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Organobismuth compounds have been known for centuries as substances of medical interest, and

continue to be used in medicine today. Bismuth active pharmaceutical ingredients (APIs) are used as

digestive aids, including in combating Helicobacter pylori, showing antiviral properties. Here we report

Received 3rd February 2024
Accepted 17th April 2024

the mechanochemical synthesis of bismuth gallate and bismuth citrate. In addition, we revisit the

previously reported mechanochemical synthesis of bismuth(in) di- and trisalicylate. In the case of bismuth
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rsc.li/RSCMechanochem a large (possibly cubic) unit cell.

1 Introduction

Bismuth and bismuth-containing compounds have been used
in various treatments since the 16th century, especially those
aimed at alleviating digestive issues." Indeed, medicinal
compounds such as bismuth subsalicylate (Pepto-Bismol®) and
bismuth subgallate (Devrom®) are still in widespread use.>* The
most important condition treated with these drugs is the
infection with Helicobacter pylori,* which is associated with
peptic ulcers. Bismuth complexes have also been shown to
inhibit the activity of a SARS coronavirus,” and more recently,
bismuth citrate has been shown to suppress replication of the
virus responsible for the COVID-19 pandemic.®

A recent report of mechanochemical syntheses of bismu-
th(m) salicylates’” inspired us to explore the possibility of
extending this methodology to other bismuth active pharma-
ceutical ingredients (APIs) (Fig. 1). In this work we present
mechanochemical syntheses of bismuth(u) citrate, bismuth(i)
gallate, and an improved recipe for selective synthesis of bis-
muth(m) disalicylate and trisalicylate. Mechanosynthesis as
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citrate, which has an unknown structure, we show that hydration induces a reversible transformation to

8,9

a means for preparing APIs is rapidly developing,®® encom-

passing also various metallodrugs,'® and other hybrid materials,
such as metal-organic frameworks.'>*?

Mechanochemistry is considered to be an environmentally
friendly alternative for traditional solvent-based syntheses,
a more sustainable solution.®***** Conventionally, large
amounts of solvents are used in the synthesis of APIs,'® which is
also the case for the bismuth APIs. Methods popular for
synthesizing bismuth salicylate,” gallate,'® citrate and other
bismuth APIs use nitric acid and copious amounts of water,"
which is environmentally unfavourable. Additionally, the
process requires heating of aqueous solutions for extended
time, adding to the carbon footprint of the synthesis. Mini-
mizing the use of solvent is one of the main challenges for
“green chemistry”,'® hence working towards discovering solid
state synthesis methods is an important goal. Especially for
chemical compounds synthesized widely for commercial use,
like bismuth APIs are.

Another benefit of mechanochemical over solution-based
syntheses is reducing energy use, since mechanochemical
reactions are often successful at room temperature.’*** And
even if heating would be required, the energy wasted on heating
the bulk of solvent is saved. Other important advantages of
mechanochemistry emerge in a shortened time of the reaction,
resulting from merging of many reaction steps into a single one,
and an improved yield, which is often quantitative. Moreover,
limited amount of precursor compounds and intermediate
reactions, decreases the amount of side products, which would
need to be treated as impurities. In terms of bismuth APIs, the
mechanochemical synthesis routes presented in this work
employ Bi,O; and simple organic acids as precursors, which
stands in contrast to more elaborate, and potentially expensive
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(a)

ILAG 4 o
Bi,0; + 4 HSal — BISalz + H;0

(b)
ILAG -
Bi,0; + 6 HSal —  BiSalz + 3H,0
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(c)
ILAG
Bi,0; + 2 HGall —

(d)
ILAG
Bi,0, + 2 HCit —

BiCit + 3 H,0

Fig. 1 Reaction schemes for synthesized bismuth APIs. (a) The synthesis of bismuth(in) disalicylate with ILAG, showing the known structural
model of the compound.” (b) The synthesis of bismuth(i) trisalicylate. (c) The synthesis of bismuth(m) gallate, showing the known structural

model.? (d) The synthesis of bismuth citrate.

metal-organic precursors, and the use of additional acids.
Exploring new synthesis routes, with the potential for
producing phase pure and crystalline products, is particularly
important, given the difficulties in solving the structures of
these materials.*!

Apart from mechanochemical synthesis having important
advantages over solvent-based methods for synthesizing
APIs,**>2% the chemical compounds synthesized in this work
hold their own significance. As indicated, they belong to a group
of chemicals widely used of in medicine for centuries, which
continues to this day thanks to their low toxicity.” Bismuth
citrate and gallate are directly used as medicine for ulcer
treatment, and other intestine issues, and so are derivatives of
bismuth salicylates.® However, these classical uses of those
APIs are not the only ones. Medical field is looking for metal-
organic compounds capable of forming new structures, that
could be used in advanced drug targeting, serving as contrast in
medical imaging, and even cancer treatment.”*” These
advanced uses often require the chemicals to be non-toxic to the
human organism, and contain a metal element capable of
forming interesting for medicine geometry, which makes
bismuth compounds so attractive.*® New uses for bismuth()
salicylates,” gallate®>** and bismuth citrate***> are often
proposed in literature. A green, mechanochemical synthesis of
these compounds would fit very well into further experimenta-
tion aiming to modify them and test them in new, medical uses.

2 Experimental section

The mechanochemical grinding was done using an InSolido
Technologies vibration-type ball mill, IST500, with stainless
steel jars (10 and 25 ml) and hardened stainless steel balls
weighing 11 and 32 g (7 and 10 mm in diameter). Mechano-
chemical neat grinding, liquid-assisted grinding (LAG)**™* and
ion- and liquid-assisted grinding (ILAG)*?® methods were
implemented. The latter two methods used distilled water as
the default liquid.

All chemical ingredients used were purchased from Sigma-
Aldrich if not stated otherwise. Bi,O3 (99 999%) was used in
all of the synthesis experiments. Salicylic acid (HSal, =99.0%),
gallic acid (HGall, =98.0%, Merck KGaA) and citric acid (HCit,
=99.5%) were used as the second reaction ingredient, along
KNO; (=99.0%) and NH,NO; (=99.5%) as ionic salt catalysts in
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the following experiments. For some synthesis citric acid
monohydrate (HCit monohydrate, =99.0%) was used instead of
anhydrous HCit, and for some experiments commercial
bismuth citrate (BiCit, 99.999%) was used.

The Powder X-ray diffraction (PXRD) measurements were
done with two diffractometers, a Bruker D2 PHASER LynxEye XE
and a Bruker D8 DISCOVER LynxEye XE. Both used Cu Ka
radiation, and zero background Si sample holders. Raman
spectrum measurements were obtained with a Renishaw inVia
spectrometer, using a green (532 nm) laser wavelength. For the
TGA measurements, a TA Instruments TGA Discovery with high-
temperature Pt sample holders was used.

2.1 Bismuth salicylate

The reaction environment was modified with a series of vari-
ables for bismuth(m) disalicylate (BiSal,) and bismuth(m) tri-
salicylate (BiSal;) to reproducibly obtain full conversion into the
desired compounds.

The ratios of Bi,Oj3 to salicylic acid (HSal) were 1:2,1:4 and
1:6, and the total reactant weights varied from 200 to 300 mg
for 10 ml jars, and from 400 to 1000 mg for 25 ml jars. All
reagents were weighted on an analytical balance with 0.1 mg
precision. The amount of ionic salt (KNO; or NH,NO;) used in
ILAG method varied from 1 to 10 weight % and was used to
increase mobility.** The volume of water added to the reactions
varied from 0 to 150 pl per 200 mg of reaction mixture. Stainless
steel balls were used for the grinding, with both 7 and 10 mm
sizes tested as single balls, and 7 + 7 and 10 + 10 pairs.

Heating of the reaction mixtures to 85 °C for 30 min prior to
grinding was tested as a means of enabling the BiSal, synthesis.
While heating, the mixture was kept inside the jars, with the
water in the case of LAG and ILAG experiments. Alternatively,
the mixture was heated in a holder, before being transferred to
the jars with the appropriate amount of water. In the former
case, the preheated jars and reaction mixture were rapidly
mounted onto the mill. In the case of the latter, the preheated
mixture was rapidly transferred to the jars followed by addition
of water prior to milling. We also experimented with the cooling
fan of the mill, trying syntheses with the fan off and on. The
time of grinding varied from 15 to 60 min. The frequency of
milling was kept constant at 30 Hz for all reactions, and during
the whole reaction period.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Since the mill has two arms, which must be balanced, the
samples were synthesized in batches of two at the same time.
After synthesis, each sample was transferred into a separate
container, for later PXRD pattern measurement.

2.2 Bismuth gallate

The synthesis of bismuth(m) gallate (BiGall) was performed
similarly to the salicylates, with changing the reaction
environment.

The 1:2 and 1:4 ratios of Bi,O; to gallic acid (HGall) were
tested. 200 mg of reaction mixture was used with a 10 ml jar and
two 10 mm balls. The addition of 1-2 weight % of NH,NO; was
used for ILAG synthesis. For LAG and ILAG methods, apart from
water, acetone, DMF, ethanol, and propanol were tested as the
liquid, with 50 pl per 200 mg of reaction mixture. Water and
propanol were also used at different volumes, from 30 to 150 pl
per 200 mg of reaction mixture, pure and as water—propanol
mixtures.

Heating of the reaction mixture inside of the jars for 30 min
at 85 °C was implemented for the chosen samples. The time of
grinding varied from 30 to 45 min. The cooling fan of the mill
was turned off, and the frequency of grinding was set to 30 Hz.

After each synthesis both batches were transferred into
separate containers, for later PXRD pattern measurements.

2.3 Bismuth citrate

For the synthesis of bismuth citrate, the mechanochemical
route was explored in parallel with synthesis by aging, in
a humid environment.

Multiple ratios of Bi,O; to citric acid (HCit) were tested
mechanochemically and by aging, these included 2:1,1:1, 3:
4,1:2,1:3 and 1:4 ratios. When using the HCit monohydrate,
only the 1:2 stoichiometric ratio was used for synthesis.

The aging was performed inside a desiccator, filled with
distilled water. The reaction mixture, without additives, was
placed in a dish inside the environment. The desiccator was
then closed, preventing water from escaping the system, and
placed in an oven set to 50-60 °C for 7 days. After that time, each
batch of samples was retrieved, dried, ground, and its PXRD
pattern measured.

For the mechanochemical synthesis, 300 mg of reaction
mixture and 10 ml jars were used. An addition of 2-5 weight %
of NH,NO; or KNO; was used for ILAG synthesis. Acetone, DMF,
ethylene glycol, ethanol, methanol and water were used as the
liquid in LAG and ILAG, kept at 75 pul per 300 mg of reaction
mixture. For the water, volumes from 75 to 100 pl were tested.

Heating of reaction mixture inside of the jars for 30 min at
85 °C was implemented for most samples. The time of grinding
varied from 4 to 50 min. The cooling fan of the mill was turned
off, and the frequency of grinding was set to 30 Hz.

Commercial BiCit was ground with LAG method, using water
as a liquid, and aged in the described above conditions for
testing.

The PXRD measurements of BiCit were done for samples at
different steps of drying. Some samples were intentionally
mixed with water to create a slurry, which was then slowly dried,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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while the PXRD pattern was repeatedly measured. Note that
these experiments were performed in the compact Bruker D2
PHASER, and that the internal temperature of the diffractom-
eter is typically above room temperature (ca. 35 °C).

2.3.1 Raman spectroscopy. Raman spectra of synthesized
BiCit (aged and mechanochemical) and commercial BiCit were
measured at different drying stages. Samples in a dry powder
form were placed on a glass sample holder for the time of
measurement. Similarly, wet and slurry samples were placed on
a metal, low background sample holder. Then, it was measured
while wet, and at different drying stages, mimicking the envi-
ronment of the PXRD measurements.

2.3.2 TGA. Samples of synthesized and commercial BiCit
were measured in similar conditions, from room temperature
or 100 °C up to 600 °C. The measurement was done in a steady
flow of 1:4 O, and N, mixture, mimicking air. The rise in
temperature was set to 3-5 °C min . Different samples were
measured at different stages of wetness. Approximately 1 mg of
dry material was placed on a sample holder for each
measurement.

3 Results

Before beginning a detailed presentation of the results, we
briefly summarise the best conditions found for all three
bismuth API materials. These can be found in Table 1. Many
other details, such as the powder diffraction analysis for the
various reactions attempted, can be found in the ESL{

3.1 Bismuth salicylate

Mechanochemical synthesis of pure BiSal, (Fig. 2a) proved to be
a complex process, influenced significantly not only by
controlled experimental conditions, but also by external envi-
ronment. The latter became obvious when experiments con-
ducted based on previous work” yielded no BiSal,, only BiSals.
At the same time, the exact same reaction environment recre-
ated in other laboratories (in Canada and Croatia) yielded BiSal,
as it should. The unsuccessful attempts to recreate the synthesis
were explored, and the challenges identified, improving the
reproducibility of the BiSal, mechanochemical synthesis by
tweaking some of the parameters.

To mechanochemically synthesize high purity BiSal, the use
of ILAG method to improve mobility in the system remains
crucial for a full conversion, as stated in previous work.” Addi-
tion of 1-2 mass% of ionic salt (NH,;NO; or KNOj3) is enough to
have a desired impact. Using water as the liquid is also essen-
tial, with no other solvent enabling the reaction. Using 75 ul per
200 mg of reaction mixture provides best results. However,
using previously recommended pair of 7 mm steel balls most
often yields BiSal;, regardless of the Bi,O;:HSal ratio.
Exchanging those for two 10 mm balls, and therefore increasing
the force of impact and generated in the grinding process heat,
proves to be essential for successful BiSal, synthesis. Additional
step to ensure successful synthesis, is heating the jars with the
starting 1 : 4 (Bi,O3 : HSal) reaction mixture and water, at 85 °C
for 30 minutes, right before milling. Although heating of the

RSC Mechanochem., 2024, 1, 255-262 | 257
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Fig. 2 Observed, calculated and difference profiles from the Rietveld
fits to the PXRD data the PXRD data for BiSal, (a) and BiGall (b) at 300 K
was fitted using the Rietveld method and the GSAS-II software,®” with
WR parameters of 8.68 and 14.96% respectively. The tick marks
represent allowed peak positions. The fits show nearly full conversion
achieved with mechanochemical synthesis for BiGall, and full
conversion for BiSal,. Fitting was done using literature structural data
for both BiSal, (ref. 7) and BiGall.??

jars was already recommended in previous work,” doing it with
the reaction mixture ensures rapid mounting of the jars. Then
30-45 min of milling is enough to ensure full conversion. If
these parameters are not enough to obtain pure BiSal, yield,
turning off the cooling fan of the mill is recommended. For
a larger batch, exceeding the amount of reaction mixture over
500 mg for 25 ml milling jars can lead to incomplete conversion.
Therefore, the reaction might require further adjustments for
larger-scale synthesis. However, below 500 mg the reaction can
be reproduced with the same conditions, provided the volume
of water is proportionally adjusted.

For the intended synthesis of BiSal;, 7 mm ballsand a 1:6
(BiyO3: HSal) ratio are required. In addition, no heating can be
applied to the jars before milling, as a high temperature of
reaction mixture favors BiSal,. High room temperature,
exceeding 20 °C, may also cause partial conversion to BiSal,,
therefore the use of the mill cooling fan is recommended. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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volume of water, amount of ionic salt and other parameters may
be used as for the BiSal, synthesis.

Interestingly enough, some commercially available Bi,O;
batches do not convert into BiSal, under any circumstances,
yielding BiSal; exclusively. Such batches of Bi,O; can be acti-
vated, heating at 600 °C overnight, up to 12 hours. The synthesis
of BiSal, then becomes possible. The heating of such batch is
without any mass loss. There is no apparent difference in
between batches, according to the labels, including crystalline
size. This tends to rule out e.g. carbonate formation, or other
reaction with (damp) air, implicating instead the surface crystal
structure as the potential culprit for the different behaviour.

The syntheses of BiSal, and BiSal; were expanded upon,
resulting in a deeper understanding of the differences in reac-
tion conditions required to selectively obtain these compounds.
For BiSal,, heating of the reaction mixture before grinding, and
maintaining a high temperature during grinding (by turning off
a cooling fan) were crucial. In addition, the synthesis worked
best using two 10 mm hardened stainless steel balls (rather
than 7 mm). In contrast, for synthesizing pure BiSals, no heat-
ing should be applied and the use of 7 mm ball is highly rec-
ommended. This indicates that the energy required to obtain
BiSal; through mechanochemical grinding is lower than for
BiSal,, and is the key difference apart from using appropriate
ratios of Bi,O; to HSal. The mechanochemically synthesized
compounds were pure, with no precursor impurities detected
through PXRD analysis nor Rietveld refinement of BiSal,.
Important to note is that although the organic acid would
typically be ground to an amorphous phase, Bi,O; from our
experience remained crystalline after grinding for up to 1 hour
on our setup, remaining easy to qualitatively detect with PXRD.
It is also insoluble in water.

3.2 Bismuth gallate

Initially, a mechanochemical synthesis with parameters analo-
gous to the one for BiSal; was performed for Bi,O; and HGall
mixtures (molar ratios of 1:2 and 1 : 4), resulting in a pea-green
powder. It was determined with PXRD to be BiGall (Fig. 2b). The
1:2 ratio, being stoichiometric, yielded less leftover precursor,
and was proceeded with in order to adjust the parameters. The
following product's PXRD patterns were compared with each
other in terms of ratio of BiGall pattern highest peak to the one
of Bi,Os3.

Neat grinding with no liquid resulted in most of the Bi,O3;
remaining unreacted. In the PXRD pattern this co-exists with
broad reflections, that can be tentatively assigned to BiGall
formation. Hence, LAG experiments followed. The use of water
and propanol as liquid additives improve the reaction signifi-
cantly. Using ethanol and DMF produces mixtures containing
unknown phases. In the case of ethanol, a new peak at larger d-
spacing is found, that co-exists with BiGall. A third new phase,
with a smaller unit cell is found for DMF (see ESI S31). Mixtures
of water and propanol do not improve the reaction, therefore
water was chosen as the most favorable liquid. BiGall crystal-
lizes as a hydrate, therefore it is not surprising that a certain
amount of water is important to obtain well-crystalline sample.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Adjusting the amount showed us that 100 pl per 200 mg of
reaction mixture yields the best results. According to its struc-
ture, a minimum of 26.8 pl of water for 200 mg of BiGall is
necessary for obtaining a fully crystalline sample, which is less
than the volume required for optimising the LAG method. We
caution future investigators that all solvents were used directly
from the ‘bench’, and that we previously discovered strong
water-content effects, investigating solvolysis in the BiSal,
system.*®

Finally, using ILAG with 1-2% of NH,NO; further minimizes
the amount of leftover Bi,0;, and repeatably yields good results.
We also implemented the heating of the jars with reaction
mixture to ensure reproducibility. 45 min of grinding was found
toyield better conversion, compared to the 30 min experiments.
Based on PXRD pattern Rietveld refinement, mechanochemical
synthesis of BiGall was readily achieved with best purity of
94.0%, where the other 4.4% and 1.6% of the mass were leftover
Bi,O; and HGall respectively. Indeed, the literature structure*
could be used to fit our data. To the best of our knowledge, this
work is the first report of success by the mechanochemical
route.

3.3 Bismuth citrate

In the case of bismuth citrate, the synthesis proves to be less
straightforward. However, using Raman and TGA characteriza-
tion aided in understanding the process.

The mechanosynthesis initially resulted in an amorphous
product, that could not be readily identified or characterized.
Therefore, aging of Bi,O; mixed with citric acid in wet envi-
ronment was tested. Afterwards, dried and ground product was

(@) (b)

TTTT T I T[T T[T T[T T[T [T ToITT TITT[TTT T[T [TTTT

HCit
I BiCit
JL M

Intensity [a.u.]

2b
A A A
o b o o oo [RERI FERNE RREEI NNAT)
10 20 30 40 50 9.0 10.0

26[°] 20[°]

Fig. 3 PXRD patterns for bismuth citrate (BiCit) synthesis. (a) Simula-
tion of citric acid (HCit) PXRD pattern, compared to measured PXRD
patterns of commercial BiCit, synthesized 2a and synthesized 2b BiCit
structures. The 2a and 2b measurements come from the same sample,
synthesized by aging 1:1 (Bi,Os:HCit) reaction mixture. 2a was
measured as a dry powder, and 2b as a wet paste. (b), PXRD patterns
showing transformation of mechanochemically synthesized bismuth
citrate, from 2a to 2b structure, from dry powder to wet paste, formed
by drying suspension. The graph is focused on the first peak of both
structures, showing the change in its position when transforming from
2a to 2b. The peaks were fitted with Lorentzian functions, highlighting
two-peak contribution in the intermediate state.
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measured, revealing that a partial reaction occurred, resulting
in PXRD peaks matching commercially available BiCit (2a)
(Fig. 3a). Aging in a stoichiometric 1:2 (Bi,Os: HCit) ratio, in
a small surface container, results in a nearly full conversion.
This aging process is not as reliable as mechanochemical
grinding. However, implementing mixing and a container that
allows for a better contact in between reaction mixture grains,
increases the chemical reaction yield, and even allows for a full
conversion. This was proved with two samples, prepared with
reaction mixtures in stoichiometric ratios, made using aging.
One of them was prepared in a small, porcelain crucible, with
a curved bottom. The second reaction was performed in
a standard size Petri dish. Both were filled with 1000 mg of
reaction mixture. The first one resulted in a nearly full conver-
sion, whereas the second did not, due to the reaction mixture
being more scattered on the surface of the dish.

In terms of mechanochemical synthesis, dry grinding
experiments yielded an amorphous product. However, the
inclusion of water in experiments allowed a well crystalline
product to develop. No other liquid yielded successful BiCit
synthesis. Assistance of ijonic salt (ILAG) proved not to
substantially improve the reaction. Therefore, the LAG process
is recommended, using 75 pl of water for 200 mg of reaction
mixture. The heating of reaction mixture in jars is, unlike the
ILAG method, a necessary step for the reaction to occur.

PXRD of a mechanochemical product revealed in some cases
an unknown structure (2b) next to the commercial one (2a). All
of the PXRD data contained peaks associated with 2a, which led
us to believe that the conversion to 2b occurring in some
samples was not full. Adjusting the grinding time and Bi,Oj:
HCit ratio did not yield “pure” 2b, however. No synthesis
resulted in obtaining only the new, 2b peaks. However, full
conversion of reaction mixture to 2a was achieved at 30 min of
grinding, with 1: 2 (Bi,Os : HCit) stoichiometric molar ratio.

The yellow reaction mixture, from a dry powder, turns into
a white paste after mechanochemical grinding. It was discov-
ered that 2b is present in the product measured right after the
reaction, while the consistency of the sample still resembles
a wet paste (Fig. 3b). After the sample is completely dry,
however, only 2a structure can be seen. In an attempt to rehy-
drate an already dry sample, it was mixed with water, forming
a suspension or a paste. While drying, characteristic peaks of 2b
emerge in PXRD datasets. After fully drying, the PXRD patterns
contain exclusively 2a structure. Transforming the samples
from 2a back to 2b by mixing with water, and the other way
when drying proves the change in structure to be reversible.

The same process does not work in the case of commercial
BiCit, its structure remaining that of 2a even when exposed to
excess of water. However, grinding 200 mg of commercial BiCit
with addition of 75 ul of water “activates” the compound. After
that, its structure changes from 2a to 2b when exposed to excess
of moisture, and back when drying. Aging commercial BiCit in
a moist atmosphere does not activate it in the same way.

The Raman spectrum of synthesized BiCit (aged and mech-
anochemical), commercial BiCit, andnHCit were measured. The
spectra were gathered for dry powders, rehydrated paste and
drying suspensions, to correspond with the PXRD data (Fig. 4)
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Fig. 4 Raman spectrum of commercial bismuth citrate (BiCit) and
synthesized 2a and 2b BiCit structures, compared to citric acid (HCit).
The BiCit synthesized and commercial BiCit measurements show no
apparent difference. The Raman spectrum of 2a and 2b structures also
does not differ. HCit peak positions not overlapping with commercial
BiCit, are also nowhere to be found in synthesized BiCit. Sharp spikes in
the 2b spectrum, not matching peaks from 2a and BiCit measure-
ments, come from the detector background, and are visible due to
a longer signal gathering time.

directly. Comparing the results, it is clear that the synthesized
samples have a spectrum identical to commercial BiCit. At the
same time, no peaks associated with citric acid are found in the
samples, supporting the claim of full conversion. The bands in
1600-1800 cm ' region, associated with [-COOH] group, are
present only in the pure citric acid, due to the [-OH] part of that
group releasing a proton to bond with bismuth in bismuth
citrate. This further proves the success of the aging and mech-
anochemical synthesis routes. However, the dry and wet
measurements do not differ in terms of peak positions, nor
relative intensities. This is unsurprising, given that the Raman
spectra in the wavenumber range probed here, are dominated
by internal ligand modes.

The TGA measurements allowed us to compare the synthe-
sized samples with commercial bismuth citrate (Fig. 5). It was
established that the excess of water in each measurement
evaporates below 100 °C, and then unbound citric acid
decomposes below 200 °C virtually fully. The citric group bound
in BiCit (BiC¢H50,) decomposes below 320 °C, to finally leave
pure bismuth(ur) oxide (Bi,O;) above 420 °C.

Normalizing the TGA data to 100% of mass at 100 °C for all
bismuth citrate samples (Fig. 5), commercial and synthesized,
results in comparable mass loss, from 41.4 to 43.0%. This
normalization is meant to erase the water evaporation process
from all the samples, enabling their direct comparison. The loss
of mass in all cases consists of two main steps, first finishing
between 280 and 310 °C, likely associated with the following
reaction:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TGA measurements of commercial and synthesized bismuth
citrate (BiCit). Temperature ranges for two decomposition stages are
highlighted in orange and red. The first one (orange) associated with
the combustion of most BiCit to Bi,Os, and partially to species such as
bismuth(in) carbonate. The latter (red) is the further reaction of partially
combusted BiCit to Bi,Os. No significant traces of leftover citric acid,
which would decompose at 200 °C, can be detected in the curves
presented for synthesized BiCit. The offsets in temperature, resulting in
temperature ranges rather than a single decomposition temperature
for each sample, are due to particle size differences. The measure-
ments were normalized to 100% of mass at 100 °C to erase water
content bias.

2BiCeHs0(s) + 905(g) — 9CO,(g) + 5H,0(g) + Bir(CO;3)5(s)(1)

And then the second between 370 and 410 °C, likely being
a further oxidation into bismuth(m) oxide:

Bi»(CO3)3(s) — 2COx(g) + Bi,0,(CO;)(s) (2)
Bi,0,(CO;)(s) — COx(g) + BiyOs(s) 3)

The small loss of mass at around 200 °C can be attributed to
decomposition of excess citric acid that could be present in
some of the samples.

Analysis of the difference between 2a and 2b structures using
TGA is not a straight forward process, due to the 2b structure
being water dependant. Measurements comparing a paste-wet
sample and the same sample as dry powder were taken,
revealing that both behave similarly, apart from the water
evaporation process taking place below 100 °C. Measurements
of mechanochemical sample freshly made and rehydrated after
drying were also unsuccessfull in capturing any difference.

While the structure of BiCit is currently unknown, our
mechanochemical synthesis gave identical diffraction patterns
to the commercial bismuth citrate. Raman spectra analysis and
TGA experimental data, unambiguously confirm the synthe-
sized BiCit to be no different than commercially available
bismuth citrate. A comparison of PXRD data for synthesized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and commercial BiCit agrees with that assessment. Moreover,
mechanochemically synthesized samples have no traces of the
precursor materials, Bi,O; or HCit, according to all three
methods.

We further discovered a reversible structural change in BiCit,
from 2a to 2b, which depends upon water exposure. The 2b,
widespread peaks indicate high symmetry, most likely of a cubic
unit cell. It fits well with a 16.1 A unit cell in the cubic system.
This adds a possible, large unit-cell as another, interesting trait
of the structure. We made an attempt to find a solvent, that
would allow the 2b to be fully stable. Different solvents, such as
acetone, DMF, methanol, ethanol and ethylene glycol, were
used in the LAG process. The attempts were unsuccessful in
enabling BiCit synthesis, proving water to be the preferred
liquid for this reaction.

Identical Raman spectra of 2a and 2b structures paired with
the different PXRD patterns, makes it clear that the change in
the BiCit structure is structural and not associated with
a chemical reaction. One intriguing possibility for the 2a to 2b
structural change is the formation of an open framework, as
recently seen in the BiGall system.*' Future work will evidently
be required to solve both crystal structures, before more prog-
ress can be made.

4 Conclusions

We present here detailed protocol for synthesizing bismuth (i)
gallate, bismuth citrate, and improved synthesis recipes for
bismuth di- and trisalicylate. Of particular interest in the latter
case, is that certain commercial batches of Bi,O; are unreactive,
and must be ‘activated’ by calcination overnight.

Due to the benefits of the mechanochemical synthesis route,
such as its lower environmental impact and sustainability, we
believe that these reactions could be implemented in pharma-
ceutical and chemical industries for an efficient production of
bismuth APIs from simple ingredients. The synthesized prod-
ucts were shown to be of high purity, using PXRD data and
Rietveld refinements where possible, and TGA and Raman
spectroscopy data analysis for bismuth citrate.

Finally, an interesting, water-dependent structural effect was
found in bismuth citrate. This effect implies that the water can
enter into the 2a structure, which must be porous. Given the
known (and complex) hydrolysis behaviour shown by these
materials,”*® as well as the recent discovery of bismuth gallate
based frameworks,* further investigations are merited.
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