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Abstract

The spherical microstructures of bismuthyl (III) fumarate with the composition (BiO),C,H,0, were obtained
using the standard method of precipitation from solutions at 23 and 60 °C. The composition of the reaction product
and its properties were studied using a complex of physicochemical methods. At 60 °C, the degree of bismuth pre-
cipitation in the product is not less than 99.8 % for the molar ratio of bismuth to fumarate ion equal to 1.5. Accord-
ing to IR and Raman spectroscopy data, both acidic residues of fumaric acid are deprotonated in the resulting
compound, while the carboxylic groups have bidentate coordination to bismuthyl cation. The effect of temperature
on the morphology of obtained compounds was studied by scanning electron microscopy and small-angle laser light
scattering. According to scanning electron microscopy data, (BiO),C,H,O, obtained at 23 °C is composed of spherical
particles about 10—12 pm in size, consisting of thin nanoplates about 0.1 um thick. The data of sedimentation anal-
ysis of the powder indicate a symmetric particle size distribution with the average particle size equal to 11.7 pm.
With an increase in precipitation temperature to 60 °C, particle size decreases to 3—7 um; an asymmetric function
of particle size distribution is observed, and the average size of the aggregates is 30.9 um. A possible mechanism for
the formation of (BiO),C,H,O, spherical microstructures is described as a process combining Ostwald ripening and
self-assembling. According to the data of thermal and XRD analyses, the product of thermal decomposition of bis-
muthyl fumarate at a temperature of 450 °C is a monoclinic modification of Bi,O,.
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INTRODUCTION immune diseases [2]. The salts of fumaric acid (for
example, magnesium, calcium, iron or sodium fu-
marates) are used as an antihypoxic agents in in-
fusion media to maintain and correct energy ex-
change in cells, and for substitutive therapy to
recover the level of lacking microelements in the
organism [3]. In this connection, the salt of bismuth
with fumaric acid along with other bismuth-con-
taining salts of carboxylic acids may be considered
as a potential medicinal substance.

Bismuth-containing pharmaceutical prepara-
tions are widely used to treat infections caused
by some bacterial, especially Helicobacter pylori —
etiologic agents of such diseases as gastritis,
stomach ulcer or cancer. Anti-ulcer activity of
bismuth-containing preparations is mainly ex-
plained by bismuth precipitation on ulcer surface
as a result of the formation of strong bis-

muth-containing glycoprotein complexes [1].
Derivatives of fumaric acid have been known
long age and are used to treat psoriasis and auto-
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A standard approach to the synthesis of bis-
muth salts is their precipitation from the solu-
tions of mineral acids. Nitric solutions of bismuth
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are usually used in these processes. A disadvan-
tage of this procedure is co-precipitation of solid
bismuth oxohydroxonitrates of different compo-
sitions with an increase in pH and temperature.
In our opinion, it is reasonable to carry out precip-
itation from bismuth-containing chloric acid solu-
tions because their dilution with water does not
lead to the formation of double salts containing
perchlorate ions. These solutions are usually used
as model systems to investigate the composition of
deposition products. It is known that bismuth in
the concentration above 0.1 mol/L is present in the
solutions of chloric acid (pH < 1) in the form of
polycation [Bi,O,(OH),]°" [4, 5].

A literature survey on the synthesis and prop-
erties of the salts of bismuth with fumaric acid did
not give any results. For this reason, the authors of
the present work assumed that this is a new com-
pound, it has not been synthesized previously in
the solid form, and thus its composition and struc-
ture are not studied yet.

The goal of the present work was to apply the
standard methods of investigation to study the
composition, morphology, and thermal properties
of the products of bismuth precipitation obtained
through the interaction of the chloric solutions of
bismuth with the solutions of fumaric acid de-
pending on the ratio of bismuth to fumaric ion
and process temperature (23 and 60 °C).

EXPERIMENTAL

The initial bismuth-containing solution was
prepared by dissolving Bi,O, (especially pure re-
agent grade 13-3) in chloric acid (chemically pure
reagent grade, concentration 6 mol/L). Bismuth
concentration in solution C(Bi**) was 5 mol/L. The
concentration of free chloric acid was 0.95 mol/L,
which was determined by means of acid-base titra-
tion after preliminary bismuth masking by com-
plexone III [6].

The necessary amount of bismuth-containing
solution was added dropwise into the solution of
fumaric acid (0.04 mol/L) 250 mL in volume and
mixed for 1 h. Investigation of the deposition of
bismuthyl (III) fumarate was carried out at a
temperature of 23 and 60 °C, usually used for the
synthesis of bismuth compounds. Preliminary
studies provide evidence that 4 h is sufficient to
achieve equilibrium in the system at a tempera-
ture of 60 °C, while 8 h is necessary at a tempera-
ture of 23 °C. The mother solution was separated
by decanting, and the white precipitate was

washed twice with distilled water at 60%=2 °C and
dried in the air at room temperature.

X-ray phase analysis (XPA) of precipitation
products was carried out by means of powder
X-ray diffraction using a D8 Advance diffrac-
tometer (Bruker, Germany) with CuK  radiation
(. = 15418 A). Phase identification was performed
using the powder database PDF-4+ (2011). Sam-
ple morphology was studied using scanning elec-
tron microscopes (SEM) TM1000 and 3400 N (Hi-
tachi, Japan). Differential thermal analysis (DTA)
was carried out with the help of a synchronous
thermoanalytical complex STA 449 F1 Jupiter
(Netzsch, Germany) in the dynamic mode under
heating in the atmosphere of Ar/O, (with the
percentage of 80 : 20). The IR and Raman spectra
were recorded with an Infralyum FT-801 Fourier
spectrometer (LC NPF Lyumeks-Sibir, Russia)
within the medium frequency range 400—
4000 cm™. Samples were prepared as tablets with
annealed KBr. The content of C and H in the
samples was determined with the help of a
CNH-analyzer with modified tube in the Sharing
Equipment Centre at the Novosibirsk Institute of
Organic Chemistry SB RAS (Novosibirsk) [7]. The
specific surface area of the obtained samples was
studied by means of low-temperature nitrogen
adsorption at 77 K (Sorbtometr-M analyzer, CC
Katakon, Russia). Particle size was determined
with the help of a laser particle analyzer Micro-
Sizer 201 BA Instruments (Russia). Before analy-
sis, the samples were subjected to ultrasonic
treatment (200 W) for 30 s. Macro amounts of Bi
(ITIT) in solid products were determined through
titration with the solution of complexone III in
the presence of xylenol orange as an indicator,
and micro amounts were determined by means of
photocolorimetry with sodium iodide [8].

RESULTS AND DISCUSSION

Bismuth precipitation was carried out at a
temperature of 23 or 60 °C with different molar
ratios of the amounts of bismuth and fumaric
acid introduced into the reaction: n(Bi**/C,H,0?").
Results of the effect of n value on the degree of
bismuth recovery (Rpr) into precipitate and the
compositions of reaction products are presented in
Table 1. Bismuth is quantitatively precipitated from
solution under the following conditions: tempera-
ture 23 °C, n = 0.25, 0.50. At increased precipitation
temperature (60 °C) the high degree of bismuth
recovery into precipitate was detected within the
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TABLE 1

Conditions for obtaining bismuthyl (III) fumarate, precipitation degree and the composition of reaction

products (C(Bi**) = 5 mol/L)

V(Bi*"), mL V., mL n(Bi3+/C4H2027) T,°C  [H"], mol/L Rpr’ %  Composition of products
0.5 249.5 0.25 23 0.037 99.87 C,H,0,
(BiO),C,H,0,
1 249.0 0.5 23 0.052 99.82 C,H,0,
(BiO),C,H,0,
2 248.0 1.0 23 0.062 87.56 C,H,0,
(BiO),C,H,0,
4 246.0 2.0 23 0.099 87.08 C,H,0,
(BiO0),C,H,0,
6 244.0 3.0 23 0.158 59.81 C,H,0,
(BiO),C,H,0,
0.4 249.6 0.2 60 0.045 99.60 (BiO),C,H,0,
0.8 249.2 0.4 60 0.061 99.56 (Bi0),C,H,0,
1.6 248.4 0.8 60 0.076 99.16 (BiO),C,H,0,
3 247.0 1.5 60 0.123 99.02 (BiO0),C,H,0,
4 246.0 2.0 60 0.140 98.80 (BiO),C,H,0,
6 244.0 3.0 60 0.191 62.66 (BiO),C,H,0,

Note. V is volume; n is molar ratio; T is temperature; Rpr

C, [H"] are concentrations.

studied range n = 0.2—2.0. With an increase in n,
a decrease in Rpr is observed. This is likely to be
due to an increase in the concentration of hydro-
gen ions in the solution, which prevents salt pre-
cipitation. The low recovery degree observed for
n = 3 is evidence of the lack of fumaric acid.
Bismuth in chloric solutions with bismuth con-
centration more than 0.1 mol/L is in the form of
polycation [Bi O,(OH),]°" [4, 5]. This complex is
destroyed during dilution with water, and at pH
0.3 bismuth is present in the form of cations Bi?*,
Bi(OH)?**, (BiO)* [9]. Because of this, it may be
assumed that the formation of bismuthyl (III) fu-
marate occurs in the presence of fumaric acid
according to the reaction:
2(BiO)* + C,H,0, —» (BiO),C,H,O, + 2H" (1)
The composition of the resulting compound
was studied with the help of chemical and X-ray
phase analysis (Fig. 1). For n = 0.25—2.0 and pre-
cipitation temperature 23 °C, the synthesized
white powders are multiphase samples. The
X-ray diffraction patterns of intermediate (not
washed with water) samples contain the reflec-
tions of fumaric acid [10] with the basic diffrac-
tion peaks corresponding to interplanar spacing
(d): 3.9, 3.6, 3.45, 3.10, 3.04, 2.37, 2.32, 2.14 A (see
Fig. 1, curve 1), and a number of reflections with
d 1047, 3.36, 2.98, 2.82 A (see Fig. 1, curve 2),
non-identified in the ICDD database. The pres-
ence of the crystal phase of fumaric acid in the

is the degree of recovery into precipitate;

sample before washing is connected with its cap-
ture from the mother solution during the separa-
tion of precipitate at the filtration stage and sub-
sequent crystallization at the stage of drying. For
the samples washed with distilled water, inde-
pendently of the conditions of their synthesis, only
reflections with interplanar spacing d 10.47, 3.36,
3.57, 347, 3.36, 2.98, 2.82, 2.73, 2.66, 2.61, 2.47, 2.31,
2.19, 2.08, 1.99, 1.93, 1.92, 1.76 A remain in the dif-
fraction patterns (see Fig. 1, curve 3). This fact
allows us to state that the obtained solid product is
bismuthyl (III) fumarate.

According to chemical analysis, the concentra-
tion of Bi** ions in the product obtained at n = 2
(60 °C) is 73.7 mass %. This value is very close to
the theoretical one (74.1 mass %) for bismuthyl
fumarate with the composition (BiO),C ,H,O,. The
content of other elements in the sample is, mass %:
C — 8.58 (calculated value: 8.51), H — 0.37 (calculat-
ed value: 0.35).

Thermal analysis of the obtained compound in
the mode of linear heating to a temperature of
450 °C in the atmosphere of Ar/O, provides evi-
dence of its decomposition to bismuth oxide ac-
cording to the equation:

(BiO),C,H,0, + 30, - Bi,O, + 4CO2T+ H,O (2)

According to XPA data (see Fig. 1, curve 4),
the final product of oxidative thermolysis in the
air is monoclinic bismuth oxide. The phase trans-
formations of bismuthyl (III) fumarate during
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Fig. 1. X-ray diffraction patterns of initial fumaric acid (1) and the prod-
ucts of precipitation from chloric solutions at n = 2, T = 23 °C before (2)
and after washing with water at 60 °C (3); a-Bi,O, (PDF #71-2274) ob-

tained after thermolysis at 450 °C in the air (4).

thermal decomposition were described in more
detail in [11]. The experimentally determined
mass change Am (17.5 mass %) corresponds to the
theoretical value Am, (17.4 mass %), calculated for
the sample with the composition (BiO),C,H,O,.
SEM images of bismuthyl (III) fumarate
freshly precipitated from the chloric solution
provide evidence that the sample obtained at
23 °C and washed with water is represented by
microstructures in the form of spherical particles
10—15 pum in size, composed of smaller nanoplates
(Fig. 2, a). The specific surface area of the prod-
uct is 8.7 m?/g. The sample obtained at 60 °C
contains particle agglomerates 2—4 pum in size,
composed of plates less than 0.1 um thick (see
Fig. 2, b). In this case, the specific surface area is
9.9 m?/g. It may be assumed on the basis of SEM
data (see Fig. 2, b, c) that spherical microstruc-
tures are formed with the help of spatial self-ar-
rangement described in [12] for bismuthyl oxo-
carbonate (BiO),CO,. At the initial stage,
nanoparticles of bismuthyl (III) fumarate are
formed in the interac6tion of Bi** with C,H,03"
anions, then nanoplates are formed during Ost-
wald ripening. It is known that according to
Gibbs—Thomson law larger particles are charac-
terized by lower solubility than smaller ones be-
cause of the difference in Gibbs energies, which
results in the growth of larger particles due to
the dissolution of fractured ones. It is also consid-
ered that the decisive part in the morphology of

the reaction product is played by its crystal
structure. Increased intensity of the reflection
with interplanar spacing 10.47 A in the diffrac-
tion pattern of bismuthyl (III) fumarate is char-
acteristic of bismuth compounds with layered
structure and the developed (001) plane [13, 14].
Among bismuth compounds, there are the com-
pounds with Sillen structure [15] in which (001)
planes containing [Bi,O,]*" layers alternate with
anion layers. As described in [14], (110) planes of
bismuth sublattice contain a larger number of
dangling  bonds, therefore, according to
Gibbs-Thomson law, they are characterized by
higher chemical potential. The internal anisotropic
growth leads to the preferential formation of
nanoplates along the (001) plane as a consequence
of faster growth of (110) planes. At the final
stage of the formation of bismuthyl (IIT) fuma-
rate microstructures, self-assembling of the
nanoplates into spherical particles occurs.
Small-angle scattering of laser radiation was
used to study the particle size of the powders. It
was established that 62.6 % of the particles syn-
thesized at 60 °C form aggregates 19—43 um in
size, which agrees with the data of the micro-
scopic examination of the samples. The values of
standard deviation provide evidence of a broad
range of particle and aggregate size distributions
[16], that 1is, both systems are generally
polydisperse (Table 2). The histogram of the sam-
ples obtained at 23 °C is symmetrical, but the
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Fig. 2. SEM images of the samples of bismuthyl (III) fumarate
obtained at 23 (a, c¢) and 60 °C (b), washed with water.

TABLE 2

value of asymmetry factor points to insufficient
segregation of the sample, that is, no fraction cor-
responding to a narrow size range may be distin-
guished. The value of asymmetry factor for the
powder obtained at 60 °C is characteristic of
low-symmetrical distribution, which is the evi-
dence of the presence of aggregates not identical
in their size to each other.

The IR and Raman spectra of the obtained salt
were compared with the spectra of initial fumaric
acid [10]. A number of characteristic bands [17,
18] that are observed in the IR spectrum of fu-
maric acid (Table 3) are absent from the spec-
trum of the salt under investigation. The stretch-
ing vibrations of O—H bonds in carboxylic groups
of fumaric acid appear as a weak band with the
maximum at 3084 cm™. In the region of 3000—
2500 cm™, there is a group of bands overlapping
with the bands of the stretching vibrations of C—H
bonds (a weak band at 3078 cm™ in the Raman
spectrum) and those corresponding to the vibra-

tions of O—H--H groups bound in dimers by hy-
drogen bonds [19]. The stretching vibrations of
C=C bonds manifest themselves as a high-inten-
sity band at 1668 cm™ (in the Raman spectrum),
while the vibrations of C=0 bonds in carboxylic
groups are responsible for a broad intense band
with the maximum at 1677 cm™ (in the IR spec-
trum). A slight shift of the C=0 band to lower
frequencies is an evidence of the presence of di-
mer carboxyl groups, while an increased intensity
is the evidence of trans-orientation of the mole-
cules and conjugation of C=0O and C=C bonds
[17]. Medium-intensity bands in the region of
1420—1400 cm™! (1410 em™ in the Raman spec-
trum) may be attributed to the symmetrical vi-
brations of carboxylic groups (COO)~ bound in
dimers [18]. The presence of combined frequen-
cies (usually a doublet) in the region of 1320—
1210 cm™ (in IR and Raman spectra) is due to
in-plane bending vibrations of C—H bonds and
O—H bonds of hydroxyl in the carbonyl group,
which are tightly conjugated with the stretching
vibrations of C—O [20]. Next to the band of

Results of dispersion analysis of the samples of bismuthyl (III) fumarate

T,°C  Average size of 50 mass % par- Average size of particles Standard Asymmetry factor*
ticles and aggregates (D50), pm and aggregates (D), pm deviation®

23 11.6 11.7 2.137 (2—4) —0.039 (—043 ... 0.43)

60 26.2 30.85 24.1 (>16) 3.489 (>1.3)

* The range of values reported in [16] is indicated in parentheses.
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stretching vibrations of C-—CO~ bond, with the
maximum at 1011 cm™?, there is a broad medi-
um-intensity band within absorption region
980—800 cm™ (980—890 cm™! in the Raman spec-
trum), characteristic of out-of-plane bending vi-
brations of O—H, C—0O and C—H [17, 20]. Two me-
dium-intensity bands at 634 and 549 cm™! corre-
spond to wagging and rocking bending vibrations
of carboxylic group, respectively [18, 20].

For the salt of fumaric acid, a comparison of
the characteristic bands in IR and Raman spec-
tra was carried out also with the spectra of bis-
muth formiate, fumarates of potassium, silver
and rare earth elements (III) [20—23]. Consider-
ing the IR spectrum of the synthesized salt. one
may notice the absence of absorption bands char-
acteristic of the carbonyl group of fumaric acid,
and the appearance of two bands with the maxima
at 1511 and 1396 cm™! (1508 and 1402 cm™! in the
Raman spectrum), which correspond to the
asymmetric and symmetric vibrations of carbox-
ylate anion (COO7). The difference between the
wavenumbers A(n  — n) for COO™ is equal to
116 ecm™! (for sodium fumarate — 169 em™?), which
allows us to conclude that bonds of carboxylic

TABLE 3

groups of fumaric acid are in bidentate coordina-
tion to bismuthyl (III) cations with incomplete lev-
eling of bond lengths in the carboxylate anion,
similarly to the fumarates of rare earth metals
[22]. The shift of the band of the stretching vibra-
tions of double bond by 34 cm™ in the Raman
spectrum of the salt also may point to the substi-
tution of the proton of carboxylic group. If we as-
sume that one non-dissociated carboxylic group —
COOH is present in the compound under consid-
eration, then we would observe a band in the
region of 1715—-1690 cm™'. This band was not de-
tected in the spectrum of the synthesized com-
pound, so we may assume that carboxylic groups
of fumaric acid are twice deprotonated. Two ab-
sorption bands at 1202 cm™ (1270 cm™ in the
Raman spectrum) and 974 cm™ relate to in-plane
and out-of-plane bending vibrations of C—H
groups. A weak absorption band at 984 cm™! in
the Raman spectrum corresponds to the
stretching vibrations of C—C bonds [20]. The
scissor bending vibrations of carboxylate anion
are responsible for a strong and weak band with
the maxima at 801 cm™ (IR spectrum) and
758 cm™! (Raman spectrum), respectively, while

Assignment of the bands in IR and Raman spectra of fumaric acid and bismuthyl (III) fumarate

Characteristic absorption bands in the spectra, cm™ Band assignment
IR Raman IR Raman
Fumaric acid Bismuthyl (III) fumarate
3084 - - - v(O—H)
3000—2500 - - - dimers bound through H-bonds [19]
- 3071 - 3068 v(C—H)
- 1698 - 1652 v(C=C) [21]
1674 1607 - 1603 v(C=0) [20], including dimers
- - 1511 1550 V,(COO7)
1508
1420 1410 1396 1402 v(COO"), v(C=0) [20]
1403sh
1320—-1200 1279 1202 1270 v(C—0), S(OH)ip, ES(C—H)ip
1011 979sh 974 984 v(C-CO,) [20, 21], 3(C—H),,,, 8(O—H),,,, Sy(C—O) [19]
921sh 956 891sh 905
904 912 831sh
780sh - 801 758 5,(CO0O7) [20]
720sh
643 695 658 644 »(COO7) [21]
581 580
549sh 451 - 437 r(CO0") [21]
- - 519 - v(Bi—0) [23]

Notes. 1. Vibrations: v — stretching (index s relates to the symmetric, as — to asymmetric vibration), 8 — bending
(index s relates to scissor vibrations, y — torsional), ® — wagging, p — twisting, ip — in-plane, oop — out-of-plane.

2. Sh is shoulder. 3. Dash means the absence of absorption.
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wagging vibrations correspond to the bands at 658
and 581 cm™ (IR spectrum) and 644 cm™ (Raman
spectrum) [21]. A broad medium-intensity band with
the maximum at 519 cm™ in the IR spectrum may be
related to the stretching vibrations of Bi—O bond [23].

CONCLUSION

In the present work, bismuthyl (III) fumarate
was obtained by precipitation from chloric solu-
tions, and the procedure for the synthesis of the
salt at different temperatures is described. The
composition of the product is confirmed on the
basis of the data of chemical analysis, DTA, XPA,
IR and Raman spectroscopy. Results of the inves-
tigation provide evidence that the addition of the
chloric solution of bismuth into the solution of
fumaric acid, independently of its concentration,
leads to the formation of twice deprotonated salt
of fumaric acid having the composition
(Bi0),C,H,O,. It is also established that the de-
gree of bismuth precipitation increases with an
increase in the concentration of fumaric acid
and process temperature. It is reasonable to car-
ry out the synthesis of bismuthyl (III) fumarate
from chloric solutions with the stoichiometric
molar ratio bismuth/fumarate ion (n = 2) and
process temperature 60 °C to decrease the con-
sumption of fumaric acid.

It is established with the help of scanning electron
microscopy that microstructures of bismuthyl (IIT) fu-
marate obtained at 23 and 60 °C have spherical shapes
and are composed of crystal nanoplates. According to
the data of low-temperature nitrogen adsorption, the
specific surface area of the samples is 8.7 and 9.9 m?/g,
respectively. Monoclinic modification of bismuth oxide
is formed in the oxidative thermolysis of bismuthyl
(IIT) fumarate at a temperature of 450 °C.
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