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NOVEL PROTOCOL OF PREPARATION OF SOLUBLE TANTALUM FLUORIDE COMPLEX

Background. The research aimed to find a convenient preparative method for the synthesis of tantalum water-soluble
complexes from metal oxide, which would not require harsh or hazardous reaction conditions or the use of expensive, less accessible
reagents. The application of the triethylamine-hydrogen fluoride complex as an inexpensive and safe surrogate for hydrofluoric acid
facilitated the conversion of tantalum oxide into a form suitable for further transformations in aqueous or organic environments under
mild conditions and without any restrictions on the use of glassware.

Methods. Inthis work, a method for dissolution of tantalum pentaoxide, a relatively chemically inert compound, with formation
of highly soluble fluoride complex was developed. The variety of techniques were used to identify the complex, such as: IR, UV/Vis and
NMR spectroscopy. All materials were of analytical grade and obtained from commercial sources without further purification. The IR
spectra of the synthesized compounds were recorded on a Fourier IR spectrometer Perkin-Elmer BX (400-4000 cm) in KBr tablets.
Electron spectra of diffuse reflection (ESD) of polycrystalline of samples in the UV and visible range were recorded on a Varian
spectrometer 5000. The intensity was measured relative to MgO or KBr. The solvents were purified according to the standard procedures.
All other starting materials were purchased from commercial sources. 'H and ""F NMR spectra were recorded on a Varian Gemini
2000 spectrometer.

Results. It was found that old samples of tantalum oxide, inert to most inorganic and organic acids and bases, are easily
converted to fluorotantalates by reacting with commercial trimethylamine hydrofluoric acid complex at room temperature within short
reaction times. The reaction is easily scaled up to multigram quantities and the product (NHEt),[TaF] is obtained in essentially pure form
after operationally simple workup protocol. Bench stable tantalum complex is insensitive to air and moisture.

Conclusions. Adeveloped protocol can serve as a convenient and safe starting point for the preparation diverse coordination
and organometallic tantalum compounds both by fluoride ligand substitution and organic cation exchange. Tantalum oxide hydrofluoride-
dissolution — precipitation-by-hydrolysis cycle may also be used for crude tantalum sample purification owing to the crystalline nature of
the heptafluoride complex and its other physico-chemical properties.

Keywords: tantalum, fluorination, complexation, hydrofluoric acid, NVIR spectroscopy.

Background

Tantalum, a transition metal, holds significant importance
in modern technology and scientific research due to its
exceptional properties and versatile applications. This metal
finds extensive utilization in various fields, including
electronics (McLellan et al., 2023), aerospace engineering
(Buckman et al., 2000), and biomedical sciences (Levine
etal., 2006). Notably, tantalum capacitors are integral
components in electronic devices, while tantalum alloys are
favored for their high melting points and corrosion resistance
in aircraft and surgical implants. Central to its utility is
tantalum's remarkable chemical inertness, both in metallic
form and as its oxide. This inertness imparts stability to
tantalum components, ensuring prolonged functionality in
harsh environments. Tantalum oxide, particularly, possesses
exceptional dielectric properties (Hiratani et al., 2002), making
it indispensable in microelectronics (Ezhilvalavan et al., 1999)
and optoelectronics. However, despite its inert nature, the
inherent insolubility of metallic tantalum and its oxide presents
challenges in material processing and chemical synthesis.
Conventional methods for preparing tantalum complexes
often involve harsh conditions or costly reagents, limiting their
scalability and practicality. Therefore, the development of
novel, simple, and scalable methodologies for the preparation
of tantalum complexes is imperative. In this context, the
present study introduces a new protocol for the preparation of
soluble tantalum fluoride complexes, offering a promising

avenue for further exploration and application in diverse
research areas.

In 1956 Fairbrother reported soluble tantalum and
niobium complexes with chelating organic ligands -
a-hydroxy-acids and (2-hydroxyethyl)-amines (Fairbrother
et al, 1956). The obtained coordination compounds
exhibited moderate stability, indicating that the pool of
suitable acid ligands is relatively limited. The results,
published two years later by the same author (Fairbrother
et al.,1958), regarding the dissolution of hydrated oxides in
aqueous amine solutions, proved valuable from a scientific
standpoint. However, the necessity of employing exclusively
freshly precipitated starting "oxides" significantly narrowed
the potential scope of application of the method. Synthesis
of water-soluble peroxo-polyaminocarboxylato (PAC)
complexes was reported in 2004 (Bayot et al., 2004) as well
as tetralactatodiperoxo-y-oxo-ditantalate(V) (Petrykin et al.,
2006) two years later, but neither of them proved to be
groundbreaking, and the proposed methodologies still have
too many shortcomings. An intriguing direction in tantalum
chemistry was initiated by Conde and colleagues (Conde
et al.,, 2007) — the synthesis and investigation of water-
tolerant and water-soluble organometallic (C-Ta bond)
derivatives of tantalum — the field seems to be promising
(Conde et al, 2009). Agulyansky (Agulyansky, 2003)
conducted comprehensive research on fluorine-containing
complexes of tantalum and niobium (see also "Chemistry of
Tantalum and Niobium Fluoride Compounds" by Anatoly
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Agulyansky). This includes Potassium fluorotantalate
K2TaF7 (commonly referred to as K-salt), a classic example
of a tantalum fluoride complex widely utilized in industrial
methods for obtaining pure tantalum and its compounds.

Methods

All materials were of analytical grade and obtained from
commercial sources without further purification. The IR
spectra of the synthesized compounds were recorded on a
Fourier IR spectrometer Perkin-Elmer BX (400-4000 cm™') in
KBr tablets. The solvents were purified according to the
standard procedures (Armarego, 2022). All other starting
materials were purchased from commercial sources. 'H, '3C
and "F NMR spectra were recorded on a Varian Gemini
2000 spectrometer.

Results

The synthesis of triethylammonium fluorotantalate
(NHEts)[TaF7] was carried out according to the following
method (Scheme 1). 10.0 grams of tantalum oxide (Ta20s)
were placed into a 100 mL round-bottom flask equipped with

a magnetic stir bar. To the flask, 50 mL of pure triethylamine
trihydrofluoride (ca. 37% HF) was added in one portion.
Immediate moderate heating of the mixture ensued. The flask
was then immersed in a preheated oil bath maintained at
50°C. The mixture was stirred until a homogeneous, slightly
turbid yellowish solution was formed (dissolution took
approximately 5 minutes). Afterward, the reaction mixture was
transferred into a crystallization dish, which was heated to
140°C for 5 hours until obtaining a gray solid residue. During
the evaporation, gaseous HF is generated from triethylamine
trihydrofluoride. The crystallization dish was cooled, and
100 mL of dichloromethane was added. The mixture was then
filtered to remove insoluble impurities. Dichloromethane was
evaporated, and to the residue, 50 mL of diethyl ether was
added, followed by vigorous stirring until the formation of fine
white crystalline precipitate. The precipitate was filtered,
washed on the filter with diethyl ether (3 x 20 mL), pentane
(20 mL), and dried under vacuum (1 mbar) to obtain white
powder of (NHEts)2[TaF7] (18.2g, 77.6% yield).

H-F
0. L H-F neat, 50°C, 5 min ||: L
T+ SN jeF F-Ta_F *n SN
I 'F
e} H—F F )
excess in solution
H—F
F L 140°C, 300 min H ARIRY
F ) 77.6% over 2 stages ) FeF )
in solution crystalline

Scheme 1. The synthesis of triethylammonium fluorotantalate (NHEt;).[TaF-]

Powder is indefinitely stable under ambient conditions if
stored in closed vessel. The substance exhibits slight
hygroscopicity. It readily dissolves in water, methanol,
ethanol, dichloromethane, acetone, chloroform, and
acetonitrile. Itis sparingly soluble in diethyl ether and insoluble
in alkanes. It remains stable in aqueous solution at room
temperature for at least one day and decomposes upon
heating above 200°C. During synthesis, a minor by-product of
approximately 15% octafluorotantalate is formed; the
formation of TaFs  and oxo-complexes was not observed.

Discussion and conclusions

In this work, a method for dissolution of tantalum pentaoxide,
a relatively chemically inert compound, with formation of highly
soluble fluoride complex was developed. The variety of
techniques were used to identify the complex (Fig.1).
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NMR spectroscopy. '"H NMR (400 MHz, D20) & 1.27
(methyl groups, 18H, t, J = 7.4 Hz), 3.20 (methylene groups,
12H, q, J = 7.4 Hz). 3C NMR (101 MHz, D20) & 46.63, 8.19.
9F NMR (376 MHz, D20) 5 -130.80 (7F, s). 'H and '3C NMR
demonstrate the presence of only triethylammonium. In the
crystalline state, [TaF7]> polyhedra are single-capped
trigonal prisms; in solution, due to the conformational lability
of the heptacoordinated complex anion, an equivalence of
fluorine atoms on the NMR timescale is expected. A sharp
singlet in the '"F NMR spectrum recorded at 25°C (Fig. 2)
indicates the presence of the [TaF7]> anion as the only
fluorine-containing complex. Hydrolisys product's peak
(such as Marignac's salt Kz[Ta20sFe]) is not seen on the
spectrum, indicating at least short-term stability of the
complex in aqueous solution, potencially owing to the acidic
nature of the organic cation.
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Fig. 1. The scheme of triethylammonium fluorotantalate complex (NHEt;),[TaF;]
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Fig. 2. 'F NMR fragment [TaF;]* anion of triethylammonium fluorotantalate complex (NHEt;),[TaF]
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Fig. 3. IR spectra of triethylammonium fluorotantalate complex (NHEt;),[TaF;] and crude mixture
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IR spectroscopy. Normal vibration analysis of TaF7? ion
has been performed for the disturbed prism of Cov symmetry
and for the pentagonal bi-pyramid having Dsn configuration
(English et al.,1983). Infrared (IR) spectrum (Fig. 3, top)
displays a strong band at about 530 cm™: asymmetric
valence vibration - (TaF). Ta-F band frequency perfectly
matches the literature data concerning alkali metal
heptafluorotantalates (for K2TaF7 - see (Agulyansky, 2003) —
even reported shoulder at 640 cm™ is present (Fig. 3,
bottom). In IR spectrum of crude compound before
crystallization also TaFs® band at about 490 cm™' is present
(Fig. 3, bottom). Wide peaks at 3420 cm™ and 1640 cm™:
O-H bond stretching and bending of water; low intensity
combination band at 2100 cm™ is also present. NEtzH*:
3000 cm (s), 2974 cm™ (s), 2938 cm™ (s) — v(C-H); 2800 cm’”
(s), 2738 cm™ (m), 2678 cm™ (s), 2505 cm™ (s) — V(N-H);
1479 cm™ (m) 1448 cm™ (s), 1394 cm™ (s), 1166 cm™' (s),
1069 cm™' (m), 1031 cm™ (s), 841 cm™ (m), 735 cm™" (w).

Conventional methods for synthesizing fluorotantalates
are based on the use of elemental fluorine, bromine
trifluoride (Gutmann et al,, 1950), molten NHsHF2
(Kalinnikov et al., 1985), and aqueous solutions of
hydrofluoric acid. Each of the previously published methods
requires the use of relatively synthetically inconvenient
reagents and specialized handling, whereas
triethylammonium hydrofluoride is an accessible reagent
that is undemanding in terms of storage and application,
making it a much more attractive option for use by less
experienced specialists or in the absence of specialized
equipment and glassware in the laboratory. It is also worth
noting that TEA*3HF is a much more familiar reagent to a
wide range of inorganic synthetic chemists (eg. (Vergote et
al., 2012 )) and especially organic chemists (eg. (Gurbanov,
2021; Munoz et al., 2019), which makes the new method for
synthesizing fluorotantalates more convenient for them.
Fluorotantalates are versative precursors for synthesis of
tantalum coordination compounds (Rosenheim et al., 1932;
Dirtu et al., 2009; Ramos et al., 2015; Zupanek et al., 2019),
new materials (Boca et al., 2020) and organotantalum
compounds (Kleinhenz et al., 1998). An operationally
simple, scalable protocol for multi-gram scale preparation of
soluble form of tantalum, suitable for both aqueous and
organic solvents, has been developed. The method does not
require the use of expensive reagents, complex equipment,
or the use of Teflon vessels. The procedure serves as a
convenient alternative to known methodologies involving
concentrated hydrofluoric acid or anhydrous hydrogen
fluoride. The obtained tantalum complex can be easily
purified, remains entirely stable during storage under
ambient conditions, and serves as a convenient precursor
for the synthesis of new inorganic and organometallic
tantalum compounds.

Authors' contributions: Yuliia Davydenko — view and edit,
revision; Oleksandr Zaporozhets — writing, original draft,
conceptualization; Igor Fritsky — view, edit and data validation;
Vadim Pavlenko — view and edit, revision.
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HOBMUMW NMPOTOKOJ1 CUHTE3Y PO3UMHHOIO ®JIYOPOBMICHOIO KOMIMMEKCY TAHTANY

B cTyn. Memoto docnidxeHHsi 6yno po3pobumu 3py4Huli npenapamusHuli Memod cuHme3y 8000PO3YUHHUX KOMIJIEKCi8@ maHmarsy 3 okcudy
memany, sikuli He euma2ae 6u xxopcmkux abo He6e3ne4HuUX yMoe cuHmesy abo eukopucmaHHsi dopoaux, MeHw docmynHux peazeHmis. 3acmocy-
8aHHs1 KOMIIIIEKCY mpuemusnaMiH-gpmopucmuli 800eHb siKk HeAopo2o20 ma 6e3ne4Ho20 3aMiHHUKa ghmopucmo8odHe8ol Kuciomu cripusisio nepem-
8OpeHHIo okcudy maHmany y gpopmy, npudamHy Ons1 NodanbWux nepemeopeHb y 00HOMY YU op2aHiYyHOMY cepedosuujax y M'sKux ymoeax i 6e3
6yOb-sIKUX 06MexeHb 000 8UKOPUCMAHHSI CKIISTHO20 rnocyady.

MeToAawn. Yuiipobomi po3pobreHo Memod po34UHEHHS1 8iOHOCHO XiMiYHO iHepmHoI cnosyku neHmaokcudy maHmarsny 3 ymeopeHHsIM 0obpe
PO34uHHO20 hmopudHoz20 Komnnekcy. [ns idenmudbikayii komnnekcy 6yno sukopucmaHo pi3Hi Memodu, maki siK: iHgppavyepeoHa, Y®/Bud ma sSIMP
cnekmpockonisi. Yci Mamepianu 6ynu aHanimu4yHo20 knacy ma 6ysiu ompuMaHi 3 KoMepyiliHux Oxepesn1 6e3 0o0amkoeo20 oyuweHHs. 14-cnekmpu
cuHme30eaHux crnosyk 3anucyeanu Ha I4-¢pyp'e-cnekmpomempi Perkin-Elmer BX (400-4000 cm™) y ma6nemkax KBr. EnekmpoHHi cnekmpu Oucgby3-
Hoz2o eid6bumms (ESD) nonikpucmaniyHux 3pa3kie 8 Y® ma eudumomy diana3oHi peecmpyeasnu Ha ciekmpomempi Varian 5000. IumeHcueHicmb
sumiprosanu eioHocHo MgO a6o KBr. Po34uHHUKU o4yuwanu 3a cmaHGapmHumu memodukamu [13]. Bei iHwi euxioHi mamepianu 6ynu npud6baHi 3
KomepuyitiHux dxepen. Cnekmpu SIMP 'H i F 3anucyeanu Ha cnekmpomempi Varian Gemini 2000.

Pe3ynbTaTtu. byno eusieneHo, wjo cmapi 3pasku okcudy maHmany, iHepmti o 6inbwocmi Heop2aHiYHUX i op2aHiYHUX Kucsiom i ocHoe,
J1e2Ko repemeoprorombLCs Ha ¢hpmopmaHmanamu Wisixom peakuii 3 KoMepuyiliHUM KOMM/IeKCOM mpumMemuJsiaMiHy naasuKko8ol Kucsiomu npu KiMHam-
Hili memnepamypi 3a kopomkuli Yyac peakuii. Peakuito nezko macuumabyeamu 0o Mynbmuz2paMmoe8ux Kinbkocmed, i npodykm (NHEts):[TaF;] ompu-
MYOmb 8 OCHOBHOMY YucmoMy eu2nsdi nicas onepayiliHo MPocmo20 npPomokosy o6pobku. CmeHdosuli cmabinbHUli maHmanosul KOMIIEKC
Hedymunueul Ao noeimpsi ma eosioau.

BucHoBEKMW. Po3pobreHuli MpomoKoJs1 MO)e CIIy)Kumu 3pyYHOI ma 6e3rne4yHoro 8i0npasHO0 MOYKOH Osisi OMPUMaHHS Pi3HOMaHimHuUX Ko-
opOuHayiliHux ma Memasnoop2aHi4yHUX CroJlyK maHmarsy siKk Wisixom 3amiujeHHs1 pmopudHo20 snizaHAy, mak i 06MiHy op2aHiYyHUX KamioHie. Po34u-
HeHHs1 2idpogpmopudy okcudy maHmany — YUk ocalXeHHs1 WIISIXOM 2i0posiizy makoXx Mmoxxe 6ymu eukopucmaHuli Onisi OHUW|eHHS1 3pa3Kie
Heo4uuw,eHo20 maHmaJy 3ae0dsKu KpucmarsniyHil npupodi cenmagpmopudHo20 Komrsiekcy ma (io20 iHWuUM ¢hi3uko-xiMiyHUM elacmusocmsm.

Kno4yoBi cnoBa: maHman, gpmopyeaHHsi, KOMNIIeKCOymeopeHHsi, pmopudHa Kucsoma.
ABTOpM 3aABNSAIOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu yyacTi B po3pobneHHi AocnigkeHHs; y 360pi, aHanisi um
iHTepnpeTaLii AaHKX, y HAaNUCaHHi pykonucy abo y NpUAHSTTI pilleHHst Npo ny6nikaLito pe3ynbTaTis.
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