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ABSTRACT: Bismuth metal−organic frameworks and coordina-
tion polymers (CP) are challenging to synthesize, given the poor
solubility of bismuth precursors and asymmetric and labile ligation
of Bi3+ due to its intrinsic lone pair. Here, we synthesize and
structurally characterize three Bi3+-CPs, exploiting a tetrafluoroter-
ephtalate (F4BDC) linker to determine the effect of high acidity on
these synthesis and coordination challenges. Single-crystal X-ray
diffraction characterization showed that pi−pi stacking of linkers
directs framework arrangement and generally deters open porosity
in the three structures, respectively featuring Bi chains (Bichain-
F4BDC), Bi dimers (Bi2-F4BDC) linked into chains, and Bi
tetramers (Bi4-F4BDC). Powder X-ray diffraction and microscopic
imaging show the high purity and stability of these compounds in
water. Naphthalenedisulfonate (NDS) was used as a mineralizer in the synthesis of (Bichain-F4BDC) and (Bi4-F4BDC), and studies
of its role in assembly pathways yielded two additional structures featuring mixed NDS and F4BDC, respectively, linking monomer
and octamer Bi nodes, and confirmed that F4BDC is the preferred (less labile) linker. Methylene blue (MB) adsorption studies show
differing efficacies of the three Bi-F4BDC phases, attributed to surface characteristics of the preferential growth facets, while generally
most effective adsorption is attributed to the hydrophobicity of fluorinated ligands. Finally, thermogravimetric analysis of all three Bi-
F4BDC phases indicates simultaneous ligand degradation and in situ formation of volatile Bi compounds, which could be exploited
in the chemical vapor deposition of Bi-containing thin films.

1. INTRODUCTION
Metal−organic frameworks (MOFs) and related coordination
polymers (CPs) have provided a foundation for scientists to
innovate many energy and environmental applications. They
have versatile and tunable chemistry from modification of both
the node and linker, as well as very large permanent pore
spaces in some cases. Applications include gas separation,
storage and conversions,1−6 catalysis,7−9 and conductivity and
magnetism,10−12 to name a few. Trivalent and tetravalent metal
nodes are composed of some of the most stable and widely
used MOFs, i.e., CrIII,13,14 LnIII,15,16 and Ti/Zr/HfIV,17−22 due
to the relative stability of the bond connecting the linker
(usually carboxylate) and the node.
Bismuth (Bi3+) is a high-valent metal whose MOFs/CPs are

far less studied due to synthetic challenges. The insolubility of
bismuth oxide in conditions conducive to forming organic−
inorganic networks is one challenge. In addition, the intrinsic
lone pair effect promotes the formation of long (i.e., labile)
bonds between Bi3+ and ligands due to electron−electron
repulsion. On the other hand, bismuth is biocompatible and
absorbs light in the UV range. Studies of Bi-MOFs/CPs
exploiting these properties benchmark drug delivery,23,24

medical imaging,25 photocatalytic water splitting,26−28 and
water/air decontamination.29 Additionally, bismuth organic−

inorganic networks have been studied for gas absorption,30−33

photocatalytic H2 production,
34 and luminescence.35,36

The adsorption and absorption properties of MOFs/CPs are
often benchmarked using colored dye molecules. Dyes
constitute most of the sewage from textile production, and
they are mutagenic and carcinogenic. In addition to this
targeted environmental focus, dyes can broadly represent
aromatic (and often hydrophobic) aqueous contaminants.
MOF studies of dye adsorption/absorption feature different
metal−cation nodes and various linkers to remove a wide
range of dye molecules. Metal nodes feature zirconium,37−41

chromium,42 iron,42 titanium,43 zinc,39,44 and aluminum.41

Fluorinated MOFs/CPs linkers have been exploited to
strategically target thermal stability, hydrophobicity, catalytic
activity, and gas affinity.45 Fluorous MOFs have demonstrated
separation and purification of natural gas mixtures,46,47 gas
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absorption,47−51 oil spill cleanups,52 dehydrating natural gas,53

and removing hazardous wastes from water.54

In this study, we target the synthesis of Bi-MOFs/CPs with
fluorinated linkers. We hypothesized that fluorinated linkers
could provide more acidic aqueous synthesis environments to
deter hydrolysis and precipitation of bismuth oxide as a
competing reaction. We also expect that less labile bonds
leading to more stable Bi-MOFs/CPs could be created with
the electronegative F4BDC (tetrafluorobenzenedicarboxylate)
linker, a fluorinated derivative of the widely exploited
terephthalate MOF linker. We present here the synthesis and
characterization of three Bi-F4BDC CPs, denoted Bi2-F4BDC,
Bi4-F4BDC, and Bichain-F4BDC, respectively featuring a Bi2
node (linked into chains), a Bi4 node, and Bi chains. Single-
crystal X-ray diffraction reveals abundant π−π interactions of
the tetrafluorobenzene linkers, which seems to be the major
driving force of crystal growth, deterring open porosity. In
optimized syntheses of Bi4-F4BDC and Bichain-F4BDC, 1,5-
naphthalenedisulfonate (1,5-NDS) is used, presumably to aid
solubility of the Bi oxide, and syntheses with reduced F4BDC
concentration produced two additional phases, featuring a Bi1
and Bi8 node, respectively, linked by both 1,5-NDS and
F4BDC. These studies helped clarify the role of 1,5-NDS in the
assembly pathways. Bi2-F4BDC, Bi4-F4BDC, and Bichain-
F4BDC exhibit excellent stability, retaining their crystallinity
with mechanical grinding in aqueous environments. Dye
sorption (methylene blue) studies showed an efficacy ranking
of Bi2-F4BDC ≫ Bi4-F4BDC > Bichain-F4BDC, correlated with
hydrophobicity and/or charge of exposed crystal faces of the
highly crystalline compounds. Finally, in a preliminary study,

thermogravimetric-differential thermal analysis (TGA-DTA)
shows greater than 90% vaporization of Bi4-F4BDC, Bichain-
F4BDC, and Bi2-F4BDC at 300 °C. We propose a mechanism
that involves simultaneous degradation of the Bi-F4BDC
coordination compounds and in situ generation of a volatile
bismuth fluoride complex, potentially important for chemical
vapor deposition (CVD) of bismuth-containing thin films.55,56

2. RESULTS AND DISCUSSION
First, we will describe here the three Bi-F4BDC structures as
determined by SCXRD (single-crystal X-ray diffraction), which
were synthesized in high yields and pure forms, followed by a
discussion of synthetic pathways (plus two additional minor
phases) and material properties.
Bi2-F4BDC crystallizes in the P1̅ space group with a unit cell
volume of 849.65(5) Å3 (Table S1), and the moiety formula is
[Bi2(OH)2(H2O)4(C8F4O4)2·2(H2O)]. The dihydroxide-
bridged Bi2 dimer has Bi−O bond lengths of ∼2.2 Å. Each
Bi is further bonded to two chelating F4BDC ligands, one
bridging F4BDC ligand (Bi−O bond lengths ∼2.4 to 2.8 Å),
and two water molecules (Bi−O bond lengths ∼2.5 to 2.7 Å).
The chelating F4BDC bridges to neighboring Bi2 dimers in the
c-direction through the benzene ring. The dihydroxide-bridged
Bi2 dimers are linked into chains approximately in the b-
direction via the above-mentioned bridging F4BDC ligand.
Parallel chains of dimers are bridged by F4BDC linkers. The
rigid C6F4 rings are parallel with C−C separation distances of
4.3 Å and F−F separation distances of 4.4 Å. The dimer chains
are not linked in the a-direction, and the interlayer space

Figure 1. Views of Bi2-F4BDC down the a-axis (A) and b-axis (B). Blue is Bi, red is O, green is F, and black is C. The water molecules in (A) are
shown in pink. This color code is used throughout unless indicated otherwise.

Figure 2. (A) Selected portion of the Bi4O2 node of Bi4-F4BDC showing the location and bonding of the eight F4BDC linkers (COO− only
shown). (B) Representation of the Bi4-F4BDC lattice highlighting the lack of strong directionality observed in the other reported phases. The color
code is the same as in Figure 1; plus yellow is sulfur of DMSO.
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contains lattice waters (Figure 1) that are hydrogen-bonded to
the F4BDC oxygens.
Bi4-F4BDC crystallizes in the triclinic P1̅ space group with a

unit cell volume of 2091.91(5) Å3 (Table S2) and a moiety
formula of [Bi4O2(H2O)2(C8F4O4)4(C2H6SO)·0.5(H2O)].
The Bi4O2 tetramer core has been observed prior in
coordination compounds and isolated clusters.57,58 The small
cluster features a planar arrangement of four Bi and two oxo-
ligands (Figure 2a). Three Bi surround each oxo in a triangle
with Bi−O bond distances from 2.07 to 2.32 Å. The tetramer
features seven F4BDC ligands that straddle two Bi centers and
one F4BDC ligand that chelates one Bi and bridges to a
second; Bi−O bond lengths range from 2.31 to 2.53 Å. One
additional dimethyl sulfoxide (DMSO) and water molecule
bind two Bi centers. A view of the Bi4O2 cluster plus complete
ligands/linkers is shown in Figure S1. The Bi4O2 clusters are
linked in the bc-plane via F4BDC bridging through the benzene
ring. Unlike the Bi chain phase discussed below and the Bi2
phase discussed above, there is not strong directionality of the
linkers driven by pi−pi stacking of the benzene rings in this
rather asymmetric framework.
Bichain-F4BDC also crystallizes in the P1̅ space group with a

unit cell volume of 849.65(5) Å3 (Table S3) and a moiety
formula of [Bi(H2O)(C8F4O4)1.5(C2H6SO)]. Eight-coordinate
Bi forms chains along the a-axis, and the chains are bridged by
F4BDC linkers (Figure 3a). Each Bi is chelated by two F4BDC
and bridged to its two neighboring Bi. These Bi−O bond
distances range from ∼2.4 to 2.7 Å. Each Bi bonds an
additional F4-BDC in a monodentate fashion, which bridges
the Bi chains in the c-direction, and the eighth ligand to Bi is a
water molecule. A view of the ac-plane (Figure S2) shows that
the Bi chains are zig-zag, and DMSO molecules sit between the
chains in the F-lined tunnels that are discussed below. To
summarize, Bichain-F4BDC is linked in three dimensions, via
the Bi chains in the a-direction and through the F4-BDC
linkers in the b-direction and c-direction. Like Bi2-F4BDC,
Bichain-F4BDC features pi−pi stacking of the fluorinated
benzene rings with considerably closer intermolecular inter-
action distances: C−C = 3.4 Å and F−F = 3.1 Å along the a-
direction. The view down the a-axis reveals fluorine-lined
tunnels, even observable in a space-filling model (Figure 3b)

with F−F distances across the tunnel ranging from ∼6 to 9 Å
and adjacent intermolecular F−F distances of <3 Å.
2.1. Reaction Pathways and Material Properties. Both

Bichain-F4BDC and Bi4-F4BDC were synthesized with bismuth
oxide as the bismuth source. This required 1,5-NDS as a
mineralizer to improve the solubility of the reaction solution.
We performed additional experiments to better understand the
role of 1,5-NDS. Large crystals of Bichain-F4BDC grow over the
course of a week from a microcrystalline powder that
precipitates at room temperature (Figure 4). The initial
powder X-ray diffraction (PXRD) of this precipitate evidences
the presence of Bichain-F4BDC (major peak at 2θ = 7.86°,
indicated by the red arrow, Figure 4) along with a second
phase with its major diffraction peak at 2θ = 9.32° (teal arrow,
Figure 4). This latter peak diminishes over 7 days of
monitoring, and the final diffraction pattern shows pure
Bichain-F4BDC. Monitoring this transformation by microscopy
imaging (Figure 4, top, for optical microscopy images, Figure
S3 for additional images) initially reveals microcrystals that
transform completely to the well-formed laths of Bichain-
F4BDC.
We were never able to obtain SCXRD data of the initial

microcrystalline precipitate, but additional experiments yielded
more information about this phase and parameters governing
the crystallization processes of Bi-F4BDC phases in these
reaction solutions.
By decreasing F4BDC in the reaction solution by 1/4th (see

the Experimental Section), we obtained a precipitate whose
PXRD is consistent with the initially precipitated microcrystal-
line phase, without any evidence for Bichain-F4BDC (teal
spectrum, Figure 4). Energy-dispersive X-ray spectroscopy
(EDS) from scanning electron microscopy qualitatively shows
the presence of sulfur (∼3× more than bismuth, Figure S4),
while IR shows the lack of DMSO, indicating that this
precipitate and any initially formed crystalline phases contain
1,5-NDS that is added as a mineralizer. EDX also shows a
∼10:1 ratio of F/Bi (Figure S4), indicating that F4BDC is also
present in the precipitate, and SEM images show a micro-
crystalline morphology consistent with the initial precipitate
from the Bichain-F4BDC synthesis (Figures S4 and S3a).
2.2. Mixed-Ligand Phases. From this precipitate, two

minor phases crystallize, both containing F4BDC and the 1,5-

Figure 3. (A) Bichain-F4BDC view emphasizing the pi−pi stacking of the F4BDC ligands and the linking between the Bi chains in the b-direction.
(B) View of Bichain-F4BDC down the a-axis in space-filling representation to highlight the fluorine-lined tunnels (see Figure S2 for ball-and-stick
representation of this figure). The DMSO molecules that reside in these tunnels are not shown for ease of viewing.
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NDS ligands. Bi1-F4BDC-1,5-NDS (Figure 5a and Table S4)
crystallizes in the triclinic P1̅ space group with a unit cell
volume of 1396.18(3) Å3 and a moiety formula of Bi-
(C2H6SO)2(H2O)(C8F4O4H)(C10H6S2O6). Bismuth mono-
mers are nine-coordinate, bound to one chelating F4BDC,
one singly bound F4BDC, one chelating 1,5-NDS, and one
singly bound 1,5-NDS. Bi3+ is further capped by two DMSO
and one water molecule. For charge balance, we expect
protonation of either F4BDC carboxylate or 1,5-NDS, and
bond valence sum (BVS, Figure S5) calculation placed the
proton on the oxo of F4BDC that is not bound to Bi. Rows of
Bi monomers along the a-direction are bridged by alternating
F4BDC and 1,5-NDS in the perpendicular direction. Like other
structures reported in this paper, there is an apparent pi−pi
stacking of the parallel-aligned C6 rings of both 1,5-NDS and
F4BDC linkers, with C···C distances ranging from 3.5 to 4.5 Å.
The Bi−O bonds from the F4BDC ligands range from 2.33

to 2.55 Å, and the Bi−O bonds with 1,5-NDS are distinctly

longer, 2.59−2.85 Å. Therefore, we expect 1,5-NDS to be
more labile and weakly coordinating. Based on simulated
PXRD from the single-crystal data, Bi1-F4BDC-1,5-NDS is not
the initially precipitated phase shown at day 0 (Figure 4).
However, we extrapolate information about the growth of
Bichain-F4BDC from such precipitates based on similarities of
the bulk characterization. Specifically, Bi coordinated with both
1,5-NDS and F4BDC initially precipitates as mixed phases
from solutions containing both linkers (1:1 NDS/F4BDC ratio
for Bichain-F4BDC; 1:0.25 NDS/F4BDC ratio for Bi1-F4BDC-
1,5-NDS). Next, 1,5-NDS that is more labile (based on its
longer bond lengths to Bi) goes back into the solution. The
precipitate becomes enriched in F4BDC and crystallizes the
Bichain-F4BDC compound from either a solid-to-solid
rearrangement process or growth at the solid−liquid interface,
where the liquid contains dissolved F4BDC. Infrared spectros-
copy (FTIR) of the Bichain-F4BDC precipitate also supports
this. We monitored the same series of precipitate that is

Figure 4. Bottom: PXRD showing the growth of the Bichain-F4BDC phase from the initial room-temperature precipitate. Top: the evolution of
microcrystals from the initial precipitate to large, well-formed crystals of Bichain-F4BDC. Also see Figure S3.
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documented in Figure 4 by FTIR (Figure S6 and Table S6). In
addition to the F4BDC vibrations becoming generally sharper
and better defined as Bichain-F4BDC crystals grow larger, we
note the ingrowth of free 1,5-NDS peaks (highlighted in Figure
S6 and Table S6), consistent with the release of the weaker
coordinating ligand/linker.
The second minor, mixed-ligand phase, denoted [Bi8]2-

F 4 B D C - 1 , 5 - N D S ( f o r m u l a t e d
[Bi8O6(OH)2]2(C2H6SO)4(C8F4O4)10(C10H6S2O6H)), has a
fascinating arrangement, as shown in Figure 5b. This structure
also demonstrates that F4BDC is the favored linker over 1,5-
NDS (6:1 F4BDC/1,5-NDS in the lattice), despite the relative
scarcity of F4BDC in the reaction solution. In these solutions,
we also expect the acidity to be less, which can yield larger
nodes such as Bi8. We isolated this Bi8 core topology recently
with mixed 1,5-NDS and aminoterepthalate linkers, and it is
described elsewhere.59 In [Bi8]2-F4BDC-1,5-NDS, BVS of the
oxygens (Table S7 and Figure S7) identifies the Bi8 node as
Bi8O6(OH)2. It contains the M6O4(OH)4 core that is common
to the Bi hexamer and M4

IV hexamer (M = Zr, Hf, Ce, etc.)
nodes and isolated clusters,60−62 but two hydroxide protons
are replaced by the two decorating Bi (Figure 5b left). Bi−O
bond lengths within the Bi6 core are ∼2.1 Å, and Bi−OH bond
lengths are ∼2.4 Å. Interestingly, the μ4-Bi4 Bi−O bond
lengths are long within the core (∼2.4 Å) and much shorter to
the decorating Bi (∼2.1 Å). In this framework, Bi8 is dimerized
via bridging through the carboxylate of two F4BDC linkers per
Bi8 pair. The [Bi8]2 units are then linked into chains (Figure
5b, right), also via two F4BDC, but through the trans-
carboxylates with the tetrafluorobenzene ring lying parallel to
the chain direction. The dimerization is through decorating Bi
of the Bi6 core. In addition to the aforementioned four F4BDC
ligands that bridge along the chain, each Bi8 unit is bonded to
six additional F4BDC and one 1,5-NDS. These latter seven
linkers connect the chains in three dimensions in this lattice
that lacks distinct tunnels or pores. Viewing down the a-axis
reveals that the [Bi8]2 units are linked in zig-zag chains (Figure
S7). For charge balance, one of the linkers must be protonated,
and we assign it to the dangling S−O of 1,5-NDS (BV = 1.59,

Figure S8). There are weak π−π interactions between the
linkers, with a few distances below ∼4 Å.
Bi4-F4BDC and Bichain-F4BDC were obtained from identical

reaction mixtures, except Bichain-F4BDC crystallized at room
temperature, while Bi4-F4BDC was optimally crystallized with
heating at 120 °C for 2 days (see the Experimental Section).
Heating at intermediate temperatures distinctly shows a
mixture of the two phases (80 °C, Figure S9), implying that
the low-temperature Bichain-F4BDC phase transforms to the
high-temperature Bi4-F4BDC phase directly, increasing the
nuclearity of the Bi nodes via hydrolysis reactions. This also
highlights the flexibility of the system, with labile bonds
between linkers and nodes.
Routine material characterization by TGA-DTA (in air)

revealed complete (90% or greater) vaporization of all three
Bi-F4BDC coordination polymers. Following these experi-
ments, no solids remain in the alumina pan. TGA-DTA spectra
for Bi4-F4BDC and Bi2-F4BDC are shown in Figures S10 and
S11; Bichain-F4BDC is shown in Figure 6 and discussed in

detail as an example since all three are similar. Pertinent weight
loss data are summarized in Table S8. The first weight loss
event for Bichain-F4BDC below 200 °C is ∼3%. We expect this
to be a loss of DMSO, but according to the formula
determined by SCXRD, this should be an 8% weight loss.
This suggests that DMSO, which sits unbound in interstitial
pores, evaporates from the bulk material at room temperature.
We expect the fluorine-lined tunnels to not provide strong
lattice interactions with the DMSO molecules, and they are
readily removed without the collapse of the framework. The
DTA curve corresponding with this weight loss is endothermic,
as expected for the vaporization of lattice molecules, without
decomposition. Starting at ∼235 °C, a rapid weight loss is
initiated that ends at 305 °C (similar for all three compounds,
see Figures S10 and S11). Approximately 3% of the mass
remains, which decreases to 1.5% over the course of heating up
to 800 °C. The initiation of this rapid weight loss is
accompanied by an endothermic event, and this could be
melting (the melting temperature of F4BDC is 275 °C). Based
on its formula from the X-ray structure, Bichain-F4BDC is ∼31
wt % Bi (Table S8); with only 1.5% total remaining mass, the
majority of Bi is volatilized. The inflection point of this rapid

Figure 5. Two mixed-ligand phases: (A) Bi1-F4BDC-1,5-NDS and
(B) [Bi8]2-F4BDC-1,5-NDS. The Bi8O6(OH)2 node highlights the
common M6 motif (blue Bi) decorated by two additional Bi (golden).

Figure 6. TGA-DSC analysis of Bichain-F4BDC (see Figures S10 and
S11 for Bi4-F4BDC and Bi2-F4BDC).
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weight loss event correlates with an extremely exothermic
event, which could be the decomposition of F4BDC.

TGA-DSC in argon instead of air (Bi2-F4BDC, Figure S12)
provided some insights into this unusual behavior of
simultaneous decomposition and volatilization of metals. We

Figure 7. UV−vis spectra of the methylene blue (MB, molecule shown in part (A)) 10 ppm aqueous solution in contact with ground Bi-F4BDC
compounds, (B) Bi4-F4BDC, (C) Bi2-F4BDC, and (D) Bichain-F4BDC, monitoring the removal of MB from the solution via adsorption. Analogous
experiments with unground compounds are shown in Figure S13.

Figure 8. Microscopy images of crystals (top), space-filling representation of lattice faces with the preferred orientation (middle), and PXRD, with
and without grinding in water for (A) Bi4-F4BDC, (B) Bi2-F4BDC, and (C) Bichain-F4BDC, highlighting the change in the preferred orientation
with physical grinding. The color code for space-filling models: blue is Bi, red is O, black is C, and green is F.
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performed the experiment with both a slow heating rate and
isotherms (Figure S12B) and the regular heating rate (10 °C/
min, Figure S12A). With slow heating and isotherms, the final
wt % remaining is 61%; with fast heating, the final wt %
remaining is 23%, and weight is still lost at 900 °C when the
experiment has concluded. The wt % Bi in Bi2-F4BDC is 41%;
so again, Bi is partially volatilized with fast heating. In both
experiments, the rapid decomposition/weight loss at F4BDC at
270 °C is much diminished, and the sharp exothermic peak
indicating ligand decomposition is not present. We conclude
that ligand oxidation is responsible for the decomposition of
F4BDC in air, leading to complete vaporization. We were able
to collect the residua for both TGA-DSC experiments in argon
and measure PXRD (Figure S12C). With rapid heating, the
residuum is Bi metal, likely formed by the oxidation of carbon.
With slow heating, the residua are Bi2O3 and BiF3, suggesting
that the weight loss between 600 and 900 °C is due to the slow
vaporization of BiF3. These experiments support the
hypothesis that the ligands decompose, yielding some form
of BiF3 when heated in air. Prior studies report HF as a
thermolysis product of fluorocarbons.63−65 All three com-
pounds contain H+ sources in hydroxyls and water, so this is a
reasonable reaction pathway. Our best hypothesis then follows
that Bi3+ is volatilized as an in situ-generated fluoride complex
that differs from relatively nonvolatile BiF3 observed in Figure
S12C (reported Tv = 900 °C). Because volatile Bi precursors
for chemical vapor deposition are rare,56 we will investigate
these mechanisms of Bi3+ vaporization in the future.
2.3. Dye Adsorption. Given the hydrophobic nature of

fluorinated compounds, we compared the adsorption of dyes
from aqueous solution for the three F4BDC compounds:
Bichain-F4BDC, Bi4-F4BDC, and Bi2-F4BDC. Dyes serve as
proxies for hydrophobic, organic material, enabling assessment
of these compounds for water treatment applications or
selective separations. Dye sorption studies have been used to
benchmark the properties of MOFs, MOF derivatives, and
other coordination compounds based on their hydrophobicity,
pore volume, and surface area.42,66,67 Methyl orange proved
unstable in the self-buffering acidic media of these Bi-
containing compounds, indicated by the evolution of its
orange color in solution to pink, plus a shift in the maximum
absorption from 466 to 510 nm. On the other hand, methylene
blue (MB) proved to be stable for this study.
Based on the apparent low porosity of these materials, we

expect the dye molecules to be removed from the solution via
surface adsorption rather than by absorption into pores. All Bi-
F4BDC compounds were evaluated both unground and
physically ground so that the particle size is roughly the
same. Monitoring the initial 10 ppm MB solutions (2 mL of
solution, 50 mg of each ground Bi-F4BDC compound) by
ultraviolet−visible (UV−vis) spectroscopy upon contact with
the ground Bi-F4BDC phases revealed a distinct relative
adsorption rate order of Bi4-F4BDC ≫ Bi2-F4BDC > Bichain-
F4BDC (Figure 7). Under these conditions, Bi4-F4BDC
adsorbed all of the dye in 10 min, Bi2-F4BDC adsorbed
most of the dye in 1 h, and Bichain-F4BDC adsorbed ∼ 70% of
the dye in 1 h and did not absorb any more.
The adsorption rate improved for all three compounds with

grinding, simply based on the surface area (analogous
experiments without grinding are summarized in Figure
S13). For Bi4-F4BDC, the rate decreased from ∼60 to 10
min for complete adsorption. For Bichain-F4BDC, changes were
minimal. Bi2-F4BDC showed the most dramatic improvement,

from incomplete adsorption at 24 h to nearly complete
adsorption at 1 h.
Characterization via PXRD (Figure 8) of the unground and

ground (in a water matrix) material provided some under-
standing of both the trends of dye adsorption and the effect of
physical grinding. All three compounds appear stable in water;
the peaks remain sharp without a diminished signal/noise ratio
with grinding in water. All exhibit some degree of change in
peak intensity with both grinding and contact with water, and
it is most prominent for Bi2-F4BDC, which also showed the
greatest improvement of MB adsorption with this treatment.
With grinding in water, the Bi2-F4BDC crystals show a strong
preferred orientation of the (00l) face and a diminishment of
the (h0l) orientation (Figure 8b). Normally, grinding removes
the effect of the preferred orientation in PXRD analysis, so one
possible interpretation (especially for Bi2-F4BDC) is the facile
reorientation of the lattice in water so that more hydrophilic
lattice planes are exposed to water.
Figure 8b shows space-filling models of these two

aforementioned faces of the crystalline lattice. The (00l)
orientation features Bi and O (hydrophilic), while fluorine
(hydrophobic) is prominent on the (h0l) faces. This is
consistent with crystal reorientation, exposing hydrophilic faces
in an aqueous environment. SEM imaging of ground Bi2-
F4BDC (Figure S14) reveals some mechanical shearing that
the other phases do not show, most likely along the ab-plane,
exposing the (00l) face shown in Figure 8b. However, why
would increasing exposure to hydrophilic faces lead to more
rapid adsorption of hydrophobic MB? We also need to
consider the electrostatic effect on adsorption. MB is positively
charged (Figure 7a), and the (00l) face could be negatively
charged by either (1) binding and deprotonation of water to
interfacial acidic Bi3+, i.e., Bi−OH2 → Bi−OH + H+, or (2)
Bi3+ leaches out of the exposed (00l) surface.
Bi4-F4BDC shows some preferred orientations in the (00l)

and (0kl) directions, which also increase with exposure to
water and grinding. Both of these faces (Figure 8a) expose all
of the ions present in the lattice, but most notable relative to
the other phases, the aromatic carbon rings. This suggests that
these crystals are hydrophobic, which can increase interaction
with the dye molecules, leading to the most rapid adsorption.
Bichain-F4BDC has some preferred orientations of the (00l)
face, which does not change significantly with exposure to
water and grinding (Figure 8c). The (00l) face presents the
fluorine ions. Based on this assessment, we can conclude that
the favored adsorption of MB on Bi4-F4BDC is correlated with
hydrophobic interaction (or pi−pi stacking) of the MB ion
that features aromatic rings, while adsorption on ground Bi2-
F4BDC is enhanced by the negative charge of the (00l) face.
Finally, we compare our MB adsorption results to MOFs

with large pore volumes, which are expected to exhibit high
uptake capacities. Prior-studied materials include UiO-66, ZIF-
8 derivatives, and MIL-125 under a variety of conditions (see
Table S9). These studies report wide-ranging values of ∼10 to
900 mg MB/g MOF.38,40,43,44,68 ZIF-8 demonstrates the most
modest values (11−16 mg MB/g ZIF-8, Table S9),69 but also
clearly demonstrated pore absorption in addition to surface
adsorption. Although it is not our best-performing material, we
chose to further study Bi2-F4BDC to determine its maximum
adsorption capacity since it exhibits the most change in the
preferred orientation and adsorption rate by physical grinding
(Figures 7b, 8b, and S13b). In an experiment with 24 mL of 10
ppm MB and 50 mg of Bi2-F4BDC, ∼33% of the MB was
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adsorbed over 8 h (Figure S21). This gives an adsorption
capacity of 81 mg MB/mol Bi2-F4BDC, and we expect this to
be entirely surface adsorption, given the lack of porosity. It is
difficult to compare experiments in the literature with wide-
ranging conditions, but Bi2-F4BDC exhibits ∼1/20th of the
absorption of ZIF-8, consistent with surface-only adsorption.

3. CONCLUSIONS
Three pure crystalline coordination polymers featuring Bi3+
(tetramer, dimer, and chain nodes) plus fluorinated carbox-
ylate linkers (F4BDC) were synthesized in high yield and
structurally characterized. In optimized syntheses, naphthale-
nedisulfunoate (NDS) was used as a mineralizer for related
Bichain-F4BDC and Bi4-F4BDC. By reducing the amount of
F4BDC in the reaction solution, two additional mixed-ligand
CPs were obtained and structurally characterized (featuring
monomer and octamer nodes, respectively). Based on this
study of the Bichain-F4BDC assembly process, we propose that
initially, mixed-ligand phases form, but more labile NDS is
eliminated via lattice rearrangement, and stable Bi-F4BDC
phases crystallize. Grinding the three Bi-F4BDC phases in
water prior to methylene blue adsorption studies does not
diminish crystallinity but increases the preferred orientation,
specifically Bi2-F4BDC. The preferred orientation usually
decreases with mechanical grinding, but SEM images reveal
“shearing” of the Bi2-F4BDC crystals, likely along the (00l)
plane that shows considerable diffraction peak enhancement
after grinding in water. Dye removal from water is most
effective for Bi4-F4BDC, whose PXRD shows the least
preferred orientation before and after grinding. Dye removal
is significantly enhanced for Bi2-F4BDC, following mechanical
grinding in water. Because the (00l) face exposes Bi-oxo
moieties, we correlate the improved sorption with increased
(00l) exposure to either deprotonation of bound interfacial
water or leaching of Bi3+ into the water, leaving the surface
negatively charged, increasing interaction with positively
charged MB. Finally, thermogravimetric analysis of the three
Bi-F4BDC phases revealed unexpected volatility in the air at
∼300 °C, coincident with the rapid, exothermic decomposition
of the F4BDC ligands. Our hypothesis is that a fluorinated Bi
compound forms in situ, which demonstrates unprecedented
volatility. Future studies will include the decomposition
pathway and identification of the volatile Bi compound,
potentially useful for the chemical vapor deposition of Bi-
containing thin-film materials.

4. EXPERIMENTAL SECTION
Materials used in the syntheses were all used as received,
including tetrafluoroterephtalic acid (97%, Aldrich), bismuth-
(III) oxide (99.99%, Sigma Aldrich), Bi(NO3)3 (Alfa Aesar),
1,5-napthalenedisulfonic acid tetrahydrate (TCI), and dimeth-
yl sulfoxide (DMSO 99.9%, Fisher Chemical). Millipore-
filtered water with a resistance of 18.2 MΩ cm was used in all
reactions.
4.1. Bi2-F4BDC Synthesis. A solution of bismuth nitrate was

made by dissolving 1.2 g of (1.25 mmol) Bi(NO3)3·5 H2O in
10 mL of 1 M HNO3. This mixture was stirred vigorously for 1
h, forming a clear solution with a pH of 0.85. In a separate 20
mL vial, 0.42 g of (1.8 mmol) of F4BDC was dissolved in 16
mL of H2O (0.84 mol). A total of 1 mL of the bismuth nitrate
solution was added to 2 mL of the F4BDC solution in a 10 mL
vial. The vial was capped and left at room temperature to

crystalize. After 24 h, colorless lath-shaped crystals (Figure 8b)
were collected by vacuum filtration on Whatman 1 filter paper
with a yield of 65% based on bismuth.
4.2. Bi4-F4BDC Synthesis. A solution of 1,5-naphthalenedi-

sulfonic acid was made by dissolving 1.2 g of (4 mmol) in 8
mL of H2O, yielding a clear solution. To this solution, 0.32 g of
Bi2O3 (0.7 mmol) was added, and the mixture was stirred
vigorously for 1 h. It turned from a bright yellow solution to a
cloudy, white, concentrated mixture during this time. The pH
increased from 1.63 to 2.2 upon addition of Bi2O3. Next, 8 mL
of DMSO was added, and the mixture was heated at 80 °C in
an oven for 24 h. After heating, the solution was filtered using a
0.45 mm syringe filter for use in the next step. Separately,
tetrafluoroterephtalic acid (F4BDC, 0.1 g, 0.42 mmol) was
dissolved in 5 mL of H2O. In a 10 mL vial, 1 mL of the Bi-
containing solution was mixed with 2 mL of the F4BDC
solution. This gives close to a 1:1 ratio of 1,5-NDS/F4-BDC.
The vial was then placed in a sand bath and heated in an oven
at 120 °C for 48 h. During the hydrothermal process, crystals
of Bi4-F4BDC grew as well-formed rods with an estimated
medium yield of around 60% based on bismuth (Figure 8a).
4.3. Bichain-F4BDC Synthesis. Here, we followed the exact

procedure for Bi4-BDC described above, except the crystals
were obtained from the evolution of a room-temperature
precipitate over 7 days. The pure, needle-shaped crystals were
vacuum filtered and washed with water to remove any soluble
material for bulk characterization. The time study (Figure 8c)
was carried out on eight parallel experiments in which the solid
precipitate (that forms on day 0) was isolated (one per day)
over the course of 8 days. After 8 days, needle-shaped crystals
were in a pure phase with an estimated high yield of around
70% based on bismuth.
4.4. Reduced F4BDC Experiment. Reduced F4BDC experi-

ment yielding Bi1-F4BDC-1,5-NDS and [Bi8]2-F4BDC-1,5-
NDS These minor phases grew out a solution/precipitate
similar to that for Bichain-F4BDC, except only 25% (0.5 mL) of
the F4BDC solution was added. The precipitate that forms
immediately at room temperature was isolated for bulk
characterization in one experiment and left in contact with
the mother liquor in a duplicate experiment. Crystals of Bi1-
F4BDC-1,5-NDS and [Bi8]2-F4BDC-1,5-NDS were isolated
from the latter (only a few crystals were observed).
4.5. Characterization. The three bulk phases Bi2-F4BDC,

Bi4-F4BDC, and Bichain-F4BDC were characterized by single-
crystal X-ray diffraction, powder X-ray diffraction (Figures
S15−S17), FTIR (Figures S18−S20), and thermogravimetric-
differential thermal analysis (TGA-DTA, discussed above).
Minor mixed-ligand phases were only characterized by single-
crystal X-ray diffraction. All instrumentation details are
provided in the Supporting Information.
4.6. Dye Sorption Studies. Dye sorption studies were

executed using 10 ppm methylene (MB) solutions; further, 2
mL of the solution was placed in contact with 50 mg of each
Bi-F4BDC compound and monitored with time via UV−vis
spectroscopy. Each solution was filtered before the UV−vis
measurement.
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Experimental details; crystallographic information tables;
supporting figures and tables including structure images,
SEM images (plus EDS), photos of synthesized
materials, infrared spectra, TGADTA spectra, PXRD,
and BVS calculation tables (PDF)
(PDF)

Accession Codes
Crystallographic data files (cif) can be accessed from the
Cambridge Crystallographic Data Center (https://
www.ccdc.cam.ac.uk/structures/) by citing codes 2233822−
2233824 (Bi2-F4BDC, Bi4-F4BDC, and Bichain-F4BDC) and
2233976 and 2233977 (Bi1-F4BDC-1,5-NDS and [Bi8]2-
F4BDC-1,5-NDS).
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