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Bismuth subgallate has been used in wound and gastrointestinal
therapy for over a century. The combination of continuous rotation
electron diffraction and sample cooling finally revealed its structure
as a coordination polymer. The structure provides insight regarding
its formula, poor solubility, acid resistance and previously unreported
gas sorption properties.

When the active pharmaceutical ingredient (API) in a drug has
both an unknown structure and unclear formula, an unsatis-
factory situation results for all stakeholders, from patients to
regulatory bodies. Structure determination is paramount for
understanding physical and chemical properties such as solubility,
which the pharmaceutical properties are often critically dependent
on. However, structure determination is unfortunately not always
trivial. Complications such as crystal size, poor stability during
characterization, and complexity of the structures can impede
structure investigations by conventional techniques. We now
resolve this situation for bismuth(m) gallate (bismuth subgallate)
using a combination of continuous rotation electron diffraction
and sample cooling. The compound has been used in medicine for
over a century to treat wounds, gastrointestinal disorders and
syphilis." Today it is the API of numerous over-the-counter drugs
including Devrom®, Stryphnasal®™ N and Sulbogin® (Suile™).> In
addition to efficacy as an antimicrobial agent, drugs containing
the title compound are also used as astringents, haemostatic
agents, and internal deodorants.’ Until now, due to lack of
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structural evidence, it has been presented as a molecular compound,
either with Bi*" chelated by two deprotonated phenolate groups, one
phenol group intact and a coordinated hydroxyl ion, or with Bi**
coordinated by a carboxylate group and two hydroxyl ions (i.e. in the
US pharmacopeia, Chemspider database etc.). However, we have
discovered that both structure and formula are actually somewhat
different from earlier proposals.

While bismuth compounds have historically been used in
cosmetics and in medicine for over three centuries,’ today
much focus is on their applications in treating Helicobacter
pylori infections due to their implications on society - at least
half of the world’s population is infected with H. pylori.”> These
infections are linked to peptic and duodenal ulcers, gastritis
and stomach cancer.® Orally administered bismuth compounds
have been reported to form crystalline coatings over ulcers
craters hastening healing.” Antibiotic resistance is a growing
threat to global health, and it has been demonstrated that the
co-administration of bismuth compounds with organic antibiotics
and proton-pump inhibitors are effective in the treatment of
antibiotic resistant strains of H. pylori.® Structure determination
of bismuth compounds used as APIs’*° has been impeded by their
tendency to form as nanocrystalline powders rather than large
crystals which prevents structure determination by the conventional
method of choice: single crystal X-ray diffraction. Additionally, their
pronounced tendency of oligomerization results in complex species
such as [Bi;g044(Hsal)ys(Me,CO),6(H,0),]-(Me,CO),,°? which
complicates structure determination by X-ray powder diffraction
(XPD). Moreover, variations in pH may have a large impact.'”
Consequently, despite their current and historical applications
in medicine, details of their structures are just emerging.”*°%¢
Obviously, this lack of structural information is linked to the
still sketchy knowledge of the mode of action of these drugs.
Therefore it is paramount to develop and implement new
structure characterization methods in order to overcome issues
preventing crystal structure elucidation.

The structure determination of bismuth subgallate required
recently developed crystallographic techniques, as all attempts
by conventional methods failed. Single crystal X-ray diffraction
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Fig. 1 Electron diffraction data collected on bismuth subgallate by (a and c)
conventional RED and (b and d) continuous rotation electron diffraction
with sample cooling.

was not plausible due to small crystal size (ca. 6 X 4 x 0.2 um,
Fig. S1, ESIt). From XPD data (Fig. S2, ESIt) unit cell para-
meters, several possible space groups, and Bi’" positions were
determined, however efforts to locate any other atom in the
structure were unsuccessful. We then turned to electron dif-
fraction (ED),"" where 3D data can be collected from nano-sized
single crystals in a transmission electron microscope (TEM)."?
However, a major limitation with crystalline organic or metal-
organic compounds is their tendency to be quickly destroyed
under the high-energy electron beam. Rotation electron diffraction
(RED)"'** data were initially collected under ambient temperature.
Beam damage, poor resolution and significant diffuse scattering
were observed in all data sets (Fig. 1a and c), and not even the unit
cell parameters could be confirmed with this data. Data collection
was reattempted, but with two significant changes in an effort to
acquire better quality diffraction data. Firstly, continuous rotation
data collection was performed by acquiring electron diffraction
frames on a high-speed hybrid detection camera (Timepix Quad)
in video mode following the method described by Gemmii et al. In
this method the sample is continuously rotated throughout the
entire data acquisition process.”® This significantly reduced the
data collection time from one hour to three minutes. Secondly,
the sample was cooled to 173 K on a cryo-transfer sample holder
before insertion into the microscope, and further cooled down
to 98 K before data collection. As a result of these two actions,
beam damage was minimized, the resolution of the data was
greatly improved, and no obvious diffuse scattering was
observed (Fig. 1b and d and Fig. S3, ESIt) in agreement with
the XPD data (Fig. S2 and S4, ESIt). This suggests that disorder,
as indicated by the presence of diffuse scattering in earlier data
sets, was not present in the original sample, but was introduced
in the TEM without sample cooling and fast data collection.
Metal-organic frameworks'* and coordination polymers'® can
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exhibit diffuse scattering as a result of the degradation of long-
range order upon removal of solvent molecules.

The new ED data indicated similar unit cell parameters
as determined by XPD and the extinction symbol, P-na, was
unambiguously determined from the reflection conditions.
Structure determination was performed in the space group
Pmna using the ED data and to our surprise the positions of
all non-hydrogen atoms in the crystal structure, including those
of water molecules in the pores (Fig. S5, ESIT), were determined
in the initial structure solution. Due to high R-values as a
consequence of dynamical scattering common to electron
diffraction data'* and low data completeness, Rietveld refinement
was performed using XPD data (Fig. S4, ESIt).%

Crystal structure determination revealed that this API is in
fact a coordination polymer."® All three phenolate oxygen atoms
of the gallate ligand coordinate to Bi**, while the carboxylic acid
group does not (Fig. 2). The phenolate oxygens in the 3- and
5-positions coordinate to separate Bi**. The phenolate oxygen in
the 4-position bridges these two Bi**. Each Bi** is coordinated
by two gallate ligands resulting in [-Bi-O-],, rods parallel to the
a-axis (Fig. 1b). The rods appear V-shaped when viewed down
their lengths due to the positioning of the protruding ligands
(Fig. 1d). Additionally, one water molecule also bridges every
pair of adjacent Bi**. The coordination geometry around Bi*" is
that of a severely distorted octahedron.

Although hydrogen atoms were not located in the difference
Fourier maps it is evident from the classical hydrogen bond
pattern that the carboxylic acid remains protonated. The carboxylic
acid groups protrude out perpendicular to the lengths of the
rods and form hydrogen bonds with carboxylic acid groups
on neighbouring rods with O(H)---O distances of 2.82(3) A
and CO(H)---O angles of 119(1)° (Fig. 2c and Fig. S6, ESIT).
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Fig. 2 (a) Gallic acid. (b) [-Bi—-O-],, rods in bismuth subgallate. Bismuth,
carbon and oxygen atoms are represented as purple, grey and red spheres.
Hydrogen atoms are omitted for clarity. (c) Hydrogen bonds between
carboxylic acids. (d) Rods viewed down the a-axis.
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This classical hydrogen bond motif holds the rods together into
zigzag-shaped layers (Fig. 3). The layers stack resulting in
channels parallel with the b-axis.

Two water molecules per asymmetric unit were located in
the pores forming hydrogen bonds with one another as well as
with the carboxylic acid and the bridging water molecule in the
rods (Fig. S5, ESIt). The pore volume was determined by the
SQUEEZE routine in PLATON'® as 45 A® per Bi** which suggests that
fewer than three water molecules can reside in the pores, assuming
non-hydrogen atoms occupy an estimated volume of 18 A>,

We propose that charge balance of Bi*" is achieved through
deprotonation of the three phenolate groups. Bi-O distances of
2.03(2), 2.227(8), and 2.03(2) A are observed (Fig. S6, ESI%)
which are more consistent with Bi**-O~ distances in structures
where two Bi*" are bridged by a deprotonated phenolate group
(ca. 2.2 A)," rather than the longer protonated Bi**-OH phenol
bridge (ca. 2.6 A).*® The rather long Bi**-OH, distance of 2.83(2) A
observed in the title compound is more consistent with typical
bond lengths of water bridging two Bi** (ca. 2.8 A)'”>'° rather than
hydroxyl groups (ca. 2.2 A).%°

Thus we propose that the chemical composition of bismuth sub-
gallate should be formulated as [Bi(CsH,(O);COOH)(H,0)],-2nH,0.

Thermogravimetric analysis performed in air (Fig. S7, ESIT)
indicated a weight loss of 11% (calc. 12%) between 30-150 °C,
attributed to the loss of the three water molecules per Bi*" in

Fig. 3 Crystal structure of bismuth subgallate viewed along (a) [010] and
(b) [100]. Bismuth, carbon and oxygen atoms are coloured purple, grey and
red respectively. Hydrogen atoms and water molecules in the pores have
been omitted for clarity.
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agreement with previous reports.>' However we attribute the
loss as two water molecules from the pores and the third as
the bridging water molecule in the rods. Subsequent loss of the
organic ligand occurred between 260-300 °C.

The X-ray thermodiffraction data (Fig. S8, ESIt) indicate a
partial degradation in crystallinity starting at 150 °C, coinciding
with the removal of the water molecules. The material becomes
amorphous at 300 °C. Heating a pristine sample in air to 175 °C
followed by cooling back down to 50 °C and leaving it in air for
one hour allowed full crystallinity to be recovered (Fig. S9 and
S10, ESIT). Alternatively, adding a drop of water immediately
restores full crystallinity. The crystal structure of bismuth
subgallate was found to remain intact after stirring samples
in aqueous HCI solutions at 37 °C (Fig. S11, ESIY) indicating
stability under acidic conditions similar to that of gastric acid
(pH 1.5-3.5). The poor solubility and good stability of the
material in acidic media are attributed to the extended structure
and the strong Bi**~O(phenotate)  bonds.

Bismuth compounds tend to crystallize as dense phases and
we are only aware of a few porous bismuth coordination polymers.**
The N, adsorption isotherm of bismuth subgallate recorded at
78 K showed an IUPAC Type II isotherm indicative of a non-
porous material (Fig. S12, ESIf).”® However, at 273-293 K
noticeable uptake of both CO, and N, was detected, with high
selectivity towards CO, (Fig. 4 and Fig. S13-S15, ESIt). The uptake
of both gases unexpectedly increased when the temperature
was raised from 273 to 283 K (CO,: from 0.94 mmol g~ ' to
1.04 mmol g%, N,: 0.10 mmol g~ ' to 0.18 mmol g, at 101 kPa).
As adsorption is an exothermic process, such increase in gas
uptake with increasing temperature was unexpected. Both the
uptake of CO, and N, reduced when the temperature was
further increased from 283 to 293 K (CO,: 1.01 mmol g~ ' N,:
0.16 mmol g~ ', at 101 kPa). The unexpected increase in gas
uptake at 283 K suggests that the gas accessible voids of
bismuth subgallate are temperature dependent, which implies
that the structure of bismuth subgallate is slightly expanding or
rearranging with varying temperatures.
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Fig. 4 Gas adsorption isotherms of bismuth subgallate recorded at 273 K
(CO,: O, No: W) and 283 K (CO,: O, N @).
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In conclusion, bismuth subgallate was revealed as a coordi-
nation polymer in contrast to the molecular formulas suggested
in the past. The structure of bismuth subgallate significantly
differs from those of other bismuth-based APIs such as bismuth
subsalicylate,gd’e which forms isolated clusters, and bismuth
subcitrate which can exist as an open framework.”* The material
also displayed interesting gas sorption properties that warrant
further investigations which may open up new application areas
for bismuth compounds. Continuous rotation electron diffraction
performed under low temperature was paramount for collecting
data of sufficient quality. These results lead the way for the structure
determination of other beam sensitive crystals, which is important
for the development pharmaceutical compounds and under-
standing their functions.
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