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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. 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, 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. A developed 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.
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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 et al., 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.

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, '*C and '°F NMR spectra were recorded on a Varian Gemini 2000 spectrometer.

Results

The synthesis of triethylammonium fluorotantalate (NHEt;),[TaF;] was carried out according to the following method
(Scheme 1). 10.0 grams of tantalum oxide (Ta,Os) 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 (NHEt;),[TaF;]
(18.2g, 77.6% yield).
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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. It is
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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Figure 1: The scheme of triethylammonium fluorotantalate complex (NHEt;),[TaF;]

NMR spectroscopy. '"H NMR (400 MHz, D,0) & 1.27 (methyl groups, 18H, t, J = 7.4 Hz), 3.20 (methylene groups, 12H,
g, J = 7.4 Hz). ®C NMR (101 MHz, D,0) & 46.63, 8.19. 'F NMR (376 MHz, D,0O) & -130.80 (7F, s). 'H and *C NMR
demonstrate the presence of only triethylammonium. In the crystalline state, [TaF,]*> 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 [TaF;]* anion as the only fluorine-containing complex. Hydrolisys product’s peak (such as Marignac's salt
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K;[Ta,03F¢]) 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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Figure 2: '*F NMR fragment [TaF;]* anion of triethylammonium fluorotantalate complex (NHEt;),[TaF;]

IR spectroscopy. Normal vibration analysis of TaF,* ion has been performed for the disturbed prism of C,, symmetry
and for the pentagonal bi-pyramid having Ds, 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 K,TaF; - see (Agulyansky, 2003) — even reported shoulder at
640 cm™ is present (Fig. 3, bottom). In IR spectrum of crude compound before crystallization also TaFg* 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. NEt;H*: 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).
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Figure 3. IR spectra of triethylammonium fluorotantalate complex (NHEt;),[TaF;] and crude mixture

Conventional methods for synthesizing fluorotantalates are based on the use of elemental fluorine, bromine trifluoride
(Gutmann et. al., 1950), molten NH,HF, (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' contribution: Oleksandr Zaporozhets — writing, original draft, conceptualization; Vadim Pavlenko — view and edit, revision.
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HA3BA CTATTI

Bctyn. Memoro docnidxeHHs1 6yno po3pobumu 3py4qHull npenapamueHuli Memod cuHme3y 6000PO34YUHHUX KOMIJIEKcie
maHmany 3 okcudy memary, sikuli He eumaz2ae 6u xopcmkux abo He6e3neyHux ymoe cuHme3sy abo eukopucmaHHsi Aopo2aux,
MeHw docmyrnHux peazeHmie. 3acmocyeaHHs KOMIJIeKCY mpuemurnamiH-¢pmopucmuli 800eHb ik HeAopo2020 ma 6e3ne4yHoz20
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3amiHHUKka ¢ghmopucmogeodHeeoi Kuc/iomu crpusisio rnepemeopeHHI0 oKkcudy maHmany y ¢ghopmy, npudamHy Ons noodanbwux
nepemeopeHb ¥y 800HOMY 4u op2aHiYyHOMYy cepedosuwiax y M’sikux ymoeax i 6e3 6yOb-sikux o6MexeHb W000 8UKOPUCMAHHS
CKJI51HO20 rocydy.

Metoau. Y uili po6omi po3pobneHo Memod po34yuHeHHS 8iOHOCHO XiMiYHO iHepmHOI crnonyku neHmaokcudy maHmany 3
ymeopeHHsIM dobpe po34YUHHO20 ¢hmopudHO20 Komrekcy. [ns ideHmudbikayii kKomnekcy 6ys10 eukopucmaHo pi3Hi memodu,
maki sik: iHgppayepeoHa, Y®/Bud ma SIMP cnekmpockonisi. Yci mamepianu 6ynu aHanimu4Ho20 Ksacy ma 6ysu ompumadi 3
KomepuyitiHux Oxepes1 6e3 dodamkoeoao ovuuweHHs1. I4Y-cnekmpu cuHme3oeaHux crosyk 3anucyeanu Ha I4-¢pyp‘e-cnekmpomempi
Perkin-Elmer BX (400-4000 cm) y ma6nemkax KBr. EnekmpoHHi cnekmpu Qugpy3zHozo eid6umms (ESD) nonikpucmaniyHux
3pas3kie 8 Y® ma sudumomy Oiana3oHi peecmpyeasiu Ha criekmpomempi Varian 5000. lnmeHcueHicmb sumiprosasnu eiOHOCHO
MgO a6bo KBr. Po3yuHHUKU oyquuwjanu 3a cmaHlapmHumu memodukamu [13]. Bci iHwi euxiOHi mamepianu 6ynu npudbaHi 3
KomMepuitiHux dxepes. Cnekmpu SIMP "H i "°F sanucyeanu Ha cnekmpomempi Varian Gemini 2000.

Pesynbtatn. Byno eusieneHo, wjo cmapi 3pa3ku okcudy maHmany, iHepmdi 0o 6inbwiocmi Heop2aHiYHUX i op2aHiYHuUX
Kucriom i OCHO8, JIe2KO [epemeoproombCsi Ha mopmaHmanamu WassXoM peakuyii 3 KoMepyiliIHUM KOMIIeKCOM
mpumemunamiHy niaeuKkoeoi Kuciomu npu KiMHamHili memnepamypi 3a kopomkul Yyac peakuii. Peakuyito nezko macuwma6byeamu
do mynbmuzpammosux kinskocmel, i npodykm (NHEt;),[TaF;] ompumyromb 8 ocHO8HOMY Yucmomy eu2nsidi nicas onepayiliHo
npocmoezo npomokoJsty 06pobku. CmeHdoeuli cmabinbHUli maHmarsnoegutli KOMI/IeKc Hedymiueull o rnoeimpsi ma gosioau.

BucHoBku. Po3pobiieHull npomoKos1 Moxe Cryxumu 3py4yHO ma 6e3rneyHoro eiOnpasHO MOYKOI Onisi OMpPUMaHHSI
Pi3HOMaHIiMHuUx KoopOuHayiliHUX ma MemaJsioop2aHiYHUX croJlyK maHmarsy siK Wisixom 3amiujeHHs1 pmopudHo20 nizaHAy, mak i
06MiHy opeaHi4HuUXx KkamioHie. Po34yuHeHHs1 2iopoghmopudy okcudy maHmany — YUK 0CadKeHHSs WIISIXOM 2i0posli3y maKox Moxe
6ymu eukopucmaHull 0151 OYUWEeHHS] 3pa3Kie Heo4Yuuw,eHo20 maHmasny 3aedsiku KpucmaniyHil npupodi zenmagmopudHoz20
KoMJieKkcy ma Uo20 iHWuM ghi3uko-xiMiYHUM esracmueocmsim.

KnouoBi cnoea: maHmais, gpmopyeaHHsi, KOM/IEKCOyMeOopPeHHs1, pmopudHa Kucsioma.

ABTOpU 3asBNSAIOTL NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Bpanu yvacTi B po3pobneHHi AoCnifKeHHs; y 300pi, aHanisi um
iHTepnperTauii gaHuX, y HanuMcaHHi pykonucy abo y NpUHATTI pilueHHs Npo nybnikaviio pesynsraTis.
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