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Abstract

Two bismuth—organic network polymers were synthesized by means of a one-step
polycondensation reaction between an aromatic dithiol/trithiol and triphenylbismuth. The
materials were characterized by solid-state UV-vis spectroscopy, Raman spectroscopy, scanning
electron microscopy, energy dispersive X-ray spectroscopy, powder X-ray diffraction, elemental
microanalysis, and thermogravimetric analysis. Uniform dispersion of the hydrophobic and water-
insoluble bismuth-containing polymers in aqueous media was achieved by the addition of 2 kDa
poly(ethylene glycol) methyl ether thiol. This enabled quantitative phantom imaging experiments
on a clinical computed tomography (CT) scanner, which showed that the coordination polymers
possessed strong CT contrast properties. The observed X-ray attenuation properties of each
coordination polymer were correlated with its bismuth payload. The X-ray opacity, thermal and
chemical stabilities, and aqueous dispersibility of this novel class of bismuth—organic materials
make them potentially useful as biomedical CT contrast agents and radiopaque materials.
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INTRODUCTION

Radiopaque materials, such as synthetic polymers that possess X-ray contrast properties,
have attracted significant interest due to their practical utility in the field of biomedical
imaging. For example, radiopaque polymersl~7 have been employed in dental plastics,
implantable medical devices, for example, stents,® catethers,® or fiducial markers used to
delineate regions of interest within the human body,° and nanoscale computed tomography
(CT) contrast agents11:12 for noninvasive imaging. Beyond the medical field, radiopaque
polymers have also recently been used as photoresists in two-photon lithography, whereby
submicron three-dimensional (3D) imaging was achieved using X-ray CT.13

In the context of dental materials and implantable devices, early methods for imparting
radiopacity to a material often involved blending heavy metal salts such as barium sulfate
(Ba, atomic number Z = 56) with an organic polymer.1415 This was nonideal due to the
incompatibility between the polymer matrix and the inorganic salts, which often lead to
heterogeneity, compromised mechanical properties, and reduced aesthetic properties of the
final resin.18 Furthermore, despite the low solubility of BaSOy,, it has been suspected that the
heavy metal salt may be harmful or even bioaccumulate in the body.1” An alternative
approach has been to use halogenated polymers containing heavy atoms such as Br (Z= 35)
or | (Z=53), but these tend to have diminished stability on prolonged contact with
biological milieu and/or light.18 Similarly, styrenic polymers containing bismuth (Z = 83) on
diphenylbismuth-functionalized pendant side chains have also be synthesized and shown to
have good radiopacity,19 though the maximum attainable Bi content in those polymers was
just under 45%. Another potential limitation stems from the fact that Bi—C bonds are pH-
sensitive, which would likely preclude any applications that involve in vivo biological
imaging.

As for low-toxicity nanoscale CT contrast agents, research in this area has grown
exponentially in recent years. This interest is driven by the ability of these materials to evade
renal clearance, leading to longer circulation times that offer the possibility of blood pool
and site-directed CT imaging.2%-2> Here as well, compounds containing heavy elements are
effective in producing CT contrast due to their X-ray opacity. lodinated organic molecules
such as lopamidol and lohexol are used clinically as CT contrast agents, though there have
been concerns about their biocompatibility, particularly in individuals with impaired renal
function.26:27 Consequently, alternative CT contrast agents based on gold28-32 (Z = 79) and
bismuth33-45 (Z = 83) have been explored in recent years. Compared to iodinated agents,
Au- and Bi-based materials possess higher X-ray opacity due to their higher atomic
numbers, and they also exhibit low toxicity and excellent biocompatibility.#6-48 Between
Au- and Bi-based agents, each comes with a unique combination of advantages and
drawbacks. With Au, the wealth of literature on Au nanoparticle (NP) preparation and the
oxidative inertness of Au are advantageous for synthesis and formulation.49-51 That same
inertness, however, does pose a risk of bioaccumulation and long-term toxicity.%2 In
comparison, Bi is much less expensive per mole than Au, has a similar level of nontoxicity
and biocompatibility, and can slowly oxidize and hydrolyze to renally clearable Bi(lll)
species.>3 The challenges associated with Bi contrast agents are mainly synthetic, that is, the
methodologies for synthesis are less developed than those of Au NPs, and the hydrolytic
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instability of BiNPs,>* while 83 advantageous for nonbioaccumulation, poses problems for
aqueous synthesis.

With its low cost and low toxicity, bismuth is an attractive element for radiopaque materials
and CT contrast agents. Herein, we report two novel bismuth thiolate network coordination
polymers B1 and B2 (Figure 1) that exhibit strong CT contrast properties and water-
dispersibility. These materials contain Bi in the +3 oxidation state, where Bi(lll) nodes are
connected by tritopic aromatic thiol linkers. Previously, we reported a related class of
thermochromic bismuth—organic materials featuring Bi(l11) nodes that were doubly rather
than triply connected to dithiol linkers,5® exemplified by the reference material BO. On the
one hand, these earlier materials were synthesized by polycondensations between
triphenylbismuth and dithiols in refluxing toluene, giving structures that were more linear in
nature and with limited Bi content (<50%). The new materials B1 and B2, on the other hand,
were synthesized by reacting triphenylbismuth with a trithiol, which afforded structures of
higher Bi content, a key factor for achieving desirable X-ray contrast.

RESULTS AND DISCUSSION

Molecular Design and Synthesis.

The coordination polymer BO was previously reported by our group as part of an unrelated
study on thermochromic organic—inorganic materials.>® In the present study, BOis used a s a
reference against which the novel materials B1 and B2 were compared. As previously
published, BO was synthesized by refluxing triphenylbismuth with benzene-1,4-dithiol in
toluene over 3 d. The reaction, as well as related ones, is believed to proceed via thermally
initiated radical-based pathways.?6-61 When performed in refluxing toluene (bp 110 °C), the
reaction resulted in the substitution of two phenyl moieties on PhsBi by sulfur, even when
excess equivalents of thiol were used. This propensity for double substitution gives polymers
featuring repeat units of limited Bi content. Early studies by Gilman et al. revealed that
higher levels of substitution could be achieved by performing the same reaction in refluxing
xylene (bp 140 °C),%2 suggesting that the Bi centers became less reactive with each
substitution and required higher temperatures for further substitution.

Within the context of X-ray contrast materials, our key objective was to maximize the heavy
element payload. In the case of B0, the bismuth content was only 49% by mass. The
molecular design of structures B1/B2 was aimed at boosting the bismuth payload beyond
49%. More precisely, by replacing the ditopic dithiol linker in BO with a trithiol, repeat units
with higher percentage Bi would result. Additionally, by performing the polycondensation at
xylene reflux temperatures, triple versus double substitution around Bi could be favored to
afford a network structure with enhanced Bi content. Compared with BO, which has an
undesirably high light-element (C, H, N, S) content of 51%, microanalysis indicated that the
CHNS contents of B1 and B2 were 45.9% and 41.1%, respectively. This was later correlated
with the X-ray attenuation ability of each material in CT experiments (cf. section on
phantom CT imaging). Our motivation for the use of s-triazine-based organic linkers in place
of benzene-based connectors was twofold. The first idea was to facilitate dispersion of the
material in aqueous media via H bonding between the heterocycle nitrogens and H,0O
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molecules (though this was subsequently found to be immaterial). Second, 1,3,5-
triazine-2,4,6-trithiol, or trithiocyanuric acid, is much less costly than arene-1,4-dithiols and
benzene-1,3,5-trithiol, making it an ideal tritopic molecular building block for affordable
functional materials. Both materials B1 and B2 were readily synthesized through facile one-
step polycondensations between trithiocyanuric acid and triphenylbismuth in refluxing
toluene and xylene, respectively (Scheme 1). The sole byproduct of the reaction was
benzene, which was easily removed along with the reaction solvents by suction filtration and
subsequent drying under high vacuum.

UV-Vis and Raman Spectroscopy.

Materials B1 and B2 were isolated as insoluble orange solids. Spectroscopic characterization
of B1 and B2 by solid-state UV-vis diffuse reflectance spectroscopy showed absorption
profiles with band edges at 580 and 610 nm, respectively (Figure 2). corresponding optical
band gaps as calculated by the Tauc plot method are 2.15 and 2.03 eV, respectively. The
observed absorption features between 350-450 nm were consistent with S — Bi ligand-to-
metal charge-transfer (LMCT) bands.53-6% The optical gaps were narrower than that of the
reference material BO (£y = 2.28 eV), which was consistent with higher degrees of sulfur
substitution around the bismuth nodes. Between B1 and B2, the slightly narrower optical
bandgap of the latter suggests a greater extent of triply substituted bismuth, as would be
expected from a reaction conducted in the higher-boiling solvent.

Additionally, Raman spectroscopy was also performed on the two amorphous materials.
Within the Raman spectra of B1 and B2 were shoulder features that can be observed around
230-240 cm™1 (Figure 3), overlapping with the lattice vibration region (100-200 cm™1).
These are characteristic low-frequency bands that can be attributed to Bi—S bond vibrations.
Raman bands arising from Bi-S are typically observed in the 185-260 cm™1 region, as in the
case of the well-studied bismuth sulfide systems.66-68 The minor feature at 970-980 cm™1,
which is often associated with bismuth—sulfur systems, is attributed to Bi—O formed by
laser-induced photo-oxidation.86 The features between 1200 and 1700 cm™1, such as the D-
and G-bands at the characteristic shifts of 1350 and 1600 cm™1, are typical of aromatic
materials containing sp2-hybridized carbons.

Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy.

To supplement the spectroscopic studies described above, the two new bismuth thiolate
coordination polymers B1 and B2 were also characterized by scanning electron microscopy
(SEM)/energy-dispersive X-ray spectrosopy (EDS). The SEM images of both materials
revealed morphologies that suggested an amorphous nature (Figure 4), in contrast to BO,
which exhibits rodlike crystallites at the microscale level.>> The amorphous nature of B1 and
B2 was further confirmed by powder X-ray diffraction (PXRD) studies, which indicated the
absence of long-range ordering (Figure 4). EDS was performed in conjunction with the SEM
studies to complement our CHNS analysis results. The EDS data confirmed the elemental
compositions of the two materials, with C, Bi, and S producing the most prominent signals
(Figure 5).
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Thermogravimetric Analysis.

The thermal stabilities of B1 and B2 in air were evaluated using thermogravimetric analysis
(TGA). The materials were heated in air using a heating rate of 10 °C per minute, and both
were found to possess excellent stability up to ~300 °C, before significant weight loss
occurred (Figure 6). Some of the initial minor decreases in weight at lower temperatures can
be attributed to adsorbed or trapped water molecules, and in the case of B2, traces of xylene
being thermally driven off. Overall, the temperatures corresponding to a 5% weight loss
were 307 and 265 °C for B1 and B2, respectively, while major decomposition was only
observed to occur above 300 °C.

Phantom CT Imaging.

The X-ray contrast properties of BO, B1, and B2 were studied using a clinical CT scanner.
The CT phantom was prepared according to a previously reported protocol.89 Briefly, three
separate stock solutions were prepared by suspending each bismuth-thiolate polymer (50
mg) in deionized water (1 mL) containing 80 mg of 2 kDa poly(ethylene glycol) methyl
ether thiol (i.e., m-PEG-SH). The use of the hydrophilic m-PEG-SH was found to be
necessary for achieving uniform dispersion of the water-insoluble materials. This was
expected, given that thiol groups exhibit strong affinity for soft metals such as bismuth.
From the three stock solutions, polymer samples with concentrations ranging from 2.5 to 30
mg/mL were made in 1% agarose gel in 200 gL Eppendorf tubes. The samples were then
scanned on the clinical CT scanner at four commonly employed X-ray tube voltages 80, 100,
120, and 140 kV (see Experimental Section for details). A set of examples showing three CT
images obtained for BO, B1, and B2 scanned at 80 kV is depicted in Figure 7. The CT
attenuation value in Hounsfield units (HU) for each sample tube was recorded from three
different slices and averaged for each concentration. The data are presented as average CT
attenuation values in HU and error bars represent the standard deviations (7= 3). Compared
to the reference material BO, which had the lowest percentage bismuth by mass, B1 and B2
displayed stronger X-ray attenuation consistent with higher heavy atom content. On the one
hand, attenuation was strongest at 80 kV, with HU values that were 10-20% higher than at
other X-ray tube voltages. On the other hand, attenuation values were relatively constant
between 100 and 140 kV, similar to patterns observed with previously reported Bi NPs.34
This is most probably due to the high 4-edge of Bi (90.8 keV) compared to the average
energy of the X-ray beam employed in the specific CT scanner. We compared the contrast
production of the polymers with that of lopamidol, a Food and Drug Administration (FDA)-
approved iodine-based X-ray contrast agent (Figure 7d). To do this comparison, we
normalized the concentrations in terms of the molarity of the contrast-generating atoms of
the different agents. As can be seen, when this normalization is done, BO, B1, and B2 all
produce very similar contrast, as expected. lopamidol produces less contrast than the
bismuth-based agents at each tube voltage used, and its contrast production reduces as the
tube voltage increases. These results are in line with previous reports.3® These data support
the potential value of these bismuth thiolate polymers, since their contrast performance
exceeds that of the clinically used agent.

A limitation of this study is that the in vivo safety of these polymers was not assessed. This
is a key question for biomaterials and will be the subject of future work. Nevertheless, we
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expect that these polymers would have a good safety profile for several reasons, based on the
premise that their likely decomposition products would be Bi(lll) and trithiocyanuric acid.
First, bismuth is regarded as being one of the safest heavy elements. For example,
administration of 140 mg/d of Bi3* has been found to be safe in clinical trials.”® Second, the
other component of the polymer, trithiocyanuric acid, has an extremely high LDgq of 9.5
g/kg (see material safety data sheet (MSDS) of trithiocyanuric acid via
www.sigmaaldrich.com), which supports the safety of this component. Nevertheless, safety
testing of these polymers will be needed, as for any novel material.

EXPERIMENTAL SECTION

Materials and Methods.

Chemical synthesis was performed using oven-dried glassware under dry N, by means of
standard Schlenk techniques. The necessary chemicals/reagents and solvents were obtained
from Sigma-Aldrich and Fisher Scientific and employed without additional purification.
Water traces were removed from organic solvents using activated 3 A molecular sieves, and
the solvents were also degassed thoroughly by purging with nitrogen gas before use. UV-
Vis diffuse reflectance spectra (DRS) of the powdered products were recorded as previously
reported.® PXRD analyses were done on a Rigaku Ultima 1V diffractometer housed in the
University of Ottawa X-ray Core Facility. SEM/EDS analysis was performed using a
JSM-7500 FESEM (JEOL) instrument. Raman spectroscopy was performed on a Horiba
Xplora Plus confocal Raman microscope. The Raman spectra were collected using x100
optics with a 532 nm laser at 25% of full power (17.5 (AW). Elemental microanalysis
(CHNS) was performed by the University of Alberta Analytical and Instrumentation
Laboratory. The TGA results were acquired using a TGA Q500 (TA Instruments) at the
Center for Self-Assembled Chemical Structures (CSACS) at McGill University, where the
samples were heated in air from 25 to 500 °C using a heating rate of 10 °C/min, and the data
were analyzed on the TA Instruments Universal Analysis 2000 Version 4.5 A.

Synthesis of Triphenylbismuth (1).

Ph3Bi was synthesized and purified according to previously published procedures®® and
subsequently used for the preparation of B1 and B2.

Synthesis of B1.

A solution of 1,3,5-triazine-2,4,6-trithiol (0.177 g, 1.00 mmol) in tetrahydrofuran (THF; 5
mL) was added to a refluxing solution of triphenylbismuth (0.440 g, 1.00 mmol) in
anhydrous degassed toluene (70 mL). This mixture was subjected to vigorous stirring over a
period of 72 h, during which an orange precipitate was formed. After the completion of the
reaction, the solution was allowed to slowly cool to room temperature. The orange
precipitate was then filtered off, washed several times with acetone, and finally placed under
high vacuum at 120 °C for 24 h to obtain the final product B1 as a dry orange powder. Yield:
0.273 g, 71.3%. Anal. Calcd for (C3BiN3S3)g.85(CgHgBiIN3S3)g 15:0.8 H,O (formula of one
repeat unit): C, 11.44; H, 0.62; N, 10.27; S, 23.50. Found: C, 11.44; H, 0.57; N, 10.07; S,
23.77%.
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Synthesis of B2.

A solution of 1,3,5-triazine-2,4,6-trithiol (0.177 g, 1.00 mmol) in THF (5 mL) was added to
a refluxing solution of triphenylbismuth (0.440 g, 1.00 mmol) in anhydrous degassed xylene
(70 mL). This mixture was then stirred vigorously over a period of 72 h, during which an
orange precipitate was formed. Upon conclusion of the reaction, the solution was allowed to
gradually cool to room temperature, whereupon the orange solid was filtered, washed with
acetone, and then placed under high vacuum at 120 °C to dry over 24 h. Yield: 0.231 g,
60.3%. Anal. Calcd for the formula of the repeat unit (C3BiN3S3)-3.5 H,0-0.2 CgH1g
(xylene): C, 11.82; H, 1.94; N, 8.99; S, 20.57. Found: C, 11.51; H, 0.64; N, 8.59; S, 20.40%.

Phantom CT Imaging.

Bismuth thiolate polymer (i.e., BO, B1, and B2) and lopamidol (ISOVUE-300, Bracco
Diagnostics) phantom was prepared and scanned with a clinical CT scanner according to a
previously described protocol.5® The bismuth-based polymers (50 mg each) were suspended
in deionized water (1 mL) containing 80 mg of 2 kDa m-PEG-SH (Creative PEGWorks).
From this stock solution, a range of polymer concentrations, that is, 2.5, 5, 10, 15, 20, 25,
and 30 mg/mL, were made in 1% agarose gel in 200 /L Eppendorf tubes. lopamidol was
diluted to 0.5, 1, 2, 4, 6, 8, and 10 mg/mL in deionized water. Next, the tubes were
positioned within a plastic rack and wrapped with parafilm. This rack was subsequently
placed in a plastic container containing water up to a height of 21 cm to simulate the
attenuation effects in a patient. The phantom was scanned on a Siemens SOMATOM Force
192-slice clinical CT scanner at the following tube voltages: 80, 100, 120, and 140 kV. The
matrix size and slice thickness used were 512 x 512 and 0.5 mm, respectively. The tube
current used was 360 mA for each voltage, and convolution kernel Br 40d was used. Osirix
MD 64-bit software was used for analyzing the CT images. The CT attenuation value in HU
for each sample tube was recorded from three different slices and averaged for each
concentration. The data are given as average CT attenuation values in HU, and the error bars
represent the standard deviations (7= 3).

CONCLUSIONS

In summary, we report a bismuth thiolate coordination polymer system that was synthesized
via a facile polycondensation between triphenylbismuth and a heterocyclic trithiol. The
percentage bismuth content of the materials could be controlled by manipulating the reaction
temperatures at which the reaction is performed. The pair of novel bismuth—organic
materials was characterized by solid-state UV-vis spectroscopy, Raman spectroscopy,
PXRD, SEM, EDS, elemental analysis, and TGA. Both materials were found to be thermally
stable and dispersible in water upon coaddition of a thiol-terminated 2 kDa PEG. This
dispersibility allowed for systematic dilution and subsequent phantom CT imaging
experiments on a clinical CT scanner. The imaging experiments showed that the polymers
possessed strong X-ray contrast properties that could be correlated with their percentage
bismuth content. In this way, the X-ray attenuation abilities of the coordination polymers can
be indirectly controlled by the choice of reaction conditions under which the materials are
synthesized. The coordination polymers described herein may be of interest and utility as
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radiopaque materials for medical devices, biomaterials, and/or X-ray contrast agents for
imaging.
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Figure 1.

Structures of three bismuth-containing coordination polymers BO, B1, and B2, as
synthesized by polycondensations between triphenylbismuth and a dithiol or trithiol.
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Figure2.
Solid-state UV-vis diffuse reflectance spectra of polymers B1 and B2.
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Raman spectra of polymers B1 and B2, showing the characteristic structural features.
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Figure 4.
SEM images and PXRD patterns of B1 and B2.
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Figure5.
EDS spectra of B1 and B2 showing their elemental compositions.
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TGA curves of polymers B1 and B2.
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CT attenuation evaluation of BO, B1, and B2: (a) CT image (at 80 kV) of polymer BO
dispersions at concentrations ranging from 2.5 to 30 mg/mL, and a plot showing CT
attenuation (HU) vs polymer concentration; (b) CT image and plot for B1 dispersions at the
same tube voltage and concentration range; (c) CT image and plot for B2 (same parameters
as above); (d) CT contrast properties of polymers B0, B1, and B2 vs lopamidol.
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Scheme 1.
Synthesis of Bismuth Thiolate Coordination Polymers B1 and B2
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