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Sorption of bismuth(11) and its chloride complexes
with 2-aminopyrimidine cation on hydroxyapatite of various textures
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Specific features of the interaction between bismuth(i1) and hydroxyapatite (HAP) of
various morphologies during its sorption and co-crystallization binding were revealed. The
obtained sorption isotherms nearly coincide with each other regardless of the HAP type used
and cannot be described in terms of the Langmuir or Freundlich models. Bismuth can form
the intrinsic phase of bismuth phosphate due to the chemical or topochemical reaction with
HAP when the sorption method is used. In the case of co-crystallization binding of bismuth
ions, the morphological modification of HAP occurs. The bismuth complexes with amino-
pyrimidine in neutral and weakly acidic solutions are readily hydrolyzed to form a precipitate,

and no binding with HAP occurs.
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The development of anticancer therapy resulted in
active studies of transition metal compounds, including
the possibility of modeling,! which significantly improved
understanding of their properties. It turned out that the
metal complexes can function as prodrugs, and this makes
it possible to design constructions of drugs of diverse ac-
tion. In addition, it has been shown? for cisplatin and
bismuth salts that the transition metal drugs can exert
a synergic effect. Bismuth is of special interest along with
the potential use of its compounds in chemotherapy, since
it has radionuclides important for radiation therapy:
a-emitters 212Bj and 213Bi.34

Bismuth can form coordinately diverse structures (its
coordination number varies from three to ten) and tends
to hydrolysis and formation of hydroxo complexes similar
to the lanthanide complexes.3:% Supramolecular interac-
tions (hydrogen bonds between the chlorobismuthate(iir)
anion and organic cation) were found to play an important
role in the stabilization of [ BiClg]*~ and [Bi,Cl,¢]*~ anions
in the compounds of ion pairs: [CsH;N,]5[BiCl¢] (1),
[CSI;I7N2][C5H8N2][BK:16] (2), and [C;H (N, ]5[Bi;Clyp]
3).

Compounds 1 and 2 crystallize in the triclinic crystal
system (P1), while compound 3 crystallizes in the mono-
clinic crystal system (P2,/c), which is characteristic of the
complexes of this metal in the oxidation state +3. In this

case, hydrogen bonds are a powerful stimulus for the
formation of network bonds and for the stabilization of
the ionic structure.8:9 In the case of the 2-aminopyrimi-
dinium cation (AP), two complexes with the Bi : AP ratio
equal to 1 : 2 were obtained1? (2 : 4 is the binuclear com-
plex with the space group P1, (C4H¢N3)4[BiClygl (4))
and 1 : 3 (space group P2, (C4H¢N3);[BiClg] (5)). It
turned out that the transition of complex 4 to 5 occurred
under certain conditions, i.e., saturation with an organic
cation with a change in the structure and crystal system.
The AP cation is a basis for the synthesis of many anti-
cancer drugs (in particular, antileukemia drugs) and,
hence, its transition metal complexes and their sorption
on probable supports, for instance, hydroxyapatite (HAP,
general formula Ca;y(PO,4)s(OH),) are important for the
further use of the complex drugs in medicine. It was as-
sumed!! that bismuth incorporated into the HAP structure
can substitute calcium in position Ca2. Even during the
introduction of bismuth ions simultaneously with stron-
tium ions bismuth can competitively substitute Ca2,
whereas strontium occupies the site Cal.l2 Note that
silicon-, magnesium-, strontium-, and zinc-substituted
HAP favor the fast mineralization of bones.13 A distinctive
feature of the bismuth(iir) ion compared to other metal
ions (Mg2", Zn?*, La3™, Y37, In3") is a higher capability
of interacting with osteoblasts,14, which in combination
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with HAP can probably enhance chemotherapeutical pos-
sibilities of the effect on metastases in bones. It was found13
that various Bi concentrations in the Bi-M-HAP nano-
particles (M-HAP is mineral-substituted hydroxyapatite)
inhibited (dose-dependent) the function of cancerous
osteoblasts with the simultaneous stimulation of the func-
tion of healthy cells.

In addition to the co-crystallization binding method
for the formation of HAP-Bi composites, the adsorption
method is possible for binding bismuth cations and HAP
nanoparticles. According to published data, !0 the sorption
kinetics of bismuth on HAP from acidic solutions is well
described by the pseudo-second-order model, whereas the
sorption isotherm is described by the model similar to the
Langmuir model with the maximum sorption at a level of
3+103 (mg of Bi) (g of HAP)~!.

The purpose of this work is to reveal specific features
of the interaction of bismuth(ir) with HAP of various
morphologies for the sorption and co-crystallization bind-
ing methods. The ability of HAP to co-crystallization
binding of the bismuth complexes with AP was studied.
Special attention was given to the possibility of formation
of the intrinsic phase by bismuth in this process.

Experimental

Morphological types of hydroxyapatite. Several morphologi-
cal types of HAP were chosen for the sorption binding pro-
cesses: hydroxyapatite synthesized according to a previously
described!” as a powder (HAP-0), HAP; obtained similarly but
subjected to the thermal treatment,!8 and HAP, (E is enzyme)
formed during alkaline hydrolysis of calcium glycerophosphate
using alkaline phosphatase.1?

Synthesis of HAP-0 was described in detail.2%2! This hydr-
oxyapatite had average particle sizes of 125420 um and was
prepared from an aqueous suspension of nanoparticles by drying
at 80 °C to a constant weight and selecting the fraction of par-
ticles with the necessary size. The specific surface area was de-
termined by the thermal desorption of nitrogen on a Micrometrics
ASAP 2010M instrument (USA) with result processing via the
Brunauer—Emmett—Teller (BET) method (analysis was per-
formed at 7= 77 K and relative vapor pressure P/Py=0.2). The
specific surface area was 70+10 m2 g~ 1.

HAP was obtained by the thermal treatment of HAP-0 in
a MIMP furnace (Russia) at 1200 °C for 3 h. Its specific surface
was 40+5 m? g~ 1.

HAPy, prepared according to a previously published proce-
dure!® represented hollow solid spherical hydroxyapatite particles
with an average diameter of 2.7 um and a specific surface area
of 180 m2 gL,

Co-crystallization introduction of bismuth ions into the reac-
tion mixture for the synthesis of HAP was carried out according
to a described procedure?? using an aqueous solution of bismuth
nitrate, which was prepared by the dissolution of a weighed
sample of Bi(NOj3);+5H,0 in distilled water with stirring and
adding a minimum amount of HNO5 (0.1 mol L~'). The amount
of the introduced salt was chosen in such a way that the weight
of bismuth would be 5% of the HAP weight. Three samples of

the suspensions were synthesized: HAP-Bi; (content of the
solid phase X; = 4.05 wt.%), HAP-Bi, (X; = 3.95 wt.%), and
HAP-Bi; (X, = 3.73 wt.%). Aliquots of the experimental suspen-
sions were sampled for the subsequent morphological analysis.
After the synthesis, samples of the mother liquors were sepa-
rated from the solid phase by centrifuging. The residual contents
of bismuth and calcium ions in solution (and AP in the case of
using the complexes) were determined spectrophotometrically.
The solid phase was dried to a constant weight at 80 °C for the
subsequent study of its phase composition.

Chemical analysis of solutions to the content of bismuth and
calcium ions was conducted by spectrophotometry on a Shimadzu
UV-1280 instrument (Japan, measurement increment 1 nm).
The Bi3* content was determined using a solution of ethylene-
diaminetetraacetic acid (EDTA),23 which forms the [Bi(EDTA)]~
complex with the absorption wavelength 265 nm. It has previ-
ously been shown that the complex formed by calcium ions does
not impede the determination of bismuth. The calcium concen-
tration was determined in experiments using the Kal "tsium-KFK
analytical set (Agat, Russia) at A = 575 nm by the procedure
recommended by the producer. The concentration of the 2-amino-
pyrimidine ligand was determined spectrophotometrically using
the calibration by the absorption wavelengths of the complex 224
and 291 nm.

Phase composition of the studied samples was monitored with
a DRON-3 automated X-ray diffractometer focused according
to the Bragg—Bretano geometry with a graphite monochromator
on the diffracted beam controlled using the EXPRESS computer
program. The measurements were conducted with a Co-Ka X-ray
tube (radiation wavelength 0.179021 nm, stepwise scan mode in
the angle range 20 = 10—80° with an increment of 0.1—0.05°).
The exposure time per one point was 3—5 s.

Morphology of samples was examined by transmission elec-
tron microscopy (TEM, JEM-1011B microscope, Japan, resolu-
tion 0.3 nm). Some samples were studied using high-resolution
transmission electron microscopy (HR-TEM) on a Jeol JEM-
2100 F microscope (Japan) with the possibility of energy disper-
sive X-ray microanalysis (EDX).

Kinetics of bismuth sorption on HAP-0, HAP 7, and HAPg.
A 0.1 M solution of Bi(NO3)3 (5 mL), distilled water (5 mL),
and HAP-0 powder (50 mg) were mixed in six 10-mL plastic
tubes. The contents of the tubes were stirred with a Multi Bio
RS-24 programmed rotator (Latvia). The stirring duration was
varied from 1 to 120 min. After the necessary time period,
a suspension was centrifuged for 5 min (MLW T.51.1 centrifuge,
3000g, German Democratic Republic). The contents of bismuth
and calcium were determined as described above in an aliquot
of the mother liquor, as well as the contents of the ligands (com-
plexes). Experiments on the HAP; and HAPg samples were
performed similarly.

The experiment on establishing a dependence of the pH of
a HAP suspension on the sorption duration of Bi3* ions was
additionally conducted. For this purpose, a suspension of HAP-0
was added to solutions of bismuth of a certain concentration.
The resulting mixture was magnetically stirred (MLW-RH3
magnetic stirrer, German Democratic Republic), and a change
in the pH of the mixture was recorded during the whole experi-
ment (ELIT 3305 pH-meter, England). In the first case (with
the minimum bismuth concentration), distilled water (40 mL),
a Bisolution (50 mL, 39.5 mg mL~!), and a suspension of HAP-0
(10 mL) were mixed. The Bi concentration was 20 mg mL~!. In
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the second case (with the maximum bismuth concentration),
a solution of Bi (90 mL, 118.5 mg mL~!) and a suspension of
HAP-0 (10 mL). The Bi concentration was 106.6 mg mL~!.

Sorption isotherm was obtained using the following con-
centrations of a Bi(NO3); solution: 20, 30, 40, 60, 80, 100, and
120 mg mL~!. The HAP powder (HAP-0, HAP, or HAPg)
(50 mg) was loaded to seven 10-mL plastic tubes, a solution of
bismuth(iir) nitrate (10 mL) with chosen concentrations was
added, and the mixtures were stirred for 30 min (the time was
determined from the sorption kinetics data). The phases were
separated by centrifugation, aliquots of the liquid fraction were
sampled, and the bismuth content was determined in them ac-
cording to a procedure described above.

Results and Discussion

As can be seen from Fig. 1, bismuth is rapidly sorbed
on all presented types of HAP, and the differences cor-
respond to a change in the specific surface areas of the
HAP samples. The obtained sorption isotherms (Fig. 2)
nearly coincide with each other regardless of the type of
HAP used and cannot be described in terms of the
Langmuir or Freundlich models. This is related, most
likely, to the formation of the intrinsic phase of bismuth
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Fig. 1. Sorption kinetics of bismuth(ii) ions on particles of
HAP-0 (1), HAP (2), and HAPg (3). The specific surface area
of the samples is 70, 40, and 180 m2 g~!, respectively.
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Fig. 2. Sorption isotherms of bismuth(ii) ions on particles of
HAP-0 (/), HAP7 (2), and HAPg (3).

during sorption. Taking into account the data obtained,
we can assume that some "jump" at a certain bismuth
concentration is related to the formation of such a phase,
the formation of which induces an additional sorption of
bismuth on it. This is especially noticeable for the HAPg
sample, probably, due to its higher specific surface area.

For co-crystallization binding of HAP with bismuth
ions, the obtained diffraction patterns do not indicate the
formation of the intrinsic phase of bismuth, as well as the
TEM data (Fig. 3). However, microscopy reveals some
difference in crystal sizes, indicating the morphological
changes related to the formation of amorphized particles.
This fact is indicated by a decrease in the intensity and
broadening of the main peaks in the diffraction patterns
of the experimental samples.

The change in the sizes related to amorphization
(together with other factors) is shown in Fig. 4, where the
distribution functions of the particles over length and width
are presented. It is seen that bismuth ions exert the high-
est effect on the morphology of the HAP particles in the
case of their introduction at the beginning of the synthesis
(HAP-Bi;). The particles with the sizes substantially
smaller than those of pure HAP are formed. In the cases
of the HAP-Bi, and HAP-Bi; samples, the length of the
nanocrystals increases and their width decreases. The
average sizes of the experimentally obtained crystals are
presented in Table 1. Neither X-ray diffraction analysis,
nor HR-TEM detects bismuth particles forming the in-
trinsic phase. The data of local EDX analysis indicate
almost no bismuth on the surface of the HAP particles.
However, some particles, which can aspire to play the role
of the intrinsic phase of bismuth, are observed on the TEM
images (Fig. 5). The results of chemical results of the
mother liquor of suspensions of HAP-Bi;, HAP-Bi,, and
HAP-Bi; showed that the residual concentration of Ca?*
in them was (6.86%0.05)+ 1072, (4.49+0.05)+10~2, and
(4.19£0.05)* 10~2 mol L~!, respectively, and the resid-
ual concentration of Bi** ions was (2.91+0.19)+ 1073,
(1.85+0.12)+1073, and (1.75+0.12)+107> mol L1, It
follows from the data presented that the composition of
the solid phase corresponds to the empirical formula
CagBi(PO4)c(OH),. However, this does not correspond
to the real phase composition.

Table 1. Average sizes (length and width) of HAP-Bi
nanocrystals obtained by the co-crystallization method

Sample Average length Average width
nm

HAP-0 103£10 35+3

HAP-Bi, 26.613.0 6.4%0.7

HAP-Bi, 131£10 2913

HAP-Bi; 127£10 2713
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Fig. 3. TEM data for samples of HAP-0 (a), HAP-Bi, (b), HAP-Bi, (c), and HAP-Bi; (d).

The experiment on establishing the dependence of the
pH of a suspension of HAP on the sorption duration of
Bi3* jons showed that for a minimum bismuth concentra-
tion of 20 mg mL~! the pH was 0.2 and remained un-
changed for 1.5 h. At the maximum bismuth concentration

10 20 30 40 50 60 70 Width/nm

equal to 106.6 mg mL~!, the pH was 0.4 within this time.
This fact asserts that at such a low pH HAP cannot exist
for a long time and will either dissolve or transit to more
acidic forms of calcium phosphates. Therefore, in spite of
the datal® describing a similar process at somewhat higher
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Fig. 4. Distribution functions for nanocrystals of HAP-Bi compared to HAP-0 over width (a) and length (b): HAP-0 (7), HAP-Bi, (2),

HAP-Bi, (3), and HAP-Bi; (4).
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Fig. 6. TEM images of particles of bismuth phosphate formed
after the adsorption of the maximum (106.6 mg mL~!) amount
of bismuth on HAP-0.

pH values (~1—2) as sorption, we believe that the chem-
ical (through a solution) or topochemical (on the surface
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of the HAP nanoparticles) reaction of formation of bismuth
phosphate with a very low solubility (solubility product
~1072% in the form of an intrinsic solid phase. This is
confirmed by the results of the TEM studies of the suspen-
sion samples after the sorption experiments, which dis-
tinctly demonstrate the formation of the foreign phase of
bismuth phosphate (Fig. 6). The X-ray diffraction data for
the considered samples (Fig. 7) unambiguously confirm
the advanced assumption, and almost no lines of the HAP
itself are observed (or they are disguised by the intense
lines of bismuth phosphate).

An attempt to introduce bismuth as complexes with
2-aminopyrimidine cation into the co-crystallization or
sorption interaction failed, since these complexes turned
out to be insufficiently stable in weakly acidic and neutral
aqueous and physiological solutions. They rapidly undergo
hydrolysis to form poorly soluble hydroxo complexes or
bismuth hydroxide.

Thus, it is unreasonable to introduce bismuth into HAP
using the direct sorption and co-crystallization method at
relatively high concentrations of the latter. Alternative
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Fig. 7. Diffraction pattern of samples of the solid phase obtained after bismuth sorption on HAP-0. Reference reflections for bismuth

phosphate are presented by dashes for comparison.



670 Russ. Chem. Bull., Int. Ed., Vol. 69, No. 4, April, 2020

Severin et al.

approaches are needed for the combined use of bismuth
ions or its complexes and HAP. Among these approaches,
the use of albumin as a spacer capable of retaining the
HAP-Bi—AP system as a single whole seems to be very
promising.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 18-03-00432
and 19-08-00055) using the equipment of the Scientific
Research and Educational Center for Collective Use
"Nanochemistry and Nanomaterials."
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