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SYNTHESIS AND STRUCTURE OF ONIUM
GALLATOGERMANATES(IV) WITH NITROGEN-CONTAINING
ORGANIC CATIONS

Optimal methods of synthesis of germanium(IV) complexes with gallic acid (H«Gal) and
exo-ligands benzimidazole (Bim), niacin (Nic), and niamide (Nad) in aqueous solution were
developed. The composition and structure of the synthesized complexes were determined
using elemental analysis, IR spectroscopy, and mass spectrometry. Thermal analysis
established the hydrated composition of the complexes and the nature of their thermal
decomposition. It was shown that the obtained compounds belong to the cation-anion
type. They contain the tris(galato)germanate anion and organic molecules protonated at the
nitrogen atom of the heterocycle as the cation. The following formulas of the synthesized
compounds were proposed: (HBim):[Ge(H=Gal)s]-4H-0 (1), (HNic):[Ge(H2Gal)s]-3H20 (2),
(HNad):[Ge(H:Gal);]-4H-O (3).

Keywords: germanium, gallic acid, coordination compounds, IR spectroscopy, thermogravi-
metric analysis, mass spectrometry.

Gallic acid (3,4,5-trihydroxybenzoic acid, H«Gal) is a naturally occurring phenolic
acid that is widely distributed in plants, fruits, tea, and various medicinal herbs. Owing
to the presence of one carboxyl group and three phenolic hydroxyl groups, gallic acid
exhibits remarkable chemical versatility and possesses a high ability to interact with
metal ions. The relatively large distances between the phenolic oxygen atoms facilitate
different coordination modes, making gallic acid an attractive organic ligand for the
design of coordination compounds and metal-organic frameworks [1].

In addition to its coordination ability, gallic acid is well known for its broad spec-
trum of biological activities, including antioxidant, anti-inflammatory, antimicrobial,
anticancer, and antimutagenic properties [2-9]. These beneficial effects are mainly as-
sociated with its strong radical-scavenging ability and reducing properties. Historically,
gallic acid has been used in the production of iron gallate inks and dyes because of the
intense coloration arising from complex formation with iron ions. It has also found ap-
plications in photographic developers, food preservation, and pharmaceutical formula-
tions, further demonstrating its chemical and technological importance [10].

The combination of versatile coordination behavior and valuable biological acti-
vity has stimulated extensive research on metal complexes of gallic acid. Depending
on the metal ion, pH, and synthesis conditions, gallic acid may coordinate in neutral,
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partially deprotonated, or fully deprotonated forms, giving rise to mononuclear com-
plexes, coordination polymers, and metal-organic frameworks with diverse structural
architectures. Such compounds often exhibit enhanced thermal stability, modified re-
dox properties, catalytic activity, or improved biological performance compared with
the free ligand [1, 10, 11].

Among the most remarkable examples are the calcium-based three-dimensional
coordination polymers MIL-155 and MIL-156, which were synthesized under hydro-
thermal conditions using naturally occurring gallic acid. MIL-155 consists of infinite
chains of edge-sharing CaO- polyhedra interconnected by partially deprotonated gal-
late ligands (H=Gal*"), whereas MIL-156 contains ribbon-like inorganic subunits
built from six- and eight-coordinate Ca?* ions linked by fully deprotonated gallate
ligands (Gal*). Biological investigations have demonstrated that both materials are
biocompatible [11]. These findings highlight the potential of gallate-based coordina-
tion compounds as promising candidates for biomedical and pharmaceutical applica-
tions, particularly antioxidant materials.

As well as forming alkaline-earth metal compounds, gallic acid forms stable co-
ordination complexes with p-block elements. An example is the mixed-ligand com-
plex [Ge(H:Gal)2(phen)] (phen is 1,10-phenanthroline) synthesised by authors [12].
Single-crystal X-ray diffraction analysis showed that the Ge(IV) center adopts a dis-
torted octahedral coordination geometry formed by four oxygen atoms belonging to
two doubly deprotonated gallic acid ligands and two nitrogen atoms of the 1,10-phen-
anthroline molecule. A complex acid [Ge(H:Gal)(HsGal):]xH.O was also ob-
tained, in which the composition Ge:ligand = 1:3 is realized [13].

Overall, gallic acid’s ability to coordinate a wide range of metal ions, combined
with its intrinsic biological activity and multiple coordination modes, makes it an
exceptionally attractive ligand for the development of new coordination compounds
and metal-organic materials.

This work continues these studies. The goal of this work is to synthesise coordina-
tion compounds of Germanium(I'V) with gallic acid and organic bioactive molecules
(benzimidazole, niacin, niamide) and to research their composition, structure, and
properties. The incorporation of such nitrogen-donor ligands into the complex may
influence its physicochemical and biological properties.

MATERIALS AND METHODS

The starting reagents (all were purchased from Sigma Aldrich) for the synthesis —
Germanium(I'V) oxide (GeO2, CAS 1310-53-8, 99.99%), gallic acid (H«Gal, CAS 149-
91-7), benzimidazole (C7HsN2, CAS 51-17-2, >99%), niacin (nicotinic acid, CsHsNO-,
CAS 59-67-6, 99%), niamide (nicotinamide, CsHsN-O, CAS 98-92-0, 99.5%).

Synthesis. A portion of GeO: (9 mmol, 0.9414 g) was dissolved in 500 ml of dis-
tilled water (90 °C), then 27 mmol (4.60 g) of gallic acid was added, stirred, slowly
evaporated at 80 °C to a volume of 150 mL, and divided into three parts of 50 mL



Synthesis and structure of onium gallatogermanates(IV) ISSN 2304-0947

each. After cooling to 25 °C (pH = 2.5-3), 20 mmol of benzimidazole (Bim), niacin
(Nic) or niamide (Nad) was added and stirred till the reagent was completely dissolved.
Precipitates of coordination compounds were formed within a day. They were sepa-
rated on a Schott glass filter and dried in air at 20-25 °C. Yield: 72-77%.

Elemental analysis was performed in the C,N,H-analyzer Elemental Analyzer CE-
440. Germanium content was determined using inductively coupled plasma atomic
emission spectroscopy with an Optima 8000 (PerkinElmer).

The elemental analysis results:

Calculated for CssH34GeN4Oo (1, M, = 886,6) (%): C — 47.37, H — 3.83, Ge — 8.19,

N — 6.32. Found (%): C —47.58, H —3.75, Ge — 8.30, N — 6.42.

Calculated for Cs3sHs GeN202 (2, M, = 878.6) (%): C — 45.07, H — 3.41, Ge — 8.26,

N —3.19. Found (%): C —45.00, H — 3.31, Ge — 8.45, N — 3.30.

Calculated for Cs3sH34GeN4O21 (3, M, = 894.6) (%): C — 44.27, H — 3.80, Ge — 8.12,

N — 6.26. Found (%): C —44.19, H — 4.00, Ge — 8.25, N — 6.35.

Thermogravimetric analysis was performed on a Q-1500D device with a heating
rate of 10 °C/min in an air atmosphere in the temperature range of 20-1,000 °C.

The IR spectra in the range of 4,000—400 cm™ were recorded as potassium brom-
ide pellets on a Frontier spectrometer (PerkinElmer). IR spectra were interpreted based
on literature data on the characteristic absorption bands of organic molecules [14, 15]
and complex compounds of germanium(I'V) and other metals [11, 12, 16, 17].

The ESI mass spectra were taken on TSQ Fortis Triple Quadrupole Mass
Spectrometer (ThermoFisher Scientific, USA). All spectra were measured in methanol-
water-DMSO (1/1/0.5, v/v/v) solutions with complexes at about 20—50 pg/mL concen-
trations. Samples were infused using a Chemyx Fusion 100T2 syringe pump with a 500
pL Hamilton gas-tight syringe (no. 81265, 1750RNR) at a flow rate of 20 pL./min. The
electric potential to initiate ESI was 3.0 to 3.5 kV in positive ionisation mode and 2.0
to 2.5 kV in negative ionisation mode. Mass spectra were collected in centroid mode
in the m/z range of 50-500 Da using Q1 full-scan mode, with FWHM resolution set to
0.4 Da and a scan rate of 250 Da/sec.

RESULTS AND DISCUSSION

The complexes 1-3 are white, homogeneous substances stable in air. The elemental
analysis revealed that the complexes have a molar ratio of Ge:Gal:Bim(Nic, Nad) =
1:3:2.

The thermodecomposition of compounds 1-3 is similar (Fig. 1): in the temperature
range of 60—180 °C, an endothermic effect with a maximum at ~100 °C is observed
(Fig. 1). This effect is accompanied by a decrease in mass by 8.00% (Am, = 8.12%)
for complex 1; 6.00% (Am, = 6.15%) for 2; 8.00% (Am, = 8.00%) for 3; which
corresponds to 4 (for 1, 3) and 3 (for 2) molecules of crystallization water. The final
product at 1,000 °C is GeOz (Am,_, = 88.00%, Am, = 88.20% (1), Am__ = 88.00%,
Am_ =88.10% (2), Am = 85.00%, Am = 88.30% (3)).

theor
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When analyzing the IR spectra of 1-3 (Figs. 2, 3), it was noted that the existence of
bound OH groups in the molecules of the complexes is unambiguously determined by
the presence of a broad band at ~3.400 cm™, as well as the Ge-O valence vibrations at
869 (for 1, 3) and 872 cm™ (for 2).

Coordination of the oxygen atoms of the phenoxy groups is accompanied by a
shift in the C,-O-H vibration band from 1.266 cm™ in gallic acid to 1.219, 1.223
and 1.224 cm™ in complexes 1, 2, and 3, respectively, rather than a splitting to 1.268
and 1.238 cm™, as in the previously studied complex germanium(I'V) with gallic acid
[13]. That is, all hydroxyl groups of the ligand are deprotonated. The carboxyl group
of gallic acid is uncoordinated, but it shifts slightly to the low-frequency region to
v(COOH) =1.679,1.674 and 1.689 cm™ in complexes 1, 2, and 3, respectively. This
can be explained by the participation of carboxyl groups in a branched hydrogen-
bond network.

C

Fig. 1. Thermogravigrams of complexes 1 (@), 2 (b) and 3 (c)
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Fig. 2. IR spectra of complexes 1 (a) and 2 (b)

Comparative analysis of the IR spectra of complexes 1-3 and the initial nitrogen-
containing molecules Bim, Nic, and Nad showed that onium compounds are formed
due to protonation of the nitrogen atom of the heterocyclic ring. An increase in the fre-
quency of its vibrations v(CN) by 19-29 cm™ is observed (1.567, 1.570 and 1580 cm™
for Bim, Nic and Nad, and 1.591, 1.599 and 1599 cm™ for 1, 2 and 3, respectively).

The behavior of cations and anions in solution was studied by mass spectrometry.
ESI(-) mass spectrum of compounds 1-3 (Fig. 4) in negative polarity contains the sig-
nal of the gallic acid anion HsGal™ (m/z = 169), two small signals of the complex an-
ions [Ge(H2Gal)s > (m/z = 289), [ Ge(HsGal)(H2Gal)2]” (m/z = 579) and several signals
that can be formed during fragmentation of the complex anion, e.g. m/z = 437—441.

The mass spectra of the ESI(+) compounds in positive polarity contain signals of
protonated benzimidazole (m/z = 119), niacin (m/z = 124), and niamide (m/z = 123),
as well as several peaks of solvents and unidentified fragments.
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Fig. 4. ESI(-)-mass spectra of the solution of complexes 1 (a), 2 (b), and 3 (¢)
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Fig. 5. ESI(+)-mass spectra of the solution of complexes 1 (a), 2 (b), and 3 (c)

Based on the combined results of elemental analysis, thermogravimetry, infrared
spectroscopy, and mass spectrometry, considering the coordination number 6 charac-
teristic of Ge(IV), it can be concluded that the obtained onium salts belong to the cation-
anion type. They contain the tris(galato)germanate anion and organic molecules proton-
ated at the nitrogen atom of the heterocycle as the cation. The structure schemes for the
synthesised complexes (HBim):[Ge(H:Gal);]-4H.O (1), (HNic):[Ge(H2Gal)s;]-3H-0
(2), (HNad):[Ge(H2Gal)3]-4H-0 (3) were proposed (Fig. 6).

11
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Fig. 6. Schemes of the structures of the complex anion (a)
and protonated cations (b) in compounds 1-3
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CHUHTE3 TA BY/IOBA OHIEBUX I'AJIATOI'EPMAHATIB(1V)
3 HITPOTEHBMICHUMH OPTAHIYHUMHU KATIOHAMMH

Po3pobneno ontumanbHI MeTOOM CHHTE3y KoMIUiekciB repmadito(IV) 3 ramoBoro kwc-
nororo (HsGal) Ta ex3omiramgamu OensiMimazonmoMm (Bim), HIKOTHHOBOIO KHCIIO-
toto (Nic) i mikormHamizom (Nad) y BomHOomy po3umni. Ckiax i OygoBy CHHTe30Ba-
HUX KOMIUICKCIB BH3HA4YE€HO 32 JOMOMOTOI0 EJIEMEHTHOTo aHamily, [Y-crmexrpockomii Ta
Mmac-criektpomerpii. ITokazaHo, IO B CIIONyKax peani3yeTbcsi MOJIBHE CIiBBiJHOIICHHS
I'epmaniit : ranoBa kuciota : ex3o-imirann = 1:3:2. 3anporoHoBaHO Taki (opmynn cuH-
tezoBannx cnonyk: (HBim):[Ge(H:Gal);]"4H.O (1), (HNic):[Ge(H-Gal);]-:3H0 (2),
(HNad):[Ge(H-Gal);]-4H20 (3). Tepmopo3snaz crionyk € MoAgiOHUM, B iHTepBai TemIepa-
Typ 60-180 °C crnocrepiractbcsi €HIOTEPMIUHIN e(EeKT, SIKUH CyNpOBOPKYETHCS 3MEHILICH-
HSIM Macu, 1o Bianosigae 4 (mis xkommekciB 1 ta 3) i 3 (s komrutekcy 2) MoJeKyliam
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KpucTanizaniiinoi Bogu. Ilpu anamnisi [Y-criekTpiB KOMIIIEKCIB TOBeleHA KOOpAMHALS Jie-
HPOTOHOBAHUX TiJPOKCOTPYI TajioBOi KMCIOTH N0 [epMaHilo, 110 BH3HAYAETHCS K CMY-
rol0 BaJleHTHUX KoimBaHb V(Ge-O), Tak i 3MIMIEHHSIM CMYTH Ie(OpPMAIlifHUX KOJIHBaHb
S(Cph-O-H) = 1266 cMm' y ranosiii kucnoti 10 ~ 1 220 cMm! y komIutekcax. Mac-CrieKTpH
ESI(-) cnonyk MicTATh curnanu aiony rajnopoi kuciaotu H,Gal (m/z = 169), asa curna-
mm komiutekcHuX aHioHiB [Ge(H:Gal)s]* (m/z = 289), [Ge(HsGal)(H2Gal):]” (m/z = 579) Ta
KiJIbKa CHT'HAJIB, SIKI MOXKYTh (hopMyBaTHCs It 4ac (pparMeHTarii KoMIIEKCHOTo aHiony. [1o-
Ka3aHo, 1110 y crojykax B koopauHaii 3 ['epmaniem(IV) 6epyTh yuacTs ABi IigpOKCHIBHI Ipy-
MM BiJl KOXKHOTO JIITaHAY, YTBOPIOIOYHM OKTaeIpHIHUN KOOpAMHAMIWHMIA nomienp. OTpuMaHi
OHI€BI COJII HaJeXaTh JI0 KaTiOH-aHIOHHOTO THITY. BoHU MicTATh TpHc(Tanaro)repMaHaTHHA
aHIOH Ta MPOTOHOBaHI 3a aroMoM HiTporeHy reTepolMKIy OpraHi4Hi MOJIEKYJIH B SKOCTI
KaTioHiB.

KutrouoBi ci10Ba: repmaHiii, rajoBa Kuciora, KOOpAUHaLilHI crionyku, [Y-criekrpockoris,
TEpPMOTPaBIMETPUYHUH aHAIIi3, MaC-CIIEKTPOMETPisl.
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