PE3IOME. HoBbiif METOJ CHHTE3a HAHOPA3MEPHBIX Me-
rannos Fe, Co u Ni B konnounHoii ¢opMe ¥ B BHIC HaHO-
[I0pOIKOB OCHOBAH HA BOCCTAHOBJICHHM TaNOreHIUIOB MeTall-
0B HadTANHAOM HATPHS B pacTBopax N-MeTHINUPPONHIOHA
(HMIT). Peakiuuu pH KOMHATHOM TemmepaType COMpOBOK-
aaloTes HarpesaHueM pacrsopa o 170—200 °C B pesynsra-
Te 06pa3oBaHuA HAHOYACTHLL METAIIHYECKOTO JKEIE3a U KO-
GanbTa, a Takke kapouna Hukens Ni;C. Konnonanstii Meran-
NHYecKHit HUKENb MOJy4eH M0 peakluMH KOJNOHIHOTO XKele-
3a ¢ NiCl, B pacrsopax HMII. TloBepxsocts METALTH4ECKUX
HAHOYACTHII BOCOPUMMYHBA K XHMHYECKOMY 3aMEILICHHUIO; B
pe3yNLTaTe MOCTCHHTETHYECKHX PEAKIIHit ITHX YACTHLL C OJIeH-
HOBOH KHMC/IOTOMH MOMy4YeHs! MPOAYKTHI, PACTBOPHMBEIE B YTJIe-
BOJIOPOJAX.
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FTIR-SPECTROSCOPIC STUDIES OF TANTALUM (V) SPECIES FORMED
IN 1-BUTYL-1-METHYL-PYRROLIDINIUM CHLORIDE—TaCls IONIC LIQUID

WITH ADDITIVES OF ALKALI HALIDES

Tonic liquid 1-butyl-1-methyl-l-pyrrolidinium chloride—TaCls (molar ratio 65:35) was synthesized with the
aim of electrochemical deposition of tantalum coatings at ambient temperature. To elucidate the mechanism
of the deposition process, FTIR spectroscopic studies were performed. A detailed analysis indicates the for-
mation of TaClg complexes and some oxochloride complexes of tantalum (V) with bridge oxygen bonds
Ta—O-Ta. Addition of alkali chlorides has no effect on the vibrational features of tantalum (V), whereas LiF
leads to the formation of mixed complexes TaClg ,F,” with simultaneously decreasing amount of the tantalum

(V) species with Ta-O-Ta bridge bonds.

Low-temperature molten salts (LTMS), or ionic
liquids, which are a combination of organic and in-
organic compounds, are very attractive and promi-
sing media for electrochemical deposition of highly
reactive metals, such as refractory metals that cannot
be obtained from aqueous solutions or only out
of high-temperature molten salts. One of the impor-
tant advantages of the deposition from ionic liquids
is that the properties of the substrates are not
changed during electrochemical treatment as in the
case of high-temperature molten salts.

A few studies concerning attempts of electrode-
position of tantalum (V) from ionic liquids were
published: the electrodeposition of tantalum from
EMIC—AICI; was studied by Barnard and Hussey
(1], from EMIC — by Matsunaga [2]. Only the first
steps corresponding to Ta>"/Ta®" reactions were dis-
cussed. The electrodeposition of tantalum metal was
not achieved. The addition of LiF to EMIC—TaCls
leads to the electrodeposition of tantalum, which
was reported by Morimitsu and Matsunaga [3].

The influence of alkali metal cations on the elect-

* O.B. Babushkina (O.B. Badymkuna) — xkana. xuM. Hayk (1986), paGorana ¢ C.B. Boakossid ¢ 1975 no 2003 r.

@ O.B. Babushkina, G.E. Nauer, 2005

70

ISSN 0041-6045. YKP. XMM. XKVYPH. 2005. T. 71, Ne 11-12



rodepositon of tantalum from high-temperature mol-
ten salts is well known, The most successful attempt
of the deposition of tantalum coatings performed
by Mellors and Senderoff [4] was achieved only in
the presence of K™ cations.

Motivated by the lack of FTIR-spectroscopic
data on tantalum chlorides and oxochlorides in io-
nic liquids and by the possibility to obtain elect-
rochemically tantalum coatings on various substra-
tes in the presence of LiF, we have performed spe-
ctroscopic studies of electrochemically active spe-
cies of tantalum (V) in the novel ionic liquid 1-bu-
tyl-1-methyi-pyrrolidinium chloride—TaClg with
additives of alkali halides, which has promising
properties as electrolyte for electrochemical depo-
sition of tantalum coatings.

Synthesis. Stirring of the mixture of 1-butyl-
1-me-hyl pyrrolidinium chloride (BMPC) with TaCls
at the molar ratio 65:35 leads to the formation of
a liquid at temperatures above 80 °C. The synthesis
was performed in a Pyrex tube in inert atmosphere
of argon (99.999) placed in an oil bath. The handling
of the samples was done in a glove box MBRAUN
Star containing <1 ppm oxygen and moisture. The
ionic liquid BMPC—TaClsis stable in the temperature
range 80—180 °C. Compositions with 10 mol. % of
alkali chlorides (LiCl, NaCl, KCIl, RbCl, CsCl) were
prepared. The influence of LiCl and LiF was inves-
tigated at the concentrations 3.5 and 10 mol. %.

Chemicals. 1-Butyl-1-methyl pyrrolidinium chlo-
ride (BMPC) (Merck, moisture content <100 ppm)
is a white powder with a melting point of 203 °C,
decomposing at 210 °C. It was preliminary dried in
high vacuum (up to 0.013 mbar) at 80—100 °C with
stirring during 48 h. TaCls (Alpha Aesar 99.99 %)
was used without preliminary purification. Alkali
chlorides and LiF p.a. quality from Merck were
dried for at least 24 h at 150 °C under high vacu-
um and purified by melt recrystallization in inert
atmosphere. Only transparent pieces were used for
experiments.

Spectroscopic measurements. FTIR internal ref-
lection (Golden Gate ATR unit with KRS5 lince)
spectroscopic technique was used for the determina-
tion of the structure and composition of electroche-
mically active species of tantalum (V) in ionic liquid
BMPC—TaCls. FTIR spectra were recorded using
a Bruker FTIR spectrometer Equinox 55 with a MCT
nitrogen cooled detector in the range 4000—250 cm ™,

BMPC—TaCls. The formation of ionic liquid
BMPC—TaCls at the molar ratio 65:35 occurs accor-
ding to the reaction:

2CgH,NCl + TaCls — (CgH,pN),” + TaCl + CI.

The main species present in BMPC—TaCls are
complex anions TaClg. At a TaCls concentration of
35mol. % of one can expect the formation of a
quasi crystal lattice with [TaClg] structural unit and
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Fig. 1. FTIR spectra of 1-butyl-1-methyl-1-pyrrolidinium chloride (BMPC),
BMPC—TaCl; (molar ratio 65:35), BMPC—TaCl—ACI

(10 mol % ACL A= Li Na, Rb, Cs).
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oligomeric complexes of tantalum (V). Because of
the strong ability of refractory metals to form oxo-
chloride complexes one has to take into conside-
ration also the formation of the oxochloride comple-
xes of tantalum (V).

FTIR spectra of BMPC, BMPC—TaCls and
BMPC—TaCls with additives of alkali chlorides
(10 mol. %) are presented in fig. 1. Comparison of
the FTIR spectra of BMPC and BMPC—TaCls
shows that introduction of 35 mol. % TaCls into
BMPC does not cause significant changes

do not cause crucial changes in FTIR spectra of
BMPC—TaCls (fig. 1, a,b) exept for the slight shift
of the vibration from 778 to 775 cm™ and insigni-
ficant increase of the mten51ty of the vibrations at
778 cm™' from Na® to Cs'.

Addition of LiCl (10 mol. %) causes an incre-
ase of the mtensny of the vibration 778 cm™ and
a shift to 779 cm ", and this is the only change in
comparison with those with the addition of other
alkali chlorides.

into the vibrational features of BMPC in %%
the range 4000—1000 cm™ (fig. 1, @). There- ’T' ”’Tm
fore our attention is concentrated in the 030 |-
range of the vibrations of tantalum (V) a I &
species, 1000—250 cm™), where the main 025 }
changes are observed (fig. 1, b).
The FTIR spectrum of BMPC—TaCls » '
is characterized by a new vibrational featu- E Gl
re at 778 (vs), 855 (w) and 928 (m) cm™ L Be- .
cause of the strong ability of refractory me- % 0.15 1 ' i i
tals to form oxochloride complexes one «
can suggest that the origin of these vibrati- 040 F
onal bands is the formation of oxochloride
complexes of tantalum (V). P
Ta—O-Ta oxygen bridge bonds typi- '
cally show v1bratsonal bands in the region : : g . 4
700—850 cm ™" [5, 6]. It seems reasonable %% 1400 1200 7000 50 >
to 3551gn the vibrational bands at 778 and it e
855cm ' to the Ta-O-Ta oxygen bridge
bonds in oligomeric ions. One can suggest
that the bands at 778 and 855cm ™ could " [ A
be attributed to the tantalum (V) units 0275 b :
[TaOCls] and [TaOCl,] respectively. i !
The main changes in the spectrum of o250 |

BMPC—TaCly are observed in the region
of triplet bands of BMPC at 892, 910
and 927 cm ™. The increase of the intensity
of the band at 928 cm™ in BMPC—TaCls
overlapped by the vibrational band of BM-
PC at 927 cm™ is attributed to the stret-
ching of the terminal oxygen Ta=O0O in
TaOCl

The v1brationa] modes of Ta—Cl bonds
are observed as a very broad band in the
range 300—450 cm™, Because several struc-
tural units coexist in ionic liquid, [TaClg],
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[TaOCls] and [TaOCly], it is not possible Ll

to resolve Ta—Cl vibrations belonging to
the specific complexes.

700
Wave numbers, crmr!

BMPC—TaCls—ACI (A — Li, Na, K,
Rb, Cs). The additives of 10 mol. % of
the alkali chlorides NaCl, KCI, RbCl, CsCl

Fig. 2. FTIR spectra of 1-butyl-1-methyl-1-pyrrolidinium chloride
(BMPC), BMPC—TaCls (molar ratio 65:35), BMPC—TaCl,—LiCl
(10 mol. % LiCl) and BMPC—TaCl,—LiF (10 mol. % LiF).
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BMPC—TaCls—LiCl and BMPC—TaCls—LiF.
FTIR spectra of BMPC—TaCls (molar ratio 65:35)
with the additives of 10 mol. % LiCl and LiF are
presented in fig. 2, @, detailed spectra m fig. 2, b.

Three bands at 928, 910 and 892 cm™ ! of BMPC
—TaCls do not change under the influence of the
additives of LiCl or LiF. The addition of LiCl le-
ads to a very sh%ht decrease of the intensity of the
band at 855 cm and increase of the intensity of
the band at 775 cm™ . This indicates an increase of
the amount of the species with Ta—O-Ta brid idge bonds.

A new vibrational feature at 608 cm™ appears
in the spectrum of BMPC—TaCls—LiF. The addi-
tion of LiF results in insignificant decrease of the
intensity of the band at 855 cm ! but strong decre-
ase of the intensity of the band at ?’?5 cm- (contrary
to LiCl) and its shift to 777 cm™ Agulyansku [i/]
had investigated the equilibrium Tal"6 <> TaF4
in alkali metal fluoride melts using IR emlssmn
spectroscopy. The vibrations of TaF ;~ complex have
been found in the range 607—593 om’, ~!and those
of TaF-, in the range 542—516 cm™ dapendmg
on alkali cations. The new vibrational mode 608 cm
is assigned to the stretching vibration Ta-F in the
structural unit [TaClg F ] The formation of the
mixed complex TaClg F,~ seems more probable
than that of TaF ¢ because of the low concentration
of LiF (10 mol. %). On the basis of FTIR spectra
one can observe that the addition of LiF leads to
a decrease of the amount of the tantalum (V) species
with Ta—O-Ta bridge bonds and formation of mixed
chloro-fluoride complexes.

The infrared vibrational frequencies of tantalum
species are presented in the table.

FTIR spectra of ionic liquid 1-butyl-1-methyl-I-
pyrrolidinium chloride—TaClg (molar ratio 65:35)
indicate the formation of TaClg complexes and
some oxochloride complexes of tantalum with brid-
ge oxygen bridge bonds Ta-O-Ta. Additives of al-
kali chlorides do not cause changes in the vibratio-
nal features of tantalum (V). In the presence of LiF
the formation of mixed complexes TaClg_F, is ob-
served with simultaneously decreasing amount of the

ECHEM Center of Competence in Applied Electrochemistry, Austria

University of Vienna, Austria

ISSN 0041-6045. VKP. XUM. XYPH. 2005. T. 71, N 11-12

Vibrational frequencies of tantalum species in BMPC—TaCls
ionic liquid with the additives LiCl and LiF

BMPC— BMPC— BMPC— Vibrational
TaCly | TaCls—LiCl | TaCly,—LiF |  bonds
928 928 928 Ta=0
855 855 854 Ta-0—Ta
755 775 776 Ta-0-Ta
608 Ta-F
300450 300450 300450 Ta-Cl

tantalum (V) species with Ta~O-Ta bridge bonds.

The authors would like to express their gratitude
to the FFG (Austrian Research Promotion Agency)
and to the Government of Lower Austria for the fi-
nancial support in the framework of the K plus pro-
gramme.

PE3IOME. CuHTe3upoBaHa WOHHAS KHAKOCTL 1-Oy-
THi-l-MeTun-1-nupponuauunit xnopua—TaCly (MonsHoE
cooTHOWeHKe 65:35) ¢ LeNBI0 INEKTPOXUMHHECKOr0 0CaN-
NeHUsl TAHTAMOBBIX TNMOKPHITHA NpH TeMmepatrype OKpy-
xamowei cpeas. Meroaom UK-cnekrpockonuu ¢ @ypse-npe-
ofpazoBaHueM HCCACAOBAH MEXAHH3M OCaKIeHHA. YCTa-
HoBlIeHO oOpasosanue kommiekcoB TaClg M HeKOTOPBIX
OKCOXTOpHAHEIX KoMruiekcoB Ta (V) ¢ MOCTHKOBBIMH KHC-
noponnsiMu cazsmMu Ta-O-Ta.
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