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Abstract

Bismuth-oxocluster nodes for metal-organic frameworks (MOFs) and coordination networks/polymers are
less prolific than other families featuring zinc, zirconium, titanium, lanthanides, etc. Yet Bi** is non-toxic,
it readily forms polyoxocations, and its oxides are exploited in photocatalysis. This family of compounds
provides opportunity in medicinal and energy applications. Here we show that Bi-node nuclearity depends
on solvent polarity, leading to a family of Bix-sulfonate/carboxylate coordination networks with x=1-38.
Larger nuclearity-node networks were obtained from polar and strongly coordinating solvents, and we
attribute the solvent ability to stabilize larger species in solution. The strong role of the solvent and the
lesser role of the linker in defining node topologies differs from other MOF syntheses, and is due to the
Bi** intrinsic lone pair that leads to weak node-linker interactions. We describe this family by single-crystal
X-ray diffraction (eleven structures), obtained in pure forms and high yield. Ditopic linkers include NDS
(1,5-naphthalenedisulfonate), DDBS (2,2’-[biphenyl-4,4’-diylchethane-2,1-diyl] dibenzenesulphonate)
and NH»-benzendicarboxylate (BDC). While the BDC and NDS linkers yield more open-framework
topologies that resemble those obtained by carboxylate linkers, topologies with DDBS linkers appear to be
in-part driven by association between DDBS-molecules. An in-situ small-angle X-ray scattering (SAXS)
study of Bizs-DDBS revealed stepwise formation, including Biss-assembly, pre-organization in solution,
followed by crystallization, confirming the less important role of the linker. We demonstrated
photocatalytic hydrogen (Hz) generation with select members of the synthesized materials without the
benefit of a co-catalyst. Band gap determination from X-ray photoelectron spectroscopy (XPS) and UV-vis
data suggest the DDBS linker effectively absorbs in the visible range with ligand-to-Bi-node charge
transfer. In addition, materials containing more Bi (larger Bisg-nodes or Big inorganic chains) exhibit strong
UV absorption, also contributing to effective photocatalysis by a different mechanism. All tested materials
became black with extensive UV-vis exposure, and XPS, transmission electron microscopy, and X-ray
scattering of the black Biss-framework suggests that Bi’ forms in-situ, without phase segregation. This
evolution leads to enhanced photocatalytic performance, perhaps due to increased light absorption.

Introduction

Metal-organic frameworks (MOFs) and related coordination polymers (CPs), composed of inorganic
oxometal nodes and organic ditopic linkers, are undoubtedly one of the most studied materials families in
the 21% century.! The major distinguishing characteristic of MOFs is the permanent large pore volume,
broadly exploited for gas storage and separations,> * and this feature is derived from the arrangement of
nodes and rigid linkers (topology) and requires robust metal-ligand bonds. Other emerging related families



are polyoxometalates (POM-based). These include 1) so-called POMOFs, in which polyoxometalates
(POMs) interact with MOF frameworks via the POM oxygen and framework metal,* and 2) supramolecular
assemblies consisting of POMs and organic moieties that assemble by non-covalent interactions.> Both
CPs and MOFs are further innovated and designed for drug delivery,® catalysis,”' magnetism,'! and
luminescence.'? In designing these materials and optimizing emergent properties; the node, the linker, and
the pore solvent need to be considered—rapidly creating an overwhelming synthesis and form-function
relationship space to explore. While high throughput screening (computational and experimental) has
identified and discovered form-function relationsips'*!> and optimized syntheses,'® ! initial discovery of
new phases is largely still executed via traditional synthesis and characterization.

In this study, we explore the synthesis and properties of bismuth (III) -based CPs/MOFs with disulfonate
linkers. Bismuth-based coordination networks have been far less prolific than transition-metal node MOF
families such as group IV (Ti, Zr, and Hf) and Cr, in particular. Challenges include the insolubility of the
Bi-precursor and the unavoidable structure-directing effect of the lone pair. On the other hand, bismuth-
based materials have unique and useful characteristics, including 1) negligible toxicity (i.e., as a Pb-
substitute in materials, or for medicinal applications),'® ° 2) indirect bandgap utilized for conductivity and
photocatalysis,”> 2! and 3) high absorption cross-section of extreme UV energy, exploited in
nanolithography.? The majority of published Bi-oxo MOFs and CPs exploit carboxylate linkers and feature
monomer, dimer, trimer, tetramer, and chain building units (Table S1).23-32

Bi(III) has known cluster nuclearities ranging from 1 to 38,% allowing testing hypotheses about
properties related to MOF-node nuclearity and determining reaction pathways to control CP/MOF-node
nuclearity. The isolated Big cluster, i.e. [BisO4(OH)4(NO3)¢(H,0).] has certainly been a target as a MOF
node, given its similar topology to the Zr/Hfs node in the well-known UiO-66 MOF.** 33 Surprisingly the
first Bis MOF with permanent porosity was only reported in 2019,?° and Big-CP in 2018.°® By employing a
sulfonatocarboxylate linker, Stock and coworkers created a series of CPs featuring Bi-oxocluster nodes
including Bie, and even a unique Bijs cluster topology node.'® Bi, (also an unprecedented oxo-cluster) was
isolated in a CP network with a disulfonate linker.>* We hypothesize that sulfonate linkers behave more as
spectators in oxocluster assembly processes and other parameters, such as solvent polarity play a stronger
role in dictating cluster nuclearity. Because we are targeting an understanding of (1) how to control
oxocluster-node nuclearity and (2) MOF/CP properties as a function of node nuclearity, we exploit
disulfonate as a linker for Bi-oxo cluster materials.

Mehring and colleagues showed that Big dissolved in DMSO undergoes disassembly-reassembly
to form a large cluster with a core composition of [BissOss] (Bisg) determined by X-ray scattering; an
example complete formula is [BizgOas(CsH7SO03)s(NO3)14(DMSO) 19 5(H20)2], determined by single-crystal
X-ray diffraction.’® 3" Bisg is topologically similar to Uss®® Puss,®” *° Cess,*! and Npsg;** and these 1.5
nanometer sized clusters approach metal oxide nanoparticles in diameter and nuclearity. Therefore, Biss is
certainly a targeted node since it is more broadly related to the tetravalent metal-oxo clusters
(Zr/Hf/Ce/Th/U/Np/Pu'"),3* 4347 as well as topologically and compositionally similar metal oxides and
viable MOF families. Intriguingly, Biss was also recently described as a major species in Pepto Bismol*®
via X-ray scattering studies.

Using the DDBS (disodium 2,2’-[biphenyl-4,4’-diylchethane-2,1-diyl]dibenzenesulphonate) and
1,5-NDS (1,5-naphthalene disulfonate) linkers (figure 1), Bi nitrate, Bi»Os, or pre-formed Big as a bismuth
source, and a variety of solvent/temperature/time parameters; we have identified and attempted to
rationalize reaction parameters that control node nuclearity. These efforts have yielded eleven new
structures featuring Bi-oxocluster nodes ranging from Bi; to Biss in nuclearity (see Table 1 and figure 1).
The Bisg-DDBS and Biss-NDS represent the largest oxocluster node isolated in a CP/MOF matrix. Second,
we used small-angle X-ray scattering (SAXS) with in-situ heating to follow the assembly of the Bizs-DDBS



phase, and this sequentially showed 1) assembly of Biss, 2) pre-organization of the clusters in solution upon
adding the linker, and 3) crystallization of the expected phase, plus an additional phase with an even larger
unit cell (not yet structurally characterized). The latter represents opportunity to discover new phases,
advantaged by the in-situ measurements.

We have also demonstrated photocatalytic H, production without the benefit of a co-catalyst, and
Bi-networks with the DDBS linker and/or higher Bi-content (larger nodes) were most effective. Metal
oxides, including Bi oxides have amply demonstrated photocatalytic H, production, specifically BiOX (X
= Cl, Br, 1), BixMOs (M = Mo, W), BiVO.,’! BiOIOs,%? and Bi,03.* MOFs are explicitly designed for
H, production by utilizing conjugated aromatic linkers that enhance light absorption across the visible
spectrum;> the charge separation is generally described as ligand to metal charge transfer (LMCT) from
the linker to the node. Studies of H, production via water splitting for Bi-based MOFs are few,**>’ also
described as ligand to metal-oxo cluster charge transfer, and the conduction band exhibits sufficient
potential in the water reduction process (E°H/H,0.0 eV vs. SHE (standard hydrogen electrode) at pH=0).3%
55 The same photocatalytic mechanism is defined for Ti-based MOFs (MIL-125).> However, much is not
known about this process from an atomic level perspective, since Bi does not exhibit readily reversible
redox chemistry. Despite the poorly understood reversible redox chemistry of Bi, a recent paper suggests
Bi** isolated within a lacunary polyoxometalate could also perform water oxidation, initiated by Bi**—Bi**
electrochemical oxidation.® An intriguing prospective/review’ provided several insights into the role of
the node in effective H, production. Specifically related to the current study, the authors suggested
nanometric nodes could mimic properties found in quantum dots (i.e., separation enhanced by surface-
trapping of electrons or holes) and that infinite chain ‘nodes’ could enhance charge mobility. Here we show
two mechanisms that contribute to effective photocatalysis in Bi-networks; ligand-to-metal charge transfer,
and direct light absorption by the Bi-nodes.

Experimental section:

Synthetic details for the twelve reported compounds (eleven Bi-CP/MOFs plus one inorganic Bi-oxysulfate
to benchmark photocatalysis of a related inorganic phase) are summarized in the SI and in Table 1,
discussed below. In addition to single-crystal X-ray diffraction, bulk samples were characterized by powder
X-ray diffraction (PXRD, figures S2-S3) and UV-vis measurements (figure S4). Notably, comparing
experimental and calculated PXRD does not show perfect agreement. This is due to two issues. First,
preferred orientation is common with acicular clusters, and the observed peak intensities don’t necessarily
match the calculated peak intensities. Second, the larger node clusters (Biss in particular) lose some solvent
that occupies the voids, which leads to degraded peak intensity and peak definition. Single crystal X-ray
diffraction (SCXRD) methods and tables of crystallographic data (Tables S2-S7) are summarized in the SI
for the reported twelve compounds. These also include representative images of the node and linker in
polyhedral representation for identity, and ellipsoid representation of the node (including only Bi, O and
S). It was not possible to locate protons for OH groups of the nodes. Rather these are identified by bond
valence sum (BVS) calculations, summarized in Tables S8-S16. Methods and instrumentation for in-situ
SAXS studies and photocatalysis studies are also summarized in the SI.



Results and discussion
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Figure 1. Schematic summary of synthesis results, highlighting the MOF/CP nodes obtained with DDBS
(top left) and 1,5-NDS (bottom left) linkers. Green is Bi, red is O. Yellow arrows represent nodes obtained
from either DDBS (Bi7) or NDS (Bi,, Bis, Bi-chains); blue arrows represent nodes obtained from both
linker types (Bii, Big, Biss).

Synthesis. The large number of obtained frameworks with node nuclearities ranging from 1 to 38
provides opportunity to consider synthesis parameters that influence node nuclearity, summarized below.
Table 1 and figure 1 summarize the synthesis conditions and obtained node nuclearity for materials created
with both 1,5-NDS and DDBS linkers, and some trends emerge. Following the observation by Mehring and
Jensen,*® we dissolved Bis in DMSO to target the Biss cluster node. However, to start with a clear solution
with the added linker (and to enable SAXS studies), a co-solvent was required. With DMF as the co-solvent
and 80 °C reaction temperature, we obtained frameworks containing Biss with both studied linkers, denoted
Biss-DDBS and Bizs-NDS. For the additional Bi,-NDS phases, Bi»O3 proved to be an effective precursor,
while DDBS phases were obtained from Bi(NO3)s. In every reaction that yielded crystalline phases (other
than Biss-phases), water was a co-solvent, in order to dissolve the linker. In these reactions, the second (and
third in some cases) co-solvent differentiated the obtained linker nodes; DMSO gave Bie; water yielded Bi-
oxo chains; water and methanol Biy; and water, DMSO, and acetone Bi;. The same water-DMSO-acetone
mixture with DDBS likewise yielded the monomer. Similarly, H,O and DMSO plus the respective linker
produced Bis-phases. The solvent plays a vital role in defining the node nuclearity, but the complex matrix
of reactants and solvents challenges a straightforward explanation. However, yields for these reactions are
high, and reactions are reproducible without amorphous impurities. The pH for the DDBS solutions (with
bismuth nitrate) is ~1.8, whereas the pH for the NDS solutions is approximately 2.0. With Bi,O; as the
bismuth source, the low pH is important for retaining the Bi in solution to avoid amorphous precipitates.
Considering the smallest nodes, Bi;, the addition of acetone likely decreases the solvent polarity sufficiently
so that only very small bismuth-oxo species can be retained in the solution to form ordered phases. Although
water is a very polar solvent, its role in oxocluster assembly also includes driving hydrolysis reactions,
which can result in larger nodes, chains, or simply precipitation of oxides. Based on these details, though
seemingly counterintuitive, we conclude that more polar and coordinating solvents (i.e., DMSO, DMF) can
solubilize and stabilize large Bi-oxo clusters, mainly Bis and Bisg, promoting the formation of frameworks
containing these large-node phases. On the other hand, the presence of weakly coordinating solvents such



as acetone, or water that drive hydrolysis/precipitation of oxides (as a competing reaction to linker-node
complexation), could only maintain small nodes (i.e. monomers) in solution, leading to crystallization of
frameworks that contain smaller nodes. Of the two most polar solvents, DMSO is present in all the reaction
solutions (in addition to co-solvents), but only DMF plus DMSO yielded the crystalline frameworks
containing Bie, Bis and Biss. This can be compared to a prior reaction pathway study that documented the
conversion of clusters, Big to Biss, by dissolving the former in DMSO. In their study, in low concentration
(DMSO/dichloromethane mass spectrometry experiments), only Bis was observed, whereas higher
concentration (DMSO only) X-ray scattering experiments evidenced only Biss.** This suggests Bis and Biss
are similarly favored in polar solvents. The necessity to utilize complex solvent mixtures in our studies
arose from the challenges to dissolve both linkers and poorly soluble bismuth precursors; therefore,
conclusions regarding control over node nuclearity and dimensionality are not absolute. In addition, while
most reactions were carried out at 80 °C, two reported frameworks were grown at room temperature (Bichain-
NDS and Bis-NDS-BDC), so this is another confounding parameter. Interestingly, Bichin and Bis
frameworks with a fluorinated carboxylate linker were also obtained at room temperature.>

We can say more definitively that solvent plays a more important role than linkers in defining
bismuth-oxocluster topologies and nuclearity. This is different than the tetravalent metal cations, in which
carboxylate ligands and linkers direct the formation of the hexamer cluster®®/node. 4444647 This is likely
because the Bi** lone pair inhibits strong bonding between the linker and the node. A clear topology-
directing parameter that emerges in the detailed structure descriptions below is the pi-pi stacking of the
long, flexible DDBS linkers with each other. The pi-pi stacking is enabled via side-by-side association of
DDBS bi-anions, promoting linear connectivity of nodes, rather than 3d connectivity. On the other hand,
the shorter and more rigid NDS anions yield more predictable topologies; i.e., resembling structures with
carboxylate linkers, including the well-known scu-topology.

Table 1. Summary of synthesized compounds and conditions

Node DDBS, brief synthesis description 1,5 NDS, brief synthesis description
nuclearity
Bi Bi(NOs)s+ DDBS in H,O + DMSO + acetone  Bi;O3+ 1,5 NDS in H,O + DMSO + acetone
(80°C) 80°C)
Bi, Bi;03+ 1,5 NDS in H,O + MeOH (80 "C)
Bichain Bi;03+ 1,5 NDS in H,O (80 °C)
Bis Bi(NOs3);+ DDBS in HO+DMSO (80 °C) Bi,03+ 1,5 NDS in H,O + DMF (Bis-NDS-1)
or DMF/H,0 (Bis-NDS-2) (2 d, RT)
Biy Double concentration Bi(NO3)3; concentrated+
DDBS in H,O+DMSO (80 °C)
Big Bi,03+ 1,5 NDS in H,O + DMSO (80 °C) + 2-
amino-BDC in DMF (7 d, RT)
Biss Big cluster in DMSO+ DDBS in DMF (80 °C)  Big cluster in DMSO+ 1,5-NDS in DMF (80

C)




Structure Descriptions

Both the DDBS and the 1,5-NDS linker isolated compounds with the monomer, Bi; node. Bii-
DDBS crystallized in the C2/c space group with a unit cell volume of 11265.8(6) A* (Table S2), formulated
[Bi(H-0)(DDBS), s(DMSO)4 2H,0]. Each Bij-node bridges neighboring nodes via DDBS linkers along
the c-direction, creating a 1-dimensional material. One DDBS is chelating with Bi-O bond lengths of 2.4 A
and 2.8 A, and the second is singly-bound with a bond length of 2.6 A. The Bi coordination sphere is
completed with four DMSO ligands with the shortest bond lengths (~2.1-2.2 A) and one water molecule
(Bi-O ~2.5 A). There is disorder in the Bi-site (85% BilA, 15% BilB), as well as three of the four DMSO
ligands. Figure 2a shows an extended unit cell view, down the b-axis. An emerging theme with the DDBS
linker is interactions between the linkers (i.e., by pi-pi stacking) seems to be a structure directing effect.
For Bi;-DDBS, neighboring DDBS molecules are aligned perpendicular (figure 2b), with H-H distances
of around 2.8 A, suggesting dispersion forces are involved.

Figure 2. Views of Bi; phases. A) view down the b-axis of Bi;-DDBS showing the one-dimensional
arrangement. B) View of adjacent monomers of Bi;-DDBS, highlighting the perpendicular orientation
of neighboring DDBS molecules. C) Bi;-NDS monomer. D) View of Bi;-NDS showing the staggered
planar arrangement of the layered material. The green and blue (Bi) polyhedra are offset approximately
perpendicular to the layer direction, creating a double-decker layer. Atom color codes: green=Bi;
red=0; black=C; yellow=S; light gray=H. This color code applies to all structure figures unless stated
otherwise.

Bi;-NDS is a 2-dimensional layered structure, formulated [Bi(1,5-NDS);s(DMSO)4] and
crystallizes in the P21/c monoclinic space group with a unit cell volume of 3251.54(4) A® (Table S2). The
Bi-coordination is highlighted in figure 2C, with four bonds to DMSO (Bi-Opwmso ~ 2.3-2.4 A). The



monomers are linked by three 1,5-NDS ligands. The two monodentate linkers are oriented so the conjugated
rings lie parallel to the layers, and the third is bidentate, oriented perpendicular to the planes (Bi-Osuifonate ~
2.3-2.6 A). The bidentate linker joins the neighboring Bi-monomer out of the plane, creating ‘double-
decker’ layers. A view of these layers is shown in figure 2D. Interactions between layers along the stacking
direction appear to be via H-bonding of DMSO molecules; the NDS linkers are not involved in these
interactions.

Increasing nuclearity, Bi,-NDS features the dihydroxide-bridged dimer (figure 3A) with the moiety
formula [Bi>2(OH)2(H20)4(1,5-NDS),]. Bi,-NDS crystallizes in the P-1 space group with a unit cell volume
of 3251.54(4) A3 (Table S3). Bond valence sum (BVS) to identify oxo and hydroxyl ligands are
summarized in Table S8. The dimer is reinforced with four bridging ligands; two hydroxides (Bi-OH ~2.2
A) and two 1,5-NDS (Bi-Osulfonate ~ 2.3-2.5 A). Each Bi is capped with a water molecule (Bi-OH; ~2.9
A) and two additional monodentate sulfonates bridging to neighboring dimers (Bi-Osuifonate ~ 2.3-2.5 A).
The dimers are linked in both the a-direction via a single sulfonate (inorganic chains), and the b-direction
via both sulfonates on opposite sides of the naphthalene, creating alternating layers of linkers and Bi-dimers
(figure 3B).

Figure 3. Views of Bi>-NDS and Bichin-NDS. A) Ball-and-stick representation of the Bi,-NDS dimer
plus its surrounding ligands. B) View down the Bi,-NDS c-axis highlighting the inorganic dimer chains
along the g-axis, and linking of the dimers via the NDS in the b-direction. C) Ball-and-stick
representation of Bichain-NDS highlighting the zig-zag chains of dihydroxide-bridged Bi-polyhedra (8-
coordinate), that are linked in the c-direction by 1,5-NDS. D) A view of the Bichain-NDS framework down
the a-axis, perpendicular to the zig-zag chains.



The Bichain-NDS, formulated [Bi2(OH)4(H20)2(1,5-NDS)] crystallizes in the orthorhombic Pbca
space group with a cell volume of 1600.83(4) A® (Table S3). This framework features zig-zag chains of
edge-sharing (dihydroxide bridged) Bi-polyhedra (8-coordinate) that run along the a-axis (figure 3C-D).
The Bi-OH bond lengths are ~ 2.1-2.4 A, and each Bi links to four of these. Each Bi is further coordinated
to two sulfonate groups, one bidentate and one monodentate with longer bond lengths, ~ 2.8-2.9 A, and a
terminal water molecule with the bond length of 2.6 A. BVS calculations identifying the protonation of
oxo-ligands (i.e., water, hydroxide) are in Table S9. The singly bound sulfonate bridges to the neighboring
chain in the b-direction, which is bidentate-bound to the neighboring chain, thus linking the chains into
layers in the b-direction. In approximately the c-direction, the bidentate sulfonate links to neighboring
‘layers’, where layers are chains linked by sulfonates within the ab-plane (figure 3D).

Bis-node materials were obtained from both DDBS and the NDS (two different topologies), and
these structures are described briefly below. All three structures feature a Bis(OH)4+O4 node with disorder
of the OH and O over all eight sites, as also typically observed in MY(OH)4O4 (M=Zr, Hf, Ce, Pu, Np), i.e.
in UiO-66 analogues.®* 3> 47 Likewise, prior-reported Bis-MOF*® and isolated clusters®” ¢! feature the
Bis(OH)404 ligation. Typical Bi-O bond distances are 2.15-2.19 A and Bi-O-Bi bond angles are 116-118 °.
Typical Bi-OH bond distances are 2.3-2.4 A and Bi-O(H)-Bi bond angles are 100-102 °. Bis-DDBS has an
addition complexity of 4 of the 6 Bi of the hexamer are disordered with 0.9/0/1 occupancy, and this is
summarized in Table S10. The protons were not located on the oxygens in the electron density map, rather
BVS (and precedence) informed identity of the hydroxides. (Tables S10, S12 and S13).

Bis-DDBS crystallizes in the P-1 space group with a unit cell volume of 6215.00(16) A® (Table
S4), and it is formulated [ Bis(OH)4O4(H20)4(DBBS)3(DMSO0)s-2H,O(DMSO)]. The Bis-nodes (figure 4A)
are connected into a 2-dimensional network via six DDBS linkers (figure 4B and 4C). Three DDBS are
bridging two Bi-centers within a hexamer, and three are bonded to single Bi in the hexamer, with Bi-Oppgs
bond lengths ranging from 2.6 A to 2.8 A. Of the six DDBS linkers bonded to a hexamer, four of these link
Bis-oxoclusters into chains, alternating [Bis-2DDBS-Bis].., and two of them link to neighboring chains
(figure 4C), based on both charge-balance and BVS (Table S10). Per cluster, four of the Bi are capped by
a DMSO molecule, and three by an H,O molecule (bond distances range from 2.5-2.7 A). The Bis nodes
align approximately in the (110) direction and the DDBS-Bis chains run perpendicular. (figure S4).




Figure 4. Comparison of Bis-DDBS (top) and Bi-DDBS (bottom). A) A single Bis-node and Bis-node in ball-
and-stick representation. Carbons and hydrogens are not shown for ease of viewing. The ‘extra’ Bi in Biy is
highlighted in blue. B) View of Bis and Bis, each connected to the six DDBS linkers highlighting the difference in
linker orientation. C) Extended unit cell view highlighting the parallel [Bis-DDBS-Bis] « chains and zig-zag [Bi;-
DDBS-Bi7] » chains. Green spheres and polyhedra are bismuth, red, black and yellow are respectively oxygen,
sulfur and carbon for DMSO.

Synthetically, the only difference between obtaining Bi-DDBS and the above-described Big-
DDBS was doubling the Bi nitrate precursor for the former. Bi-DDBS, formulated
[Bi;05(OH)3(H20)s(DDBS)4(DMSO)7-4H,0], crystallizes in the P2;/c monoclinic space group with a unit
cell volume of 14830.43(18) A® (Table S5). Here we can compare this structure to that of Bis-DDBS since
the node differs by only one polyhedron. The Big-core of Bi; has the typical alternating O* and OH" of the
core hexamer (see BVS, Table S11). However, for one OH" ligand, the proton is replaced by the 7™ Bi
(figure 4A). There are three DDBS sulfonate linkers bridging two Bi-centers; five bridging Bi within the
Bis-unit and the sixth bridging to the 7" addenda Bi. There are also four DMSO ligands bridging between
this 7 Bi and the Big-core, and one terminal DMSO. Within the core Bis, there are two additional capping
DMSO, and five water ligands. The DDBS Bi-O bond lengths range from 2.5 to 3.2 A, the DMSO Bi-O
2.5t0 2.8 A, and Bi-Oyaer 2.7 to 2.9 A. Whereas the DDBS ligands are aligned in the same direction for
Bis-DDBS on opposite sides of the cluster, they are aligned at a ~90° angle from opposite sides of the node
for Bi-DDBS (figure 4B), leading to a zig-zag linear arrangement of these chains [Bi;-2DDBS-Bi7].
(figure 4C). This Bi; cluster has been observed once prior in a Bi-sulfonatocarboxylate framework.'® Again,
the dispersion forces appear to be at play in dictating adjacency of DDBS chains, with H-H distances as
short as 2.5 A.
We obtained two 3-dimensional networks featuring the Bis with 1,5-NDS, formulated
[Bis(OH)404(H20)4(DMF)5(1,5-NDS);]n  (Bis-NDS-1, P-1 space group, V=1732.79(4) A’) and
[Bis(OH)404(H20)s(DMF)>(Ho5-1,5-NDS)4*2H,0]»  (Bis-NDS-2, tetragonal I4/m, V=4878.06(5) A%)
(details in Table S4 for both). The ‘0.5 H was assigned due to the requirement for an additional 2+ for
charge balance. We note there is ambiguity in the oxygen BVS for the S-O-Bi linkages (Table S13), so we
assume disordered protonation of these linkers. The two frameworks differ in synthesis by the addition of
a DMF/water mixture as a co-solvent for Bie-NDS-1, and pure DMF for Bis-NDS-2. They only differ in
composition by the number of water ligands on the Bis-core, but are vastly different in the orientation of
the linkers and arrangement of the nodes in the framework (figure 5A, 6D). The Bis node of Bic-NDS-1
has six linkers that bridge two metal centers within Bis, and two that are singly bound. Bi-Osyifonate bond
lengths are ~2.6-2.9 A. The Bis node of Bis-NDS-2 has all eight linkers bridging two metal centers within
Bis; Bi-Osulfonate bond lengths are ~2.7 A. When viewed down the c-axis (Cy axis of the cluster), the eight
NDS for Bic-NDS-2 are eclipsed in four sets of two, and each set of two sandwiches a DMF ligand), leading
to the tetragonal symmetry. Viewing Bis-NDS-1 down the Cs-axis of the Bis-node (figure SA), the
symmetry is reduced to an inversion center, by the orientation of the linkers. There are two sets of two
eclipsed linkers on opposite sides of the cluster; of each set, one is monodentate, and one is bridging two
Bi-centers. The other two sets of bridging linkers are related by inversion centers and are not eclipsed.
Interestingly, the four eclipsed NDS of Bic-NDS-1 join the hexamers into entirely inorganic chains along
the a-axis (figure 5C), via two bridging NDS between Bis-units. The remaining four NDS link hexamers
into a planar network (figure 5B), approximately perpendicular to those joined into chains along the a-axis.
Bis-NDS-2 has a much simpler arrangement, resembling the scu topology of other M'V¢-MOFS, and the
one prior-reported Big-MOF.** Each Big is joined to eight additional Bis, in a 3-dimensional network (figure
5E).



Big-NDS-1 Big-NDS-2

Figure 5. Views of Bis-NDS-1. A) The hexamer plus 8 linking 1,5-NDS. B) Planar connectivity of Bis, via the
non-eclipsed NDS, on the left and right side of the cluster in part A. C) Inorganic Big-chains oriented along the a-
axis and approximately perpendicular to the planar linked clusters shown in part B. These are linked by the
eclipsed NDS, on the top and bottom of the Bisin part A. D-E. Views of Bis-NDS-2 with scu topology. D) A
single Big-node highlighting the eight NDS-linkers. E) c-axis view of the extended 3-dimensional network.

A Bis cluster node was also obtained in a framework, with a mixture of 1,5-NDS ligands and 2-
aminoterephthalic acid (NH,-BDC), denoted Bis-NDS-BDC (BDC=benzenedicarboxylate = terephthalic
acid). The synthesis is identical to that of the Bic-NDS, but with the addition of the BDC linker upon cooling
the reaction solution. There is clear evidence in the structure that the BDC linker is responsible for the
formation of this node. Bis-NDS-BDC is formulated
[BisOs(OH)2(1,5NDS), s(NH.BDC)(DMSO),(DMF)(H,0)45] and crystallizes in the triclinic P-1 space
group, with volume = 6632.56(14) A3 (Table S5). The basic hexamer core is formulated BisO,(OH), (BVS,
Table S14) similar to the BiscO4(OH)4, but two hydroxyls are deprotonated because they bridge the two
additional Bi-polyhedra, each one linked to three of the core Bi (figure 6A). The core is significantly
distorted due to the decoration of two additional Bi, with Bi-O bonds within the core ranging from ~2.1-
2.6 A. Each of the decorating Bi is bonded to the core via two NH,-BDC, so the addition of this ligand is
clearly the driving force for the creation of this node. In addition to these four NH,-BDC linkers per node,
there are six 1,5-NDS linkers. Of the NDS linkers, two bridge a decorating Bi and a core Bi, and four bridge
two core Bi. Finally, each Bis- core has 2 DMSO and 1 DMF ligand. Despite ten linkers extending from
each Bis node, each node only links to eight nodes, since two NDS linkers bridge the same two nodes. A
view down the a-axis reveals an open 3-dimensional structure, resembling a distorted honeycomb (figure
6B, 6C) with hexagonal pores parallel to the a-axis. The distortion can be observed by the node to node
distances. Figure 6C is a simplified representation of Bis-NDS-BDC, and the green spheres represent the
Bis-node. The center-to-center distances range from 14 to 17 A, translating the distortion that is observed
within the hexamer core to a framework scale.
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Figure 6. Views of Bis-NDS-BDC. A) One Bis cluster plus its surrounding linkers and ligands. Blue is N,
red is O, black is C, yellow is S. The green polyhedra is the core Bis, and the purple are the decorating Bi.
B) A view down the a-axis highlighting the ‘honeycomb’ framework. C) Simplified view of the
framework, also approximately viewed down the a-axis. The green spheres represent the Bis-nodes.

Whereas Bis-node materials were obtained from DMSO-DMF mixtures starting with Bi,O3; or
Bi(NO3)s, when we start with Bis-nitrate as the Bi-source dissolved in DMSO, we do indeed obtain
materials featuring the Biss-cluster, as first noted by Mehring and colleagues.®® 37 We report here
frameworks featuring Biss linked by DDBS and by 1,5-NDS. Notably, we have also identified a Biss-NHo-
BDC (carboxylate) linker framework and a Bisg-2,6-NDS (with scu topology) compound via preliminary
structures (also obtained with DMSO in the solvent mixture), but these are too low quality to report at the
present time. This supports the hypothesis that, unlike the carboxylate linkers, the sulfonate linkers do not
play a strong role in directing node topology.

Bisg has been crystallized prior as an isolated cluster, but not in a coordination network with ditopic
linkers. Figure 7A shows a view of the core cluster without ligands. The central core resembles the BisOs
building unit that we observe in the hexamer structures, except it has a central us-oxo with six Bi-O bond
lengths of 2.55 A (the six Bi are blue), more similar to the nitrate-ligated Ln(III) hexamers.®* In considering
the central Big as a cube with Bi occupying the faces of the cube, it is capped with eight Bi (shown in green)
on the corners of the cube. This core of 14 Bi is further capped with 24 additional Bi (shown in pink). The
24 Bi can be considered as six squares of four that caps each of the six central Bi. Bi-O distances in the
core have a large range from ~2.1 — 3.3 A, reflecting the lone pair that engenders distorted polyhedra. Biss-
DDBS crystallizes in the P-1 triclinic space group with a unit cell volume of 9372.8(3) A® (Table S6),
formulated [Bi3sO4s(OH)4(DDBS)s(NO3)10(DMSO)2(DMF),]. In Bizs-DDBS (figure 7B), each Biss-node
is linked to eight DDBS linkers (six bridging the clusters in a linear fashion in the ab plane, with Bi-O bond
lengths of 2.7 A to 3 A (Bi-O distance). Once again, one driving force for assembly seems to be interactions
between the DDBS rings, with distances between rings around 3.5 A. However, the DDBS-DDBS distances
are longer in this structure than the above-described structures, and they stack in almost a helical fashion
(see figure S6). A view down the b-axis reveals 2-dimensional connectivity of the Bizg-nodes. Each Biss is
also capped by twenty DMSO and ten nitrates (NO3).
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Figure 7. A) View of Bissg-node with Bi in blue, green and pink, oxygen in red (see text for
explanation). B) Views down the b-axis (top) and c-axis (bottom) of Bizg-DDBS highlighting the
connectivity of Biss via the DDBS linkers. C) Two views of Bizs-NDS highlighting the 3-dimensional
arrangement with 10 Bisg surrounding each Biss (top) and the two-dimensional arrangement resembling
a pseudo-closest packed array (bottom).

Biss-NDS (figure 7C) crystallizes in the triclinic space group P-1, with a unit cell volume of
8118.9(2) A3 (Table S6, BVS of oxygens in Table S15) and a formula of [BissOss(OH)(1,5-
NDS)s(NO3)13(DMSO).3(DMF).(H20),]. Each Bissg is joined to ten others, via the 1,5-NDS linkers to build
a 3-dimensional network. The arrangement on approximately the ab-plane resembles a 2-dimensional
closest-packed assembly. Normally in a pseudo-closest packing of molecules such as spherical clusters,
there are three additional spheres above and below the defined 2-dimensional plane. The arrangement in
Bi3s-NDS, however, involves only two additional linked Biss, above and below the 2-dimensional plane.
The Biss cluster is bridged by NDS and further capped by DMSO, DMF, water, and nitrate ligands.

In-situ study of Bizs-NDS assembly. Reported prior and studied by X-ray scattering techniques,*
37 Big dissolved in DMSO undergoes conversion to Biss. We used SAXS with in-situ heating to follow the
assembly of Bizs-DBBS, albeit with some caveats. Specifically, DMSO solvent is highly absorbing,
challenging good signal:noise from our lab instrument (see SI for details). In addition, we add the DDBS
linker as a DMF solution, so the relative intensities of time points along the reaction pathway cannot be
used as part of the data interpretation. Instead, we focus on the Guinier region and prominent structure
factor. In the synthesis process, first, we dissolve Bis in DMSO. At room temperature, dissolution takes ~
5 hours, and the scattering of this solution is the red data points in figure 8. The data matches well with that
simulated from the Biss cluster structure (blue line), and the spherical model fit gives a radius of 7.6 A,
similar to that of the simulated scattering for Biss (Table 2).

Upon addition of the DDBS as a DMF solution and initiating heating (see Table 2), the primary
cluster size remains similar, but a distinct structure factor develops, observed as a broad peak around g=0.25
A", Normally a structure factor is observed at higher concentration or in the absence of shielding via
counterions. Thus, the observation of this structure factor was initially surprising because we both dilute
the Biss-solution and add extra electrolytes upon addition of DDBS. Therefore, the structure factor is due



to the pre-organization of the clusters in solution, prior to the crystallization of Biss-DDBS. The ‘eta’
parameter, Table 2, is half the distance (A) between the centers of neighboring particles, and the ‘phi’
parameter is a unitless value that represents the number of nearest neighboring particles. Doubling eta gives
center-to-center distance between Bisg, and this is also summarized in Table 2. We observe a range of
average center-to-center distance, from 28-34 A, with a general downward trend as the reaction progresses
(with heating). The center-to-center distance in Biss-DBBS is 25 A, and this structure factor provides
evidence for the initial assembly in solution, prior to crystallization. In addition, there is an upward swing
in the low-q scattering data; particularly at 110-120 °C, indicating the linear linking of the Bizs-DDBS
chains that are the primary building unit of these 2-dimensional materials. Finally, we observed diffraction
peaks as Biss-DBBS crystallizes in the capillary tube. The higher q (higher angle) peaks are consistent with
the Biss-DDBS structure (figure S7), and coexist with Bisg scattering, indicating these clusters persist in
solution throughout the entire assembly process. Below 20=3.5° (figure S7), there are additional peaks that
represent a crystalline framework (likely also containing Biss) with an even larger unit cell, that we are yet
to isolate and structurally characterize. We suspect it went undetected in the initial ex-situ synthesis and
characterization because it was desolvated in the isolation process, diminishing long-range order. This in-
situ X-ray scattering study highlights the opportunity for new materials discovery by considering reaction
pathways. This study also highlights that solvent defines the Bi**-oxo node instead of the linker.

Bi;s-DDBS assembly
Big dissolved in DMSO, room temperature

DDBS added, heated to 30 °C
heated to 50 °C

heated to 70 °C

heated to 110 °C

heated to 120 °C

—— crystallized

—— simulated Bisg

—— simulated Big

Intensity (A.U.)

o090 o

2 3 4 5 6 789 2 3 4 5 6 7
0.1

q(&")

Figure 8. SAXS with in-situ heating, benchmarking the solution assembly of Biss, in-solution linking
of DDBS to Biss, followed by crystallization.



Table 2. Spherical model fitting (with structure factor) of in-situ monitoring of Bizs-DBBS assembly

Structure factor®

Reaction step Spherical radius Center-to-center

(form factor, A) Eta (A) distance between Phi (pack)

clusters (A)

Bis dissolved in DMSO, 76 N/A N/A N/A
room temperature
Biss simulation 7.1 N/A N/A N/A
DDBS added, heated to
30 °C 8.1 15 30 1.7
heated to 50 °C 7.2 17 34 2.1
heated to 70 °C 7.5 16 32 1.5
heated to 110 °C 7.4 15 30 4.1
heated to 120 °C 7.3 14 28 4.6

Inorganic BiOSO4 To compare photocatalytically-generated H, evolution of the various node-
nuclearity coordination networks, we also sought an appropriate inorganic analogue of this family of
compounds for comparison. Heating the stock solution for Bi;-NDS at 175 °C (described in SI) decomposed
the NDS linker and yielded BiOSQs, formulated H,Bi,SO; (Tables S7 and S16 for crystallographic
information and BVS, respectively). The structure has some similarities to BiOX (X=Cl, Br, I), also a
demonstrated photocatalyst.?%?! Both the BiOX family and BiOSQOj can be considered a low-dimensional
material from the structure-directing effect of the lone pair, with intercalated anions. BiOSO4 has one-
dimensional Bi,O; ‘ribbons’ that run approximately along the c-axis. The ribbon is a double row of
alternating 3-coordinate and 4-coordinate Bi (Bi-O distances ranging from 2.16 —2.30 A, Table S16), and
these alternate the lone pair pointing on opposite sides of the ribbon, based on the asymmetric coordination
environments of these Bi*". The z»- oxygens on the edge of the ribbon are OH, and the z5- oxygens in the
middle of the ribbon are O* (figure S8A). In contrast, BiOX has all 4-coordinate Bi, with similar alternating
orientation of the lone pair; but instead of 1d-ribbons, there are 2d-sheets. In BiOSOy, the sulfate anions
are located between the ribbons, also in rows oriented approximately along the c-axis. Similarly, the halides
in BiOX are located between the layers. The sulfates have long associations with the lone pair side of the
Bi atoms, at ~2.5-2.6 A. In the ab-plane, the ribbons can be viewed as joined by even longer Bi-O
associations, up to 2.9 A. Considering this 3-dimensional connectivity, BiOSO4 viewed down the c-axis
resembles a dense framework of undulating chains (along the b-axis) of connected ribbons, with intercalated
sulfate (figure S8B). It is up to 4% denser than the related coordination polymers reported here, based on
crystallographic information.

Photocatalysis study and related materials characterization

We investigated H» evolution via water splitting in this study, using simulated solar radiation.
Initially, the Bi compounds were soaked in the reaction media (acetonitrile, water, triethanolamine (TEA)
as the sacrificial electron donor), see SI for details, to ensure their stability prior to applying UV-light.
PXRD before and after contact with the solution are summarized in figure S9. They reveal in some cases
changes in peak intensity, but the frameworks are maintained. The energy bandgap (E,) and valence band
and conduction band (VB and CB, respectively) for each Bi-network and cluster were experimentally



calculated through diffuse reflectance and X-ray photoelectron spectroscopy photoelectron spectroscopies
(XPS)** (Figures S10-S13). The CB energy level for all materials is above the energy level of water
reduction (H"/Hz, 0.0 eV vs. NHE (normal hydrogen electrode)), suggesting that they are suitable for
reducing water and producing hydrogen (figure S14, Table S17). The H» (g) evolution rate was evaluated
upon irradiation of the Bi-networks, without the use of any co-catalyst to ensure the electron transfer and
photoreduction of H, are carried out through the Bi-coordination polymer networks. Based on the UV-vis
spectra (figures S4, S10, S11), Bi,-NDS and Bi-clusters absorb predominantly in the UV-range, whereas
Bi,-DDBS absorbs into the visible region of the spectrum. Moreover, the photoluminescence results showed
that upon excitation at 355 nm, the Bi,-DDBS networks emit light with Amax at 450 nm, attributed to ligand
to metal charge transfer, while the Bix-NDS networks and isolated Bi-clusters do not exhibit this same
luminescence (Figure S15). Bi,-DDBS structures (x= 1, 6, and 38) were studied to determine the effect of
node size (and other parameters) on performance. A comparison of H, evolution rate for Bizs-DDBS, Big-
DDBS and Bi;-DDBS is shown in figure 9A, and is consistent with higher wt% Bi (or larger nodes) yielded
higher H; evolution rates. Our highest rates (i.e., Bizs-DDBS and Bis-NDS, discussed later) are comparable
to that reported earlier by some of us, using UiO-66 derivatives plus a Pt co-catalyst.®> The Biss cluster
alone did not exhibit H» evolution, neither did the DDBS. The bandgaps and respective VB and CB energies
for Bi3s-DDBS, Big-DDBS and Bi;-DDBS are all similar (figure S14, Table S17), consistent with the
photoexcited electrons originating from the DDBS linker, and transferring to the Bi-nodes. The Kubelka-
Munk plot (figure S10) of the Bi-networks and clusters allows a semi-quantitative comparison of light
absorption. Here we can clearly see the absorption contribution of the DDBS (broader band absorption out
to 450 nm) and Bi wt% (higher UV absorption), and both are important. The two best photocatalysts tested
(Bizs-DDBS and Big-NDS-1, figure 5¢, featuring inorganic chains of Bis) have comparable absorption
intensity in the UV. Surprisingly the absorption of Bic-DDBS is slightly lower than that of Bi;-DDBS, but
that could also be related to the higher ligand content of the latter. Inorganic BiOSO4 exhibited a lower H,
evolution rate than Bis-NDS-1 or Bizs-DDBS, illustrating the importance of surface area providing access
to the nodes, as well as the LMCT mechanism. Based on the above-described results, we can tentatively
say that three characteristics contribute to photocatalytic H» evolution efficacy: 1) higher Bi-content (larger
Bisg-nodes or linked Bis-nodes) leading to higher UV-adsorption and/or larger number of catalytic Bi-sites,
2) linkers that absorb into the visible spectrum (DDBS), and 3) porosity for access of the reaction media to
the Bi-nodes. An additional consideration in the protonated hydroxyl ligands (i.e. directly-bonded source
of H). These are present in the Bis-node compounds, but not inorganic BiOSQj or the Biss-node compounds.
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Figure 9. A) H: evolution rate of various Bi-compounds under the 300W Arc lamp for 8 hours. B) H
evolution of Bizs-DDBS for repeated cycles showing increased H» evolution rate. C) Bi 4f peaks of Bi
photocatalytic materials. D) Bi 4f peaks for Bizs-DDBS fresh, and recycled (black).

With subsequent H, evolution cycles of Bizg-DDBS, the H» evolution rate increases (figure 9B),
commensurate with the compound turning black. All of these Bi-containing materials exhibited some
degree of color change (white to brown or black), which was reported prior for BiOCL* Enhanced
photocatalysis was also noted for BiOCL% and the black color was attributed to oxygen vacancies.
However, other factors may be at play, including more effective light absorption across the visible
spectrum. The long-range order of Biss-DDBS (determined by PXRD) post-photocatalysis is diminished,
so we characterized Bizs-DDBS before and after the photocatalytic reaction by X-ray total scattering, TEM,
and XPS. The pair distribution function (PDF) is shown in figure S16, along with the simulated PDF for
the Bisg-node. Although this is qualitative data from a lab instrument, we note the major Bi-Bi atom pair
scattering is largely-preserved in the ‘black’ Bisg-DDBS, suggesting preservation of the large Bisg core.
TEM analysis confirmed the black color is 7ot nanoparticles of elemental bismuth, based on the lack of any
diffraction spots or rings (electron diffraction shown in figure S17). In prior studies, we have noted that
elemental Bi crystallizes readily, even at room temperature and in highly dispersed forms.%” Figure 9¢
shows the Bi-4f peaks for the studied Bi compounds, and pertinent peak position information is summarized
in Table S18. All exhibit a single Bi-4fs;, peak (peak positions ranging from 164.4 t0165.9 eV) and the
415, peak (peak positions ranging from 159.3 to 160.4 ¢V), with binding energy trending Bi;<Big<Biss. By



comparison, Fu reported peak positions for a Bis-oxocluster, respectively, at 164.5 and 159.1 eV.® To our
knowledge, the XPS of Biss has not been reported. Binding energies for Bi,Os nanoparticles are 158.6 eV
and 163.8 eV, respectively, for Bi 4f7, and Bi 4fs,.%° This is most similar to our values for Bizs-DDBS, and
consistent with the trend of increasing binding energy with increasing nuclearity. All spectra also exhibit
the S 2ps;» peak. As expected, the sulfur peak decreases relative intensity with decreasing node size (and
decreasing Bi wt%, see Table S18).

Figure 9d shows the Bi 4fs; and the 4f7, peaks for Bizs-DDBS, as synthesized, and following
photocatalytic cycling (the black material), plus pertinent peak fitting. The Bi-4fs; and the 47, peaks show
minimal change in position following photocatalysis, and two new peaks emerge at 162.3 eV and 157.0 eV
(8.5% of total bismuth, Table S18). These peaks are indeed consistent with Bi®,% similar to that reported
prior by Ye for black BiOCL.%® However, as mentioned above, there is no evidence for phase separation of
Bi metal. Therefore, we conclude that the Bi remains dispersed in the black Bizs-DDBS, creating defects in
the Biss-nodes (oxygen vacancies, distortion) that also leads to amorphization of the material. In
summarizing the comparative photocatalytic performance of the tested materials, we suggest there are two
mechanisms: 1) LMCT of the photoexcited electron, specifically for the Bix--DDBS materials, and 2) direct
light absorption at the node. Therefore, multiple characteristics emerge that improve efficacy, including: 1)
effective visible light absorption of the DDBS and transfer to the Bi-nodes, 2) enhanced light absorption in
the black material with prolonged or recycled light exposure, 3) higher Bi-content from larger nodes,
enhancing UV absorption (Table S18), and 4) open frameworks that allow access to Bi-nodes (i.e.,
comparing the poorer performance of BiOSQOy). Finally, first discovered in 20117° but far more extensively
studied is black TiO,, which has some similarities to black Bi photocatalytic materials. In these titania
materials, the black color and enhanced photocatalytic activity is attributed to Ti*", oxygen vacancies,
surface disorder, broad spectrum absorption, and a narrowed bandgap.”! Similar trends may observe from
more detailed structural characterization of black bismuth oxides in the future.

Conclusions

Here we have structurally characterized a family of coordination networks/MOFs featuring Bi-oxocluster
nodes ranging from monomers to Biss. To our knowledge, Biss is the largest inorganic node isolated in such
compounds. In addition to the Bizs-DDBS and Bisg-1,5-NDS identified here, we also have preliminary
structural data of a several additional Bizs MOFs (with dicarboxylate linkers) that will be reported in due
time. Control over node nuclearity was achieved with solvent polarity, where strongly coordinating solvents
stabilized larger nodes, regardless of the linker. An in-situ SAXS study of Bis-DDBS evidenced
preorganization of the Biss-clusters in solution upon addition of the linker, prior to any
precipitation/crystallization. This affirms that solvent media and not necessarily the linker drives node-
nuclearity for Bi-MOFs/CPs, dissimilar to other large node MOF families such as Zr/Hf!V. We attribute this
to the intrinsic lone pair of Bi**, which prohibits strong interaction between the nodes and the linkers. We
demonstrated photocatalytic H, evolution without the benefit of a co-catalyst. Hydrogen evolution rate
increases with increasing node nuclearity (and increasing Bi content) leading to increased light absorption
in the UV by the Bi-nodes, as one mechanism. The second mechanism involves LMCT from linker (DDBS)
to node. Direct UV absorption of the Bi-nodes led to a black color from photoreduction of Bi’.
Characterization of black Biss-DDBS showed the Bi° does not phase separate and Biss remains largely
intact, and the recycled black material increases H, evolution rate. The enhanced photocatalytic activity is
attributed to increased light absorption of the black material. In sum, this study demonstrates Bi-MOFs/CPs
are promising materials for photocatalytic H, evolution, where larger nodes, node interconnectivity, and
ligands with visible light absorption all contribute to performance.
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