 7399.41 5618.99 10227.76 0.5 91

O(11) 6250(40) 6098(15) 9960(50) 0.5 86(17)

C(12) 6520(40) 6808(16) 10110(40) 0.5 59(11)

H(12A) 7118.86 6874.25 9874.07 0.5 70

H(12B) 6489.17 6936.11 10830.6 0.5 70

C(13) 5900(30) 7261(18) 9500(20) 0.5 59(8)

H(13A) 6095.98 7760.41 9513.08 0.5 71

H(13B) 5316.22 7244.45 9819.23 0.5 71

C(23) 3280(30) 2850(30) 7620(30) 0.5 82(12)

H(23A) 3162.62 2368.16 7364.78 0.5 99

H(23B) 2763.77 3012.75 7997.75 0.5 99

C(24) 3440(50) 3340(20) 6770(40) 0.5 92(15)

H(24A) 3922.69 3155.98 6357.91 0.5 110

H(24B) 2915.69 3354.66 6335.82 0.5 110

O(25) 3640(50) 4050(20) 7100(30) 0.5 85(12)

C(26) 3580(30) 4550(20) 6290(30) 0.5 92(11)

H(26A) 3350.93 5007.51 6540.7 0.5 110

H(26B) 3168.51 4367.57 5777.88 0.5 110

C(27) 4450(20) 4670(30) 5810(30) 0.5 83(10)

H(27A) 4613.84 4232.83 5443.88 0.5 100

H(27B) 4388.6 5055.02 5306.17 0.5 100

O(28) 5140(20) 4860(20) 6500(20) 0.5 86(11)

C(29) 6000(30) 4940(20) 5980(30) 0.5 88(11)

H(29A) 5965.41 4739.67 5296.79 0.5 106

H(29B) 6452.55 4681.82 6358 0.5 106

C(30) 6190(40) 5720(20) 5950(30) 0.5 98(15)

H(30A) 6733.58 5786.1 5565.69 0.5 117

H(30B) 5723.01 5956.38 5567.06 0.5 117

O(31) 6280(50) 6070(30) 6870(30) 0.5 110(20)

C(32) 6770(40) 6710(30) 6900(30) 0.5 81(16)

H(32A) 6541.55 7056.72 6405.65 0.5 97

H(32B) 7384.86 6611.73 6721.15 0.5 97
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C(33) 6720(20) 7010(20) 7930(20) 0.5 57(8)

H(33A) 6927.99 7511.31 7907.99 0.5 68

H(33B) 7119.99 6743.39 8367.31 0.5 68

C(43) 3790(30) 2650(20) 9380(30) 0.5 82(11)

H(43A) 4288.06 2449.54 9752.1 0.5 99

H(43B) 3329.32 2287.39 9361.56 0.5 99

C(44) 3450(40) 3320(30) 9960(50) 0.5 87(17)

H(44A) 2898.33 3471.92 9652.44 0.5 104

H(44B) 3326.81 3179.31 10662.39 0.5 104

O(45) 4030(30) 3880(20) 9950(50) 0.5 84(12)

C(46) 3810(40) 4440(20) 10600(30) 0.5 90(11)

H(46A) 4342.11 4658.82 10861.75 0.5 108

H(46B) 3478.28 4246.95 11172.95 0.5 108

C(47) 3260(30) 5010(20) 10090(40) 0.5 94(14)

H(47A) 2759.85 4790.18 9764.88 0.5 113

H(47B) 3044.52 5344.88 10611.16 0.5 113

O(48) 3750(30) 5416(19) 9350(30) 0.5 80(12)

C(49) 3150(30) 5790(20) 8680(40) 0.5 97(16)

H(49A) 2549.89 5709 8892.67 0.5 117

H(49B) 3221.47 5604.36 7988.58 0.5 117

C(50) 3350(30) 6570(20) 8690(60) 0.5 94(19)

H(50A) 2910.41 6827.9 8292.53 0.5 113

H(50B) 3316.26 6748.92 9390.81 0.5 113

O(51) 4200(30) 6720(20) 8290(50) 0.5 78(15)

C(52) 4310(20) 7483(19) 8230(40) 0.5 66(14)

H(52A) 4245.1 7709.08 8896.55 0.5 80

H(52B) 3893.84 7697.32 7757.87 0.5 80

C(53) 5220(20) 7550(30) 7850(40) 0.5 71(10)

H(53A) 5440.07 8037.96 7983.09 0.5 86

H(53B) 5235.67 7470.14 7119.56 0.5 86

O(1S) 4850(20) 4704(16) 8450(30) 0.5 82(8)

O(2S) 3570(20) 931(18) 8490(40) 0.5 98(9)

O(3S) 1960(50) 350(40) 8400(90) 0.25 102(19)

O(4S) 610(50) 440(40) 8090(50) 0.25 100(20)
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table S2. Anisotropic displacement parameters (Å2x103) for (DHT)(H3O)2Bi4I16
.2(H2O) 

at 298.00 K with estimated standard deviations in parentheses.
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Label U11 U22 U33 U12 U13 U23

Bi(1) 68(1) 37(1) 39(1) -3(1) 0 0

Bi(2) 62(1) 32(1) 53(1) -3(1) 0(1) -2(1)

Bi(3) 65(1) 38(1) 36(1) 0(1) 0 0

I(1) 72(1) 45(1) 67(1) -13(1) -9(1) 4(1)

I(2) 108(2) 71(1) 65(1) 2(1) -26(2) 17(1)

I(3) 53(1) 38(1) 47(1) -3(1) -2(1) 0(1)

I(4) 114(2) 79(2) 70(2) -12(1) -36(2) 26(1)

I(5) 66(1) 44(1) 69(1) -9(1) 7(1) -5(1)

I(6) 89(1) 50(1) 87(1) -26(1) -6(2) 1(1)

I(7) 93(2) 68(1) 67(1) 11(1) 10(1) -13(1)

I(8) 92(2) 68(1) 78(2) 10(1) -17(1) 14(1)

N(1) 68(14) 45(18) 91(17) 4(11) -8(12) -16(12)

N(2) 54(12) 43(14) 42(11) -10(8) 13(9) 3(9)

C(3) 65(13) 70(20) 100(20) 2(11) -13(12) -21(16)

C(4) 63(14) 57(18) 90(30) 6(10) -10(16) -12(15)

O(5) 53(13) 49(15) 80(20) 9(10) -25(16) -8(14)

C(6) 45(13) 57(15) 35(13) 6(10) -2(11) -4(11)

C(7) 53(15) 56(15) 90(20) 3(11) -3(13) -6(12)

O(8) 57(16) 53(16) 94(17) 7(12) 1(12) -8(11)

C(9) 90(20) 35(12) 96(17) 4(12) 0(13) 1(10)

C(10) 110(20) 39(11) 80(20) -2(12) -13(19) 6(10)

O(11) 130(30) 30(11) 100(30) -7(11) -50(30) -7(10)

C(12) 90(20) 31(11) 52(16) -4(11) -13(16) -14(9)

C(13) 79(19) 44(13) 53(12) 1(12) 12(10) 2(9)

C(23) 69(16) 80(20) 90(20) 4(13) -8(14) -11(15)

C(24) 100(40) 87(18) 90(20) -5(16) -17(18) -12(13)

O(25) 80(30) 82(17) 88(19) -2(14) -12(16) -11(13)

C(26) 100(20) 90(20) 90(20) -5(13) -9(15) -14(16)

C(27) 100(20) 60(20) 87(19) -2(13) -8(14) -15(15)

O(28) 100(20) 70(30) 83(15) -6(15) 0(13) -18(13)

C(29) 110(20) 100(20) 60(20) -17(14) -7(14) -22(16)

C(30) 110(30) 100(20) 82(19) -18(18) 11(18) -23(16)

O(31) 130(50) 120(30) 81(19) -70(30) 40(20) -33(18)

C(32) 90(30) 100(20) 53(15) -40(20) 34(17) -18(16)

C(33) 59(13) 65(18) 47(13) -16(10) 12(10) -3(12)

C(43) 70(20) 76(17) 99(18) 3(14) -5(14) -12(12)

C(44) 90(20) 70(18) 100(30) 5(17) 10(20) -5(18)
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O(45) 90(20) 69(15) 90(30) 5(13) -9(17) 5(13)

C(46) 90(30) 66(14) 120(20) -3(14) 10(17) -1(13)

C(47) 80(20) 65(18) 140(30) -6(15) 16(18) 12(17)

O(48) 75(19) 41(15) 130(30) 1(12) 19(16) -1(14)

C(49) 80(20) 57(16) 160(30) -9(13) 10(20) 21(18)

C(50) 71(19) 48(15) 160(50) -7(11) 20(20) 19(18)

O(51) 66(17) 31(12) 140(40) 4(10) 5(19) 28(14)

C(52) 68(14) 24(12) 110(40) 6(9) 13(13) 24(14)

C(53) 70(14) 64(17) 79(18) -5(10) 7(12) 17(14)

O(1S) 80(19) 90(20) 74(16) -2(15) -20(20) 10(30)
The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...   + 
2hka*b*U12].
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Table S3. Bond lengths [Å] for (DHT)(H3O)2Bi4I16
.2(H2O) at 298.00 K with estimated 

standard deviations in parentheses.
Label Distances

Bi(1)-I(3) 3.3684(17)

Bi(1)-I(3)#1 3.3684(17)

Bi(1)-I(4)#1 2.894(2)

Bi(1)-I(4) 2.894(2)

Bi(1)-I(5) 3.0763(14)

Bi(1)-I(5)#1 3.0763(14)

Bi(2)-I(1) 3.3520(19)

Bi(2)-I(3) 3.2528(9)

Bi(2)-I(5) 3.3008(18)

Bi(2)-I(6) 2.9528(12)

Bi(2)-I(7) 2.931(2)

Bi(2)-I(8) 2.920(2)

Bi(3)-I(1)#1 3.0896(13)

Bi(3)-I(1) 3.0897(13)

Bi(3)-I(2) 2.902(2)

Bi(3)-I(2)#1 2.902(2)

Bi(3)-I(3) 3.3344(17)

Bi(3)-I(3)#1 3.3344(17)

N(1)-H(1) 0.9800

N(1)-C(3) 1.45(2)

N(1)-C(23) 1.51(2)

N(1)-C(43) 1.47(2)

N(2)-H(2) 0.9800

N(2)-C(13) 1.55(2)

N(2)-C(33) 1.49(2)

N(2)-C(53) 1.53(2)
Symmetry transformations used to generate equivalent atoms:
(1) -x,-y+1,z 
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Table S4. Bond angles [°] for (DHT)(H3O)2Bi4I16
.2(H2O) at 298.00 K with estimated 

standard deviations in parentheses.
Label Angles

I(3)#1-Bi(1)-I(3) 82.27(5)

I(4)-Bi(1)-I(3) 90.82(6)

I(4)#1-Bi(1)-I(3)#1 90.82(6)

I(4)-Bi(1)-I(3)#1 172.63(7)

I(4)#1-Bi(1)-I(3) 172.63(7)

I(4)#1-Bi(1)-I(4) 96.18(11)

I(4)-Bi(1)-I(5) 89.85(6)

I(4)-Bi(1)-I(5)#1 91.87(6)

I(4)#1-Bi(1)-I(5) 91.87(6)

I(4)#1-Bi(1)-I(5)#1 89.85(6)

I(5)#1-Bi(1)-I(3) 92.20(4)

I(5)-Bi(1)-I(3)#1 92.20(4)

I(5)#1-Bi(1)-I(3)#1 85.86(3)

I(5)-Bi(1)-I(3) 85.86(3)

I(5)-Bi(1)-I(5)#1 177.42(7)

I(3)-Bi(2)-I(1) 84.47(4)

I(3)-Bi(2)-I(5) 84.22(4)

I(5)-Bi(2)-I(1) 91.47(4)

I(6)-Bi(2)-I(1) 86.45(5)

I(6)-Bi(2)-I(3) 167.86(4)

I(6)-Bi(2)-I(5) 87.98(5)

I(7)-Bi(2)-I(1) 89.12(6)

I(7)-Bi(2)-I(3) 92.20(5)

I(7)-Bi(2)-I(5) 176.30(5)

I(7)-Bi(2)-I(6) 95.71(6)

I(8)-Bi(2)-I(1) 175.52(5)

I(8)-Bi(2)-I(3) 91.16(5)

I(8)-Bi(2)-I(5) 87.09(6)

I(8)-Bi(2)-I(6) 97.74(7)

I(8)-Bi(2)-I(7) 92.05(5)

I(1)#1-Bi(3)-I(1) 172.47(8)

I(1)-Bi(3)-I(3) 87.36(4)

I(1)-Bi(3)-I(3)#1 87.02(4)

I(1)#1-Bi(3)-I(3) 87.02(4)

I(1)#1-Bi(3)-I(3)#1 87.36(4)

I(2)#1-Bi(3)-I(1)#1 93.15(6)
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I(2)#1-Bi(3)-I(1) 91.90(6)

I(2)-Bi(3)-I(1)#1 91.90(6)

I(2)-Bi(3)-I(1) 93.15(6)

I(2)-Bi(3)-I(2)#1 95.66(10)

I(2)-Bi(3)-I(3) 173.77(7)

I(2)-Bi(3)-I(3)#1 90.53(5)

I(2)#1-Bi(3)-I(3)#1 173.77(7)

I(2)#1-Bi(3)-I(3) 90.53(5)

I(3)-Bi(3)-I(3)#1 83.29(5)

Bi(3)-I(1)-Bi(2) 95.15(4)

Bi(2)-I(3)-Bi(1) 92.64(4)

Bi(2)-I(3)-Bi(3) 92.49(3)

Bi(3)-I(3)-Bi(1) 97.22(2)

Bi(1)-I(5)-Bi(2) 97.29(4)

C(3)-N(1)-H(1) 100.1

C(3)-N(1)-C(23) 116(3)

C(3)-N(1)-C(43) 124(3)

C(23)-N(1)-H(1) 100.1

C(43)-N(1)-H(1) 100.1

C(43)-N(1)-C(23) 111(3)

C(13)-N(2)-H(2) 110.9

C(33)-N(2)-H(2) 110.9

C(33)-N(2)-C(13) 108(2)

C(33)-N(2)-C(53) 110(3)

C(53)-N(2)-H(2) 110.9

C(53)-N(2)-C(13) 105(3)

N(1)-C(3)-H(3A) 107.7

N(1)-C(3)-H(3B) 107.7

N(1)-C(3)-C(4) 118(3)

H(3A)-C(3)-H(3B) 107.1

C(4)-C(3)-H(3A) 107.7

C(4)-C(3)-H(3B) 107.7

C(3)-C(4)-H(4A) 110.3

C(3)-C(4)-H(4B) 110.3

H(4A)-C(4)-H(4B) 108.6

O(5)-C(4)-C(3) 107(3)

O(5)-C(4)-H(4A) 110.3

O(5)-C(4)-H(4B) 110.3
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C(6)-O(5)-C(4) 114(3)

O(5)-C(6)-H(6A) 109.4

O(5)-C(6)-H(6B) 109.4

O(5)-C(6)-C(7) 111(3)

H(6A)-C(6)-H(6B) 108.0

C(7)-C(6)-H(6A) 109.4
Symmetry transformations used to generate equivalent atoms:
(1) -x,-y+1,z 

Table S5. Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(Å2x103) for  (DHT)Bi2I8

.2(H2O) at 296 K with estimated standard deviations in paren-
theses.

Label x y z
Occu-
pancy

Ueq
*

Bi(1) 1330(1) 6405(1) 9715(1) 1 44(1)

Bi(2) 1427(1) 2675(1) 8275(1) 1 49(1)

I(2) -1370(1) 5660(1) 9590(1) 1 49(1)

I(1) 1276(1) 7907(1) 11694(1) 1 58(1)

I(5) 1252(1) 4818(1) 7742(1) 1 58(1)

I(3) 1120(1) 8110(1) 9050(1) 1 70(1)

I(4) 3691(1) 6992(1) 10101(1) 1 78(1)

I(6) 1419(1) 841(1) 8842(1) 1 76(1)

I(8) 1033(1) 1359(1) 6310(1) 1 82(1)

I(7) 3791(1) 3334(1) 8518(1) 1 84(1)

O(5) 6948(6) 8682(6) 5445(5) 1 63(2)

O(4) 7950(6) 8397(7) 6928(6) 1 70(2)

O(3) 5614(7) 5731(6) 7511(6) 1 70(2)

O(1) 1989(7) 4563(7) 4232(6) 1 75(2)

O(00F) 5561(8) 7640(7) 6516(6) 1 79(2)

H(00A) 5210(50) 8130(50) 6680(60) 1 119

H(00B) 6020(100) 7760(110) 6160(90) 1 119

O(2) 3166(7) 4902(6) 5926(5) 1 71(2)

O00H() 3910(8) 6344(8) 4948(6) 1 85(3)

H(00C) 3610(120) 5730(60) 4980(90) 1 128

H(00D) 4250(50) 6750(90) 5490(30) 1 128

N(2) 6813(8) 8065(7) 8293(6) 1 63(2)

H(2) 6380.42 7906.16 7700.33 1 76

O(6) 4486(7) 8441(7) 4121(6) 1 83(3)

O(9) 5420(7) 9454(8) 8173(6) 1 86(3)
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O(8) 3695(8) 8560(8) 6731(6) 1 85(3)

O(7) 1591(8) 7281(7) 5402(6) 1 83(3)

N(1) 2510(8) 6502(8) 3624(6) 1 69(3)

H(1) 2931.9 6530.21 4181.12 1 82

C(11) 8570(10) 9024(10) 6472(8) 1 69(3)

H(11A) 8885.28 8567.57 5983 1 83

H(11B) 9158.34 9590.03 6903.85 1 83

C(2) 1246(10) 4875(11) 3743(9) 1 78(4)

H(2A) 922.73 5398.48 4167.21 1 93

H(2B) 663.81 4249.53 3376.67 1 93

C(10) 8576(9) 8315(11) 7649(9) 1 74(3)

H(10A) 8925.09 9032.44 8093.99 1 89

H(10B) 9142.93 7953.36 7417.98 1 89

C(16) 3311(11) 6745(10) 2986(8) 1 70(3)

H(16A) 2910.64 6480.54 2370.73 1 85

H(16B) 3850.75 6329.07 2967.65 1 85

C(14) 5479(10) 8184(10) 4251(8) 1 69(3)

H(14A) 5845.86 8108.14 3710.76 1 83

H(14B) 5353.9 7504.75 4353.2 1 83

C(7) 5977(10) 6274(9) 8467(8) 1 63(3)

H(7A) 6671.02 6128.55 8610.31 1 76

H(7B) 5453.89 5975.11 8801.08 1 76

C(4) 2427(11) 3893(10) 5366(9) 1 77(4)

H(4A) 2130.21 3494.7 5744.8 1 92

H(4B) 2805.49 3453.86 4920.7 1 92

C(24) 7080(11) 9283(10) 8800(9) 1 78(4)

H(24A) 7481.08 9637.12 8429.7 1 94

H(24B) 7552.93 9468.87 9372.23 1 94

C(9) 7842(10) 7685(11) 8090(10) 1 77(4)

H(9A) 8237.01 7738.29 8660.69 1 93

H(9B) 7640.69 6927.18 7688.52 1 93

C(8) 6118(11) 7458(11) 8800(8) 1 77(4)

H(8A) 6438.32 7758.9 9442.14 1 92

H(8B) 5397.71 7598.59 8772.32 1 92

C(5) 4087(12) 4742(11) 6371(8) 1 82(4)

H(5A) 4654.14 4674.32 5975.97 1 98

H(5B) 3879.39 4080.2 6498.27 1 98

C(12) 7790(10) 9515(9) 6082(8) 1 68(3)

45



H(12A) 7475.73 9967.02 6575.19 1 82

H(12B) 8183.26 9966.7 5778.25 1 82

C(23) 6064(12) 9718(11) 9016(9) 1 84(4)

H(23A) 5659.8 9388 9400.38 1 101

H(23B) 6274.97 10497.67 9339.56 1 101

C(6) 4508(10) 5687(10) 7251(8) 1 70(3)

H(6A) 4458.35 6352.39 7166.21 1 83

H(6B) 4075.39 5605 7727.07 1 83

C(15) 3922(11) 7926(10) 3219(10) 1 80(4)

H(15A) 4442.09 7956.41 2788.81 1 96

H(15B) 3399.88 8326.78 3134 1 96

C(13) 6177(11) 9091(10) 5080(10) 1 82(4)

H(13A) 6548.83 9679.38 4900.69 1 98

H(13B) 5721.36 9369.51 5538.7 1 98

C(1) 1849(11) 5367(10) 3131(8) 1 76(4)

H(1A) 2330.59 4923.28 2838.44 1 91

H(1B) 1323.48 5358.1 2650.47 1 91

C(18) 1990(12) 7952(11) 4910(9) 1 76(3)

H(18A) 2767.07 8277.2 5110.11 1 91

H(18B) 1615.72 8529.49 5027.41 1 91

C(3) 1540(12) 4145(11) 4890(9) 1 82(4)

H(3A) 956.87 3494.22 4584.45 1 98

H(3B) 1239.39 4675.89 5329.34 1 98

C(17) 1797(12) 7284(11) 3907(8) 1 81(4)

H(17A) 1922.47 7764.65 3564.86 1 97

H(17B) 1036.08 6878.13 3739.1 1 97

C(19) 1715(11) 7817(14) 6377(9) 1 100(5)

H(19A) 1114.7 7455.53 6610.66 1 121

H(19B) 1657.91 8555.65 6511.88 1 121

C(20) 2779(12) 7845(13) 6882(9) 1 91(4)

H(20A) 2732.01 8074.59 7535.6 1 110

H(20B) 2892.84 7119.69 6680.13 1 110

C(22) 4442(13) 9825(14) 8268(11) 1 111(6)

H(22A) 4614.07 10588.36 8651.3 1 134

H(22B) 3946.42 9424.26 8555.03 1 134

C(21) 3924(14) 9653(14) 7336(12) 1 107(5)

H(21A) 3247.02 9884.27 7387.15 1 129

H(21B) 4406.94 10100.95 7076.91 1 129
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*Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table S6. Anisotropic displacement parameters (Å2x103) for (DHT)Bi2I8
.2(H2O) at 296 

K with estimated standard deviations in parentheses.
Label U11 U22 U33 U12 U13 U23

Bi(1) 47(1) 42(1) 43(1) 11(1) 2(1) 16(1)

Bi(2) 55(1) 47(1) 46(1) 15(1) 4(1) 17(1)

I(2) 52(1) 50(1) 45(1) 12(1) -2(1) 18(1)

I(1) 57(1) 64(1) 44(1) 13(1) -1(1) 9(1)

I(5) 72(1) 56(1) 44(1) 18(1) 3(1) 16(1)

I(3) 90(1) 60(1) 70(1) 21(1) 7(1) 38(1)

I(4) 48(1) 78(1) 93(1) 12(1) 4(1) 16(1)

I(6) 92(1) 59(1) 85(1) 19(1) -2(1) 38(1)

I(8) 104(1) 75(1) 48(1) 3(1) 16(1) 11(1)

I(7) 55(1) 97(1) 100(1) 18(1) 6(1) 37(1)

O(5) 72(5) 56(4) 53(4) 6(4) -6(4) 17(3)

O(4) 46(4) 91(6) 75(5) -1(4) -7(4) 47(5)

O(3) 61(5) 72(5) 74(5) 18(4) 4(4) 25(4)

O(1) 63(5) 90(6) 70(5) 14(4) -2(4) 32(5)

O(00F) 75(6) 92(6) 62(5) 9(5) 5(4) 24(5)

O(2) 77(6) 63(5) 67(5) 11(4) -11(4) 21(4)

O00H() 78(6) 92(7) 80(6) -2(5) -11(5) 43(5)

N(2) 65(6) 62(6) 63(6) 7(4) 2(5) 29(5)

O(6) 66(6) 71(6) 88(6) 10(4) -9(5) 6(5)

O(9) 72(6) 96(7) 67(5) 22(5) -2(5) 0(5)

O(8) 85(7) 104(7) 56(5) 25(5) 8(5) 16(5)

O(7) 85(6) 85(6) 63(5) 6(5) -2(5) 19(4)

N(1) 77(7) 77(7) 49(5) 29(5) -9(5) 17(5)

C(11) 63(8) 73(8) 61(7) 0(6) 1(6) 23(6)

C(2) 59(8) 80(9) 84(9) -4(6) -7(7) 32(7)

C(10) 43(6) 101(10) 83(9) 3(6) -3(6) 49(8)

C(16) 83(9) 74(8) 54(7) 24(7) 3(6) 22(6)

C(14) 70(8) 66(7) 63(7) 27(6) -11(6) 13(6)

C(7) 59(7) 73(8) 63(7) 21(6) 14(6) 27(6)

C(4) 95(10) 65(8) 61(7) 8(7) -10(7) 21(6)

C(24) 73(9) 70(8) 72(8) -3(6) -23(7) 19(6)

C(9) 61(8) 101(10) 88(9) 25(7) 15(7) 53(8)
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C(8) 79(9) 91(9) 52(7) 10(7) 10(6) 21(6)

C(5) 105(11) 79(9) 56(7) 36(8) -5(7) 11(6)

C(12) 70(8) 63(7) 60(7) 3(6) -6(6) 18(5)

C(23) 94(11) 71(8) 70(9) 21(7) -8(8) 6(6)

C(6) 69(8) 72(8) 66(7) 16(6) -1(6) 26(6)

C(15) 75(9) 69(8) 87(9) 1(6) -9(7) 31(7)

C(13) 84(9) 57(7) 93(10) 8(6) -26(8) 24(7)

C(1) 89(10) 66(8) 59(7) 14(7) -9(7) 11(6)

C(18) 87(10) 76(8) 73(8) 24(7) 23(7) 34(7)

C(3) 90(10) 77(9) 67(8) 2(7) 3(7) 26(7)

C(17) 95(10) 96(10) 59(7) 40(8) 4(7) 28(7)

C(19) 67(9) 155(15) 56(8) 7(9) 8(7) 21(9)

C(20) 85(10) 119(12) 62(8) 14(9) 11(7) 29(8)

C(22) 86(11) 109(13) 100(12) 27(9) -7(9) -9(9)

C(21) 99(12) 120(14) 104(13) 39(10) 0(10) 38(11)
The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...   + 
2hka*b*U12].
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Table S7. Bond lengths [Å] for (DHT)Bi2I8
.2(H2O) at 296 K with estimated standard de-

viations in parentheses.
Label Distances

Bi(1)-I(2) 3.3170(8)

Bi(1)-I(2)#1 3.3434(7)

Bi(1)-I(1) 3.0783(7)

Bi(1)-I(5) 3.0748(7)

Bi(1)-I(3) 2.8955(8)

Bi(1)-I(4) 2.8882(9)

Bi(2)-I(2)#1 3.3395(7)

Bi(2)-I(1)#1 3.3408(8)

Bi(2)-I(5) 3.3328(8)

Bi(2)-I(6) 2.9130(8)

Bi(2)-I(8) 2.9228(9)

Bi(2)-I(7) 2.8904(10)

O(5)-C(12) 1.411(13)

O(5)-C(13) 1.404(14)

O(4)-C(11) 1.426(13)

O(4)-C(10) 1.391(13)

O(3)-C(7) 1.418(13)

O(3)-C(6) 1.416(14)

O(1)-C(2) 1.399(15)

O(1)-C(3) 1.424(15)
Symmetry transformations used to generate equivalent atoms:
(1) -x,-y+1,-z+2 
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Table S8. Bond angles [°] for (DHT)Bi2I8
.2(H2O) at 296 K with estimated standard de-

viations in parentheses.
Label Angles

I(2)-Bi(1)-I(2)#1 85.922(18)

I(1)-Bi(1)-I(2)#1 91.10(2)

I(1)-Bi(1)-I(2) 85.30(2)

I(5)-Bi(1)-I(2) 91.53(2)

I(5)-Bi(1)-I(2)#1 87.286(19)

I(5)-Bi(1)-I(1) 176.55(2)

I(3)-Bi(1)-I(2)#1 175.54(2)

I(3)-Bi(1)-I(2) 89.91(2)

I(3)-Bi(1)-I(1) 90.16(2)

I(3)-Bi(1)-I(5) 91.23(2)

I(4)-Bi(1)-I(2) 170.69(3)

I(4)-Bi(1)-I(2)#1 87.20(2)

I(4)-Bi(1)-I(1) 88.57(2)

I(4)-Bi(1)-I(5) 94.40(2)

I(4)-Bi(1)-I(3) 97.12(3)

I(2)#1-Bi(2)-I(1)#1 80.960(18)

I(5)-Bi(2)-I(2)#1 83.291(18)

I(5)-Bi(2)-I(1)#1 89.53(2)

I(6)-Bi(2)-I(2)#1 93.07(2)

I(6)-Bi(2)-I(1)#1 86.13(2)

I(6)-Bi(2)-I(5) 174.74(3)

I(6)-Bi(2)-I(8) 94.06(3)

I(8)-Bi(2)-I(2)#1 167.15(3)

I(8)-Bi(2)-I(1)#1 88.87(2)

I(8)-Bi(2)-I(5) 88.83(2)

I(7)-Bi(2)-I(2)#1 91.34(3)

I(7)-Bi(2)-I(1)#1 172.14(3)

I(7)-Bi(2)-I(5) 91.12(3)

I(7)-Bi(2)-I(6) 92.77(3)

I(7)-Bi(2)-I(8) 98.97(3)

Bi(1)-I(2)-Bi(1)#1 94.078(18)

Bi(1)-I(2)-Bi(2)#1 94.553(18)

Bi(2)#1-I(2)-Bi(1)#1 92.062(18)

Bi(1)-I(1)-Bi(2)#1 99.17(2)

Bi(1)-I(5)-Bi(2) 97.21(2)

C(13)-O(5)-C(12) 112.2(9)
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C(10)-O(4)-C(11) 113.0(9)

C(6)-O(3)-C(7) 113.7(9)

C(2)-O(1)-C(3) 114.5(10)
Symmetry transformations used to generate equivalent atoms:
(1) -x,-y+1,-z+2 

SEM studies 

Figure S6. Representative SEM images of the fresh sample. 

EDS measurements

 
Figure S7.  Representative EDS spectrum of fresh crystals. The Bi:I ratio is 1:4.3, 
matching closely the formula derived from XRD studies.
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Thermogravimetric analysis

Figure S8. a) TGA curve for the dried as-made crystals, b) DSC curve for the dried as-
made crystals exhibiting two endothermic peaks. 

Figure S9. Comparison among the as made (DHT)(H3O)2Bi4I16
.2(H2O) and the SCSC 

phase that formed after the water treatment,  (DHT)Bi2I8
.2(H2O) in terms of the  a) 

inorganic clusters, b) structural configuration of inorganic and c) organic parts as well 
as d) configuration of individual ligands.  In the latter case, the disorder is lifted, and 
there are only H2O molecules residing in the cage cavities. 
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PXRD studies

Figure S10. a, b) Comparison of experimental and calculated PXRD patterns for the 
water treated material (DHT)Bi2I8

.2(H2O), the green asterisk indicates the position of 
the  diffraction  peaks  of  a  secondary  unknown phase.  c)  Observed  and  calculated 
diffraction profiles from the Le Bail fitting method of the (DHT)Bi2I8

.2(H2O) material.

Figure S11. Comparison of experimental PXRD patterns for the freshly made material 
and the 4 months in HI one. The material maintains its structural integrity in strongly 
acidic conditions. 
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 DFT Studies

Figure S12. Total and partial density of states of (DHT)(H₃O)₂Bi₄I₁₆ and (DHT)Bi₂I₈.

Figure S13. Real (red and blue) and imaginary parts (cyan and orange) of the dielectric 
functions of (DHT)(H₃O)₂Bi₄I₁₆ and (DHT)Bi₂I₈.

TRPL measurements
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Figure S14. Time-resolved photoluminescence decay of (DHT)(H3O)2Bi4I16
.2(H2O) at 

298 K. 
ROS studies

Figure  S15.  Type-I  ROS  generation  by  a)  (DHS)Bi2I8 over  131s  and  b)  (DHT)
(H3O)2Bi4I16

.2(H2O) over 115s. Type-II ROS generation by c) (DHS)Bi2I8 showing a 
56%  degradation  of  ABDA,  and  d)  (DHT)(H3O)2Bi4I16

.2(H2O) showing  a  33% 
degradation of ABDA.
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Figure S16. Comparison of the experimental PXRD patterns for the as-made crystals to 
those treated with 1% NaCl, 3.5% NaCl, and 1% F/2 algae growth medium for 24h. 

Table S9. Comparison of common algicidal agents for the mitigation of K. brevis, with 
specific attention on ROS-based compounds.

Treatment type Inhibition concentration

dibutyl phthalate (DBP) 5 mg/L1

Calcium Peroxide 8 mg H2O2/L2-3

PAK® 27 6.48 mg H2O2/L2

Oximycin® P5 7.08 mg H2O2/L2

Algimycin® PWF 1 mg Cu/L2
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