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ABSTRACT

Hybrid metal halide semiconductors pose as a unique family of materials with
immense potential for numerous applications. For this to be materialized,
environmental stability and toxicity deficiencies must be simultaneously addressed. We
report here a porous, visible light semiconductor, namely (DHS)Bix2Is (DHS = [2.2.2]
cryptand), which consists of nontoxic, earth-abundant elements, and is water stable for
more than a year. Gas and vapor-sorption studies revealed that it can selectively and
reversibly adsorb H>O and D,O at room temperature (RT) while impervious to N> and
CO:a. Solid-state NMR measurements and DFT calculations verified the incorporation
of H2O and D>O in the molecular cages, validating its porous nature. In addition to
porosity, the material exhibits broad band-edge light emission centered at 600 nm with
a full width at half-maximum (FWHM) of 99 nm, which is maintained after six months
of immersion in H>O. Moreover, (DHS)Bi2Is exhibits bacteriocidal action against three
Gram-positive and three Gram-negative bacteria, including antibiotic-resistant strains.
This performance, coupled with the recorded water stability and porous nature, renders
it suitable for a plethora of applications, from solid-state batteries to water purification

and disinfection.
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INTRODUCTION

Hybrid halide perovskite semiconductors with general formula AMX3 (A =
CHs;NH;" (MA), HC(NH,):™ (FA), Cs*; M = Ge?*, Sn*", Pb**; X = CI;, Br, I, have
proven to be prominent candidates for many applications, spanning from solar cells*4
and LEDs>*® to photodetection,” thermography,® photocatalysis’ and lasing.!” Their
organic-inorganic nature offers multiple nodes for tuning not only the optoelectronic!!-
13 but also the mechanical properties of the corresponding compounds.'*!> Despite
advances in materials engineering pertaining to the use of elaborate organic counter-
cations that render these semiconductors air and water stable, a permanent solution
remains elusive.!®!” Towards this end, we recently developed a strategy that gave rise
to metal halide semiconductors with record water stability (more than a year) using
molecular cages acting as structure-directing agents and counter-cations. The
corresponding material belongs to a new family of materials, namely porous metal
halide semiconductors (PMHS).?° Long-term environmental stability will bring hybrid
halide semiconductors not only a step closer to commercialization?' but render them
proper for new applications beyond optoelectronics.

Of particular interest is the evaluation of metal halide materials as antibacterial
agents, an emerging and quite impactful application.?? Apparently, hybrid metal
complexes offer significant advantages over fully organic or fully inorganic
compounds.?*** Antimicrobial Resistance (AMR) is identified by the World Health
Organization (WHO) as one of the greatest threats humanity faces, and this problem is
expected to deteriorate over the following decades.?>2® Despite advances in antibiotics
development, the rapid rates at which bacteria develop resistance are alarming.
Therefore, there is immense interest in the scientific community in developing next-
generation drug candidates with improved antibacterial efficiency, efficacy, and
selectivity.?’?

Current commercially available antibacterial compounds are based on either
organic molecules (e.g. nitrofurazone (NZF)** and ampicillin®' targeting E.coli,
nitrofurantoin (NFT)*? targeting MRSA, and argyrin®® targeting P. aeruginosa) or
inorganic complexes (e.g. silver (Ag(I))** and bismuth (Bi(III) compounds).*® Bacteria
are quite competent in adopting mechanisms for degrading organic antibacterial
agents*®. At the same time, inorganic and hybrid candidate materials have proven to be

more versatile having access to unique modes of action.*’* In particular, these pertain

to ligand exchange or release,*’ generation of reactive oxygen species (ROS),*! redox
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activation*’, and catalytic generation of toxic species or depletion of essential
substrates.** Such mechanisms are difficult, if not impossible, to replicate with purely
organic compounds.*4>

Nonetheless, metallodrugs share toxicity, bioaccumulation, and long-term in
vivo stability deficiencies.***” Among the most widely utilized metallodrugs are the
Ag(I) based compounds, such as silver sulphadiazine (Silvadene, Silverex, Silvazine,
SSD, Thermazene), which are applied as a cream formulation to prevent and treat
infections.*® However, the toxicity and bioaccumulation of Ag(I) limits its broad use as
a metallodrug. Bi(III), on the other hand, poses as an excellent metallodrug candidate
due to its limited toxicity and biocompatibility.*>! Currently, commercially available
Bi(IIT) metallodrugs such as colloidal bismuth subcitrate (CBS, DeNol) or ranitidine
bismuth citrate (RBC, Pylorid, Tritec) are used to treat peptic ulcers that are often
associated with Helicobacter pylori (H. pylori) >*>3

Notably, bismuth metal halides emerged recently as promising antibacterial
candidates. Ouerghi et al. reported that (CsH7NCI);[BiCls]-H20 exhibits antimicrobial
activity against Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli),
Salmonella typhimurium, and methicillin-resistant Staphylococcus aureus (MRSA).>*
Ali et al., found that (Ci2H14N202S):[Bislis]-4H>O exhibited antioxidant and
antibacterial activity against E.coli, Listeria monocytogenes, Salmonella enterica,
MRSA, Micrococcusluteus, Bacillus cereus, Enterobacter aeruginosa, and P.

aeruginosa.>’

Aygun et al. synthesized a series of bismuth(IIl) halides with
benzaldehyde-N1-alkyl-thiosemicarbazone that were found to be most active against
E.coli’® Ozturk et al., demonstrated that bismuth(III) thiosemicarbazone complexes,
such as BiCl3(n!-S-Hacptsc)s (Hacptsc = acetophenone thiosemicarbazone), exhibited
toxicity against MCF-7 and MRC-5 cells, and antibacterial activity against E.coli and
P. aeruginosa.’” Turk et al., reported a series of bismuth(III) halide thiosemicarbazone
complexes, such as BiClo(p2-Cl)(n1-S-Httsc)z]> and [Bila(p2-I)(n1-S-Httsc):]2, (Httsc:
thiophene-2-carbaldehyde thiosemicarbazone), that exhibited activity against MCF-7
cells, and antibacterial activity against E.coli, MRSA and P. aeruginosa.>® Scaccaglia
et al. assembled a series of complexes with general formula BiLCl (L is a quinoline
thiosemicarbazone) with bactericidal activity against Klebsiella pneumonia (K.
pneumonia).>

Despite their performance, the vast majority of the reported compounds do not

exhibit water stability. This trait can hinder their broad utilization in applications
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beyond therapeutics, from water purification and disinfection,’® personal protective
equipment (PPE) antibacterial coatings,®! antibacterial coatings in respirators,® to food
packaging applications.®

Addressing these concerns, we utilized a novel synthetic strategy developed
recently by our group to generate water-stable metal halide materials by using porous
molecular cages. Reaction of [2.2.2] cryptand (DHS) with Bi(IIl) gave rise to a 0D
porous metal halide material. The corresponding compound (DHS)Bi:lIs is water stable
for a year, while gas sorption studies demonstrated that it can selectively adsorb and
desorb H,O at RT, while it is impermeable to N2, and CO,. Furthermore, solid state 'H
and H-NMR studies validated the H>O inclusion in the DHS cavity. In addition to
porosity, the corresponding metal halide is a direct bandgap semiconductor exhibiting
band-edge PL emission at RT. The semiconducting nature has proven to be the reason
behind the antibacterial performance of fully inorganic compounds such as TiO»,
StTiO3 and ZnO. Therefore a Bi(IIl) semiconductor poses as an excellent metallodrug
candidate exhibiting multiple beneficent features. To validate our hypothesis, we
evaluated the in vitro antimicrobial activity against three Gram-positive and three
Gram-negative bacteria. Apparently, (DHS)Bi2ls exhibits bacteriocidal action against E.
coli, MRSA, methicillin-resistant Staphylococcus epidermidis (MRSE), vancomycin-
resistant Enterococcus faecium (VREF), K. pneumonia and P. aeruginosa.
Fluorescence microscopy and TEM studies shed light on the underlying mechanism,
revealing that the bacteria cell membrane raptures in the presence of (DHS)Bi2ls. The
broad range antimicrobial activity for both Gram-positive and Gram-negative bacteria,
coupled with its unparallel water stability, render this visible light semiconductor a
versatile antibacterial agent with potential use in a plethora of every day preventive care

applications.

EXPERIMENTAL SECTION

Starting Materials and Bacteria Strains

All starting materials for synthesis were purchased commercially and were used without further
purification. Bismuth(III) oxide, 98+%, pure was purchased from Acros Organics, Hydriodic acid
57 wt. % in H2O, distilled, stabilized, 99.95%, Hypophosphorous acid solution 50 wt. % in
H,O were purchased from Aldrich and 4,7,13,16,21,24-Hexaoxa-1,10-
diazabicyclo[8.8.8hexacosane (DHS) was purchased from AmBeed. Tryptic Soy Broth (TSB), 4',6-
diamidino-2-phenylindole (DAPI) and propidium iodide (PI) were obtained from Sigma-Aldrich.
The antibacterial activity of the material was evaluated by using Gram-positive MRSA (ATCC
33591), MRSE (RP62A), VREF (ATCC700802) and Gram-negative E. coli (ATCC 25922), K.
pneumonia (ATCC 13383), and P. aeruginosa (ATCC 27853).



Material Synthesis

(DHS)Bi2ls: 95 mg (0.25 mmol) of DHS linker were dissolved in a solution consisting of 2 mL of
57 wt. % HI and 0.5 ml 50 wt. % H3PO,, by heating under constant magnetic stirring. Then 233 mg
(0.5 mmol) of Bi,O3 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.

Bacterial Inhibition Study

Gram-negative bacterial (E. coli, K. pneumonia, and P. aeruginosa) and Gram-positive bacterial
including (MRSA, MRSE and VREF) were grown in Tryptic Soy Broth (TSB) medium at 37 °C for
16 h. Then the bacterial were incubated until mid-log phase by transferring 100 uL of the bacterial
solution to 4 mL of fresh TSB medium and shaking at 37 °C for 6 h. 50 uL of bacteria at a
concentration of 10° CFU/mL was added into centrifuge tubes with no material, 1 mg and 10 mg of
material respectively, which was followed by adding 50 pL of fresh TSB medium in each tube. The
mixture was incubated at 37 °C for 16 h and 100 pL of supernatant was transferred into 96-well
plate. The plate was investigated, imaged and ODggo value was measured by BioTek multimode
microplate reader Synergy H4 to study bacterial inhibition.

Standard Plate Counting Assay

MRSA was cultured in TSB medium at 37 °C for 16 h plus 6 h to achieve mid-log phase and then
diluted to get bacterial solution at concentration of 10° CFU/mL. 50 pL of bacteria was added into
Eppendorf tubes with no material, 1 mg and 10 mg of material respectively, which was followed by
adding 50 pL of fresh TSB medium in each tube. After incubated at 37 °C for 16 h, the mixture was
diluted properly and grown in TSB agar plate, followed by incubation at 37 °C for 12 h or 24 h. The
MRSA colonies were observed and counted respectively.

Fluorescence Microscopy Imaging

After MRSA was incubated into mid-log phase in TSB medium, the bacterial solution was diluted
by 100-fold with fresh medium to obtain 10 mg/mL of material in 3 mL of bacterial solution in total.
The solution was treated with no bacterial as negative control. The mixture was incubated at 37 °C
for 4 h and the bacterial solution without solid material was centrifuged at 3000 rpm at 4 °C for 10
min to collect cells. The cell pellets were washed with 1x PBS buffer for three times, then incubated
with 5 pg/mL of PI and 10 pg/mL of DAPI sequentially on ice for 15 min in dark. Then the stained
cells were washed with 1 x PBS for three times and suspended by 100 pL of 1 x PBS buffer. The
slides were prepared by addition of 10 pL of bacterial solution and fixation with cold methanal. It
was observed and imaged under Olympus FV1000 MPE Multiphoton Laser Scanning Microscope.

TEM studies

MRSA was grown into mid-log phase and the bacterial solution was diluted by 100-fold to 3 mL
of fresh TSB medium with 10 mg/mL of material. After incubation at 37 °C for 4 h and removal of
solid material, the bacterial pellets were collected by centrifuging at 3000 rpm at 4 °C for 15 min.
The cells untreated with material was considered as negative control. After washed by 1 x PBS for
three times, the concentrated cells were resuspended by 100 pL of deionized water. Then 10 pL of
bacterial samples were dropped on the surface of TEM grids and dried in vacuum at 45 °C for 30 s.
TEM images were obtained using an FEI Morgagni 268D TEM operated at 60 kV with an Olympus
MegaView III camera.

Solid state NMR measurements

Polycrystalline materials were used to acquired solid-state NMR spectra. These materials were
separately packed into 1.3 mm (outer diameter) zirconia rotors fitted with VESPEL® caps. For
moisture exposure experiments, samples were placed into different hydration chambers containing
water and water-d vapor at 85% relative humidity (RH) in the air. Samples were taken out from the
humidity chamber at different intervals, and ex-sifu solid-state '"H and ’H MAS NMR experiments
were carried out. All solid-state MAS NMR experiments were carried out using a 18.8 T ('H, 800.1
MHz) Bruker AVANCE NEO NMR spectrometer with a 1.3 mm H-X probehead. Unless otherwise
specified, all samples were spun at 50 kHz magic-angle spinning (MAS) frequency. The 'H
relaxation delays were determined from saturation recovery measurements and analyses. All 'H



MAS NMR spectra were acquired by coaddition of 16 transients. All 2H MAS NMR spectra were
acquired by coaddition of 1024 transients. The 'H experimental shift was calibrated with respect to
neat TMS using adamantane as an external reference ("H resonance, 1.82 ppm). For 2H MAS spectra,
the chemical shifts are calibrated with respect to TMS using liquid D,O as an external reference (*H
resonance, 4.80 ppm).

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 Ko INCOATEC ImuS micro-focus source (A = 1.54178 A) equipped with a
cryostream 800 system (Oxford Cryosystems) for temperature regulation. Indexing was performed
using APEX4 (Difference Vectors method).®* Data integration and reduction were performed using
SaintPlus. Absorption correction was performed by multi-scan method implemented in
SADABS.% Space group was determined using XPREP implemented in APEX3. Structure was
solved using SHELXT® and refined using SHELXL-2018/3 (full-matrix least-squares on F2)%®
through OLEX2 interface program.® Ellipsoid plot was done with Platon.”® Disordered molecule
was refined with restraints. All hydrogen atoms were located geometrically and were refined using
riding model.

Powder X-ray diffraction

Powder X-ray diffraction patterns were collected on a Bruker D8 Advance Diffractometer with
Lynxeye detector using CuKa 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 26 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.

Variable Temperature high resolution Powder X-ray diffraction

High resolution variable Temperature Powder X-ray diffraction measurements were performed at
APS Argonne National Lab, on beamline 11BM, with an average wavelength of 0.458955 A.
Discrete detectors covering an angular range from 0 to 4 26 were scanned over a 28 20 range, and
data points were collected e very 0.001 20 at a scan speed of 0.1/s. The data were manipulated with
CMPR,"! and Rietveld analysis was performed using Bruker Topas 5 Software.

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: o/S = (1 — R)%2R, where R is the reflectance and a and
S are the absorption and scattering coefficients, respectively.’?

PL/PLE/TRPL measurements

PL, PLE and TRPL studies were performed using an Edinburgh Instruments FSS5
Spectrofluorometer equipped with a 150 W xenon lamp and a 470 nm EPL picosecond pulsed diode
laser.

TGA-DSC measurements

Thermogravimetric Analysis (TGA) measurements were performed on a TA Instruments Q50
Thermogravimetric Analyzer. An amount of ~23 mg of sample was placed inside an Alumina Pan
and heated up to 700 °C under N, flow with a heating rate of 3 °C/min. Differential Scanning
Calorimetry (DSC) measurements were performed on a TA Instruments Q20 Differential Scanning
Calorimeter. An amount of 4 mg of sample was placed inside an Aluminium Pan and heated up to
250 °C under N flow with a heating rate of 10 °C/min.

SEM/EDS
Scanning Electron Microscopy (SEM) measurements were recorded on a high-resolution thermal
field emission source Hitachi SU-70. Data were acquired with an accelerating voltage of 25 kV. The



EDS was performed with a Hitachi s-800 FESEM using a EDAX SDD detector. 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 21 KeV with a beam current of 1 nA for
quantification.

Gas-sorption measurements. Gas sorption measurements for N, and CO; were recorded at 77 K
and 195 K respectively up to 1 bar, using a state-of-the-art, high precision BELSORP-maxII 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 (LN, 77 K, N») and a mixture of acetone/dry ice (195 K,
COy) 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 in situ using a 4-position heater, at 100 °C for 10
hours, under ultrahigh vacuum (<1x10- Pa). After the activation process the cell was re-weighted
to measure the exact mass (0.0641 g) of the sample and then it was placed at the analysis station.

Vapor-sorption measurements. Vapor sorption isotherms for H,O, and D>O 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, each 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/po, where po 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.”>7* For the reaction energies, the Kohn-Sham wave-functions and energies
are calculated with the GGA-PBE’>7® for electron exchange and correlation, using a plane-wave
basis, with energy and charge density cutoffs of 40 and 400 Ry, respectively. The Grimme dispersion
correction DFT-D3,77® was used to account for the dispersion corrections. Ultrasoft
pseudopotentials are used to describe the core-valence interactions.” The structural relaxation is
performed until the force on each atom is smaller than 0.01 eV/A. For the geometry optimization, a
k-point sampling of 6x3x6 was used for the Brillouin zone integration and a 8x8x2 k-mesh for the
electronic structure analysis following the Monkhorst-Pack scheme.®” The pristine system contains
0f 296 atoms. We have included water molecules inside the linkers assess the material’s stability.



RESULTS AND DISCUSSION

Synthetic aspects and structural characterization

High-quality, dark orange plate single crystals of (DHS)Bizlgs can be acquired
through the reaction of Bi(IIl) oxide and the DHS linker in a hot HI solution (Figure
S1. Single crystal X-ray diffraction (XRD) studies revealed a OD structure that
crystallizes in the monoclinic space group P21/c (Figure 1 and Table 1). It consists of
tetramers of edge-sharing [Bils]>" octahedra that are separated and charged balanced by
the DHS ligands. The overall connectivity of the centrosymmetric tetranuclear anion
can be described as a pair of edge-sharing bi-octahedra, which mutually share two and
three cis edges respectively (Figure 1c). There are two crystallographically independent
Bi atoms and eight I atoms that constitute the two octahedra of the tetramers, while
adjacent tetramers lay at a distance of 4.2 A.

The Bi-I bond lengths fall into two groups. One in the short range, spanning
from 2.9036(14) A to 2.9349(17) A, recorded for the non-bridging iodide atoms and
one in the long-range, spanning from 3.0501(13) A to 3.3457(15) A, for the bridging
iodide atoms (Table S3). These values correlate well with other iodobismuthates(I1I)
consisting of [Bils]*- octahedra such as (4AMP)Bils and Rb3Bi»lo.8!82 There is a slight
distortion of the corresponding octahedra, evident by the I-Bi-I angles that range from
83.80(3)° to 164.67(4)° for the cis and trans arrangements respectively (Table S4). This
gives rise to bond angle variance values of 37.65 deg.? and 18.34 deg.? for [Bi(2)Is]*
and [Bi(1)Is]*" octahedra. Interestingly, the corresponding tetramer is the same as in the
case of (C12H14N20,S)2[Bialis]-4H20 compound.> Notably, Bi-I bond lengths and I-
Bi-I angles closely match the two materials.

The organic counter-cations are eclipsed along the a axis, laying at a distance
of 2.7 A, revealing a hexagonal arrangement motif, templated by the protruding axial
iodide atoms of the tetramer (Figure la). Interestingly, there is approximately one
crystalline H>O present per three DHS ligands. It is located in close vicinity of DHS
and hydrogen bonded to its oxygen atoms. Hydrated DHS appears to have slightly
different conformation, leading to a small disorder. For simplicity purposes, the
dehydrated formula will be utilized throughout the text.

In-house powder X-ray diffraction studies (PXRD) verified the uniform phase
purity of the corresponding materials as the experimental and calculated patterns from

single crystal XRD studies are identical (Figures 2 and S2). Energy-dispersive X-ray
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spectroscopy (EDS) studies confirmed the (DHS)Bi>Is formula, revealing a Bi:I ratio of
1:4 (Figure S3).

To shed light on the thermal stability of the corresponding material, we
performed high-resolution variable-temperature PXRD measurements using
synchrotron radiation (APS-11BM). Apparently, there are no structural phase
transitions from 100 K to 340 K, as the only difference among the recorded PXRD
patterns is the gradual increase of the unit cell dimensions due to thermal expansion, as
it is evident for the shift of the diffraction peaks to lower Q values (Figure 3). This is
typical behavior for hybrid perovskites and metal halide materials.®*** The material
maintains its structural integrity up to 340 K. At the same time, at 400 K, there is a
significant broadening of the peaks and appearance of additional diffraction peaks at
0.6 Q, indicative of structural degradation. Thermogravimetric (TGA) analysis
demonstrated that the material loses its crystalline H>O at 90-120 °C, while the structure
is thermally stable up to 285 °C, where a sharp weight loss appears.®> There are two
decomposition steps at ~285 °C and ~350 °C (Figure S4a). The first weight loss
corresponds to the decomposition of the organic part of the structure and HI; the second
step corresponds to the sublimation of Bils, in perfect agreement with previous
studies.®® Similar thermal stability performance has been recorded for Bi(III) perovskite
materials.®! Differential scanning calorimetry (DSC) measurements support the PXRD
studies on the absence of phase transitions in the examined temperature range (25 — 250
°C) and further verify the loss of crystalline H>O at ~101 °C (Figure S4b).

Fresh as made crystals were immersed in liquid water for 12 months without
structural damage, as revealed by comparing the PXRD patterns from the fresh and
water-aged crystals (Figure 2). This stability performance is the same as the other DHS-
based semiconductor, (DHS)2PbsBri4, reported recently by our group.?’ To the best of

our knowledge, this is record stability for hybrid Bi(III) metal halide semiconductors.®”
93

Gas sorption studies

Despite the zero-dimensional nature of (DHS)Bi2ls the presence of DHS
cryptand offers a potential accessible space, as we recently demonstrated in the case of
the porous 2D (DHS),PbsBri4 material.2’ N» and CO; adsorption isotherms recorded at
77 K and 195 K in a previously activated solid at 100 °C under high vacuum reveal no

sorption (Figure 4b). Remarkably and in marked contrast, HO and D,O isotherms
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recorded at 298 K show a type-I curve at low relative pressure (<0.15 p/po), followed
by a gradual increase in uptake up to ~0.8 p/po and more pronounced adsorption
between 0.8-0.95 p/p, associated with condensation in interparticle meso- and macro-
porosity (Figure 4a). The striking feature is the observed knee in the isotherm (type-I
isotherm) at the low relative pressure (Figure 4a inset), indicating the presence of
microporosity which is accessible by H.O (2.65 A) and D20 but not with N> (3.64 A)
or CO2(3.30 A), apparently due to the small kinetic diameter of the former (values in
parentheses).”* Notably, the H>O uptake at ~0.1 p/po (Figure S5), just after the knee in
the isotherm and in the valid range of relative pressures where micropores are
completely filled, is ~0.4 mmol g which is very close to the value 0.55 mmol g’
calculated from the molecular formula of (DHS)Bi>Is, assuming one H>O molecule per
DHS cavity.

The results demonstrate that the available space offered by DHS counterions is
accessible by HoO and D>O in the OD (DHS)Bizls solid, as in the case of the 2D
(DHS),PbsBri4 material, however in marked contrast, the adsorption process filling the
small micropores are very different between the two cases. In particular, the 2D
(DHS),PbsBri4 solid shows a gradual increase in H>O uptake (no knee) associated with
slow adsorption kinetics, whereas for the 0D (DHS)Bi>Is material, the observed type-I
(knee) isotherm suggests a more facile process. The latter could be associated with the
0D nature of the material, presumably allowing the DHS molecules to respond more
freely upon adsorption of H>O, due to their flexible nature (sp>-carbon atoms in DHS).
On the contrary, the more rigid 2D materials limit the flexibility of DHS counterions
that are confined between the inorganic layers of the structure. Therefore, (DHS)Bi2ls
represents the first example of a porous 0D semiconducting material originating from
the presence of DHS molecules but with distinct behavior from the 2D (DHS)>PbsBr4
solid. These results demonstrate a unique and unprecedented synergy between the
inorganic and organic parts in these hybrid solids offering novel opportunities in
advanced materials design.

It is pointed out that the selective adsorption of H>O over N> and CO; has been

demonstrated before for ultramicoporous MOFs, such as MOF-802.%

10



Elucidation of short-range structures and interactions through solid-state (ss-)
NMR spectroscopy.

ss-NMR was selected as a valuable method to illuminate the local structural
environment of the adsorbed vapor molecules. Figure 5 presents 'H and 2H magic-angle
spinning NMR spectra of (DHS)Bizlg before and after exposure to moisture at 85%
relative humidity in the air. For the fresh material, the 'H resonances corresponding to
the -OCH> (3.8 ppm) and -NCH> (6.8 ppm) groups of cryptand were resolved and
identified. By comparison, 'H-MAS NMR spectrum of neat cryptand acquired under
the same experimental conditions showed much border signals (Figure S6).2° It
indicates that the cryptands molecules brought into the porous material lead to highly
ordered networks, whereby the local changes in the non-covalent packing interactions
between cryptand molecules and bismuth iodide octahedra are expected to contribute
to the 'H-NMR lineshape. It is further corroborated by analysing 'H and 2H-NMR
spectra of the same material acquired after exposure to moisture at 85% relative
humidity (RH) in the air.’®®” In moisture aged (1h, 85% RH in D,O/H,0 vapor) sample,
an additional 'H feature at 8.5 ppm is emerged which could be attributed to the
formation of NH-water labile species, which in agreement with the crystal structures.
These labile protons species exchange with deuterium, resulting in 2H-NMR peaks at
the identical chemical shifts in the 8.5-6.5 ppm range. The 'H peaks ~8.5 ppm are due
to strong hydrogen bonding interactions between cryptand(NH)-water complexes,
whereas the peaks at 6.5 ppm are due to the weak hydrogen bonding interactions
between them. Upon prolonged exposure to moisture to over 6h, an increase in the >H
peak (6.5 ppm) intensity is observed, indicating the weak interactions between NH-sites
and water molecules. A continuous exposure of the same material to moisture for a day
or more leads to the displacement of *H peaks towards 6 ppm, owing to formation of
channel-like water molecules entrapped in the cryptand molecules. Similar changes are
likely to occur in the "H-NMR spectra shown in the left as evidence in the different
distribution of peaks in the 4-9 ppm range, however, severe overlapping of 'H peak
inhibits the observation of these structural changes. Overall, ‘H-MAS NMR is a
powerful approach to study the absorption of water molecules into the cryptand ligands

incorporated into the bismuth octahedra.

DFT studies

To shed light into the electronic structure of the new material we performed
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DFT calculations. Figure 6a shows the electronic band structure for (DHS)>PbsBri4,
including spin-orbit coupling interactions. The compound is a direct band gap
semiconductor, near the high-symmetry U point of the Brillouin zone (BZ) with a value
of 1.53 eV. The computed band gap is lower than the experimentally determined one at
2 eV, which is expected from the chosen level of theory (see Supporting Information).
The calculated charge-carrier effective masses around the valence band maximum
(VBM) and the conduction band minimum (CBM) near the U point are found to be
approximately 0.16 mo and 0.25 mo for electrons and holes, respectively. Similar
moderate band dispersion has been recorded before for 0D Bi(III) iodide compounds.??

The density of states plot in Figure S7 shows that the valence and conduction
band regions near the VBM and CBM edges are dominated by the bismuth and iodide
species in (DHS)Bils, similar to other metal halide semiconductors. Specifically, at the
region near the VBM, the states are dominated by the 5p orbitals of the I atoms, whereas
near the CBM, the region is predominantly composed of the 6p orbitals of Bi atoms and
partially of the 5p of the I atoms. The states of the species composing the organic linkers
are found deep in the valance and conduction band regions and, therefore, are not
expected to contribute to the electrical and optical properties of the material.

Towards evaluating the effect of H,O inclusion in the structure we calculated
and analyzed the thermodynamic stability of the material, by including H>O molecules
in the DHS linkers. The geometry of the structure was optimized, with one, two, and
four linkers, each containing one H>O molecule. The results show that the water-
containing systems are more stable than the pristine counterpart (without H>O) by -0.51
eV (-49.21 kJ/mol), -1.20 eV (-115.8 kJ/mol), -2.03 eV (-195.87 kJ/mol), and -2.41 eV
(-232.53 kJ/mol) per formula unit, for the systems with one, two, three, and four H.O
molecules, respectively (one H>O per linker). Insignificant changes in the lattice
parameters were observed by the inclusion of H>O; in-plane lattice parameters a and b
slightly decreased after including H,O for the system with four H>O molecules
compared to those of the pristine structure. Inversely, the out-of-plane parameter ¢
enlarged with the H>O content, with the largest value of 0.3% for the system with four
H>0 molecules (Table S5). The spatial arrangement of the H>O molecule inside the
linker adopts a particular configuration. Figure S8 shows the final arrangement of the
H>0O molecule after structural relaxation. The molecule is located relatively in the center
of the entrance of the rounded pocket-like linker. Moderate hydrogen bond interactions

are observed between the hydrogen atoms of the H>O molecules and the closest oxygen
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atoms of the linkers, laying at an average bond distance of 2.05 A.

Moreover, electronic structure analysis shows that the inclusion of H>O inside
the linkers does not affect the electronic properties of the material. Figures 6b c, d
display the band structures of the materials with H>O inside the linkers compared to the
those of the pristine analogue, Figure 6a. The band gap remains the same and the
incorporation of H>O does not alter the dispersion and the degeneracy of the bands. The
only exception is found when the four linkers of the system contain each one H>O
molecule. In that case, the band dispersion slightly changed by shifting apart the lowest
degenerate conduction band from the second lowest band and the highest valence band
from the second highest band, which induced a miniscule decrease in the band gap.

Furthermore, DFT studies assisted in supporting the experimental studies in
regard to the maximum H>O uptake of the porous structure. The number of H>O
molecules per linker was increased from one to two and four between the linkers as an
additional constraint occupying the space between the linkers, which amount for twelve
molecules in total. The initial and final structures before and after relaxation are
displayed in Figure S9. Evidently, the final structure after geometry optimization and
structural relaxation shows that one of the H>O molecules inside each DHS linker is
expelled from it and is located in the interstitial space between adjacent linkers. This
means that DHS counter-cations can accommodate only one H>O molecule, which is in

excellent agreement with the experimental sorption data (see above).

Optical absorption and photoluminescence

UV-VIS diffuse reflectance studies of (DHS)Bizlg reveal a sharp absorption
edge at 2.05 eV (Figure 7a). Upon excitation of the as made crystals at 470 nm the
material exhibits broad, band-edge light emission centered at 600 nm (2.06 eV) with a
full width at half maximum (FWHM) of 99 nm (0.33 eV). Corresponding emission is
accompanied by an average PL decay lifetime of 3 ns (Figure S10), determined by time-
correlated single-photon counting (TCSPC) spectroscopy measurements. Multi-
exponential fitting of the emission decay curve reveals two exponential components
with time constants of 0.7 and 4.4 ns. This emission performance is consistent with
other 0D Bi(Ill) iodides, such as MA3Bixlo, which exhibits band-edge excitonic
radiative luminescence.”® Photoluminescence excitation (PLE) studies revealed a
uniform emission peak profile centered at 600 nm upon exciting the sample from 410

nm to 485 nm (Figure 7b). It is pointed out that water treatment had a minuscule impact
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on the optical properties. Corresponding absorbance spectra of the fresh and 9-month
water treated samples are exactly the same (Figure 7d), while the emission spectrum of
the 6-month water treated sample is almost identical to the one recorded for the fresh
sample (Figure 7c). There is no shift in the PL peak position, rather a small increase in

the FWHM from 99 nm to 102 nm for the fresh and water treated one respectively.

Antibacterial studies

Optical density (OD) measurement at a wavelength of 600 nm is used to
evaluate the material’s inhibition activity against both Gram-negative and Gram-
positive bacteria (Figure 8a). After exposure of bacterial samples to 1 mg mL™" and 10
mg mL ! material for 16 h, the growth of Gram-positive bacterial strains was prevented
significantly by showing much lower ODsoo value in comparison with the negative
control. At as low as 1 mg mL™!, material can completely suppress the growth of six
strains of bacteria (K. pneumonia, P. aeruginosa, E. coli, MRSA, MRSE and VREF),
including multi-drug resistant strains. The inhibition can be directly visualized as the
wells with untreated cells were turbid, but after incubation with material, the bacterial
solution becomes completely clear (Figure 8b). This result also demonstrates the killing
activity in MRSA, MRSE and VREF strains. Notably, PXRD studies of the recovered
material, after the antibacterial essay, reveal that the structural integrity is maintained
as the experimental patterns are identical to the calculated one (Figure S11). The
antibacterial activity is further proved by standard plate counting assay (Figure 8c), in
which MRSA strain is incubated with material for 16 h, diluted and grown in agar plate
for another 12 h or 24 h, respectively. In contrast with countless colonies in the negative
control, the number of bacterial colonies almost completely disappeared after material
treatment.

To explore whether the material acted through a membrane-interrupting
mechanism, fluorescence microscopy imaging was conducted. Among the fluorescent
probes, 4,6-diamidino-2-phenylindole (DAPI) can pass through the intact cell
membrane and bind strongly with adenine—thymine-rich regions in DNA. Another
notable stain, propidium iodide (PI) can also bind with DNA but is not membrane
permeable. Both are commonly used to evaluate cell viability. Therefore, after no
treatment and material treatment, MRSA is stained by both DAPI and PI and imaged
under a confocal microscope. As shown in Figure 9a, in negative control with live cells,

only DAPI could enter cells and the blue fluorescence signal could be observed.
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However, in treated cells, the red signal from PI is observed in addition to the blue
signal, indicating that the cell membrane is damaged by material and thus cellular
contents like DNA are exposed to bind with PI. The direct visualization of the disrupted
membrane of MRSA is realized by TEM imaging (Figure 9b). Compared with the
MRSA cells which have an intact membrane in the negative control, the cells incubated

with material have lost their membrane integrity.

CONCLUSIONS

A new member of the PMHS family of materials is presented, namely
(DHS)Bi2Is. The corresponding compound is an ultra-micorporous, visible light
semiconductor with superior water stability among metal halide materials. Gas and
vapor sorption studies revealed that (DHS)Bizlg can reversibly adsorb H>O and D>O
but is impervious to N> and CO». Apparently, the presence of the organic part of the
structure is essential not only for generating porosity but also for rendering (DHS)Bizlsg
water stable for more than a year. ssNMR studies verified the incorporation of H,O and
D20 in the DHS cavities, while DFT calculations elucidated that H>O inclusion does
not affect the electronic properties. In addition to porosity, the material exhibits band-
edge emission at RT, a property that is maintained after 6 months in water. Generating
porosity to hybrid semiconductors is expected to render them proper for unexplored
applications beyond photovoltaics, such as solid-state batteries and sensing.

Moreover, Bi(IIl) metal halide materials have been tested recently as
antibacterial agents. In this regard, we evaluated the antibacterial performance of
(DHS)Bi2lg against both Gram-positive and negative bacteria. Interestingly, ODsoonm
and plate counting assays demonstrate that it can completely suppress the growth of six
strains of bacteria (K. pneumonia, P. aeruginosa, E. coli, MRSA, MRSE and VREF),
including multi-drug resistant strains. TEM and fluorescence studies shed light on the
underlying mechanism, revealing that the treated cell membranes rapture upon contact
with the material, as it is recorded for other semiconductor antibacterial agents. Notably,
the fact that (DHS)Bi2ls is a visible light semiconductor with record water stability and
composition of non-toxic, biocompatible elements renders it proper for applications
beyond energy storage and generation to water purification, disinfection and

antibacterial coatings on everyday touched surfaces and personal protective equipment.
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Figures

[2.2.2] cryptand

Figure 1. a) The unit cell contents of the crystal structure of (DHS)Bi2lg viewing across
the a-axis. b) Part of the crystal structure across the c-axis. Disordered carbon, nitrogen
and oxygen atoms are omitted for clarity. ¢) The structure of the inorganic [Bialis]*
tetramer showing the octahedral connectivity and representative Bi-I bond lengths. d)

Molecular representation of the [2.2.2] cryptand (DHS).
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Figure 2. Top: Comparison of the PXRD patterns for the as made (DHS)Bilsg crystals
and the water treated ones, to the calculated pattern based from the solved single crystal
structure. Bottom: zoom into the highlighted area of the PXRD patterns from 9° to 18°
20 verifying the high crystallinity and phase purity of the water treated sample.
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Figure 3. Top: High resolution variable temperature PXRD patterns for the (DHS)Bi2ls,
consisting of one heating cycle. Bottom: The highlighted area is enlarged to show the
shift of the diffraction peaks to lower Q values with increasing temperature, indicative

of lattice thermal expansion. The material is thermally robust up to 340 K.
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Figure 4. a) H>O and D,0 adsorption and desorption isotherms recorded at 298K up to
Ibar, the reversible character of the isotherm is indicative of physisorption of the vapor
molecules in the adsorbent. The inset figure shows the sharp vapor uptake at low
pressures, indicative of micropore filling. b) N2, CO2, H>O and D>0O isotherms at 77 K,
195 K, and 298 K respectively. The material is impervious to N> and CO»,

demonstrating its ultra-microporous nature.
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Figure 5. Solid-state (a) 'H and (b) 2H-MAS NMR spectra of (DHS)Bi.ls before and
after exposure to moisture at 85% relative humidity in the air. Signals correspond to -
OCH»-, -NCH»-, H,O/D>0O and NH/DH groups of cryptand-water complexes are
resolved. The increasing uptake of water molecules by the cryptand is evident from the
water-d peak in (b). All spectra were acquired at 18.8 T (Larmor frequencies of 'H =

800.1 MHz and *H = 122.8 MHz) with 50 kHz magic-angle spinning.



(a) Without H,O (b) One H,O molecule

Two H,O molecules

Figure 6. Band structure evolution of (DHS)Bi2Is with H>O loading, (a) pristine system,
(b) with one H>O molecule per four DHS linkers, (¢) two H>O molecules per four DHS
linkers, and (d) four H>O molecules per four DHS linkers (100% H>O loading). Only
one H>O molecule can reside in each DHS linker. The band structures are calculated
including spin-orbit coupling, green/dashed black and red/dashed black lines show the
degenerate VBM and CBM, respectively.
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Figure 7. a) The recorded absorption and emission spectra of (DHS)BizIs compound at
RT, b) PLE spectra map of the pristine material at RT, ¢, d) Comparison of PL and

absorbance spectra for the fresh sample and the H>O treated one.
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Figure 8. Antibacterial activity study of (DHS)Bizls. a), ODgoonm value was measured
to show the activity of material against Gram-negative bacteria (E. coli, K. pneumonia,
and P. aeruginosa) and Gram-positive bacteria including (MRSA, MRSE and VREF).
b) Snapshot of antibacterial activity in 96-well plate. c¢) Pictures of MRSA colonies
incubated by 10 dilution for 12 h.
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(a) (b)

Figure 9. Membrane disruption study of (DHS)Bi2ls. a) fluorescence images of MRSA
with no treatment (I) and with (DHS)Bizlg treatment (II). b) TEM images of untreated
MRSA (above) and treated cell (bottom). The result clearly demonstrates the rupture of

the cell membrane upon treatment with (DHS)Bils.
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Table 1. Crystal and structure refinement data for (DHS)BixIg at 296 K.

Crystal system monoclinic
Space group P2i/c
a=13.058(3) A, 0.=90°
Unit cell dimensions b =22.069(6) A, B =90.020(4)°
c=14.106(4) A, y =90°
Volume 4065.1(18) A®
Z 4
Density (calculated) 2.971 g/em?
Independent reflections 8330 [Rint = 0.0755]
Completeness to 0 =29.33° 99.9%
Data / restraints / parameters 8330/ 1254 /571
Goodness-of-fit 1.025
Final R indices [[>206(I)] Robs = 0.0456, wRops = 0.0968
R indices [all data] Ran =0.0866, wRan = 0.1170
Largest diff. peak and hole 1.216 and -1.484 e- A"

R = 3|[Fol-|Fd|| / Z[Fo], WR = (S[W(|Fo]? - [FeP)2] / Z[w(Fo[)])? and w=1/(c*(1)+0.000412)

31




Table of Contents Graphic

(DHS)BI, I, T
N, H,0 CO,D,0 .. ; @
‘ ‘ ‘ ‘ 0.3

= Control
= 1mg/mL
« 10 mg/mL

E. coli P.aeruginosa MRSA

32



