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Abstract: Effects of reflux ratio, water addition and content of water in ethanol on the purity and yield of tantalum ethoxide during
vacuum distillation were investigated under the operational conditions of pressure of 1 kPa, oil bath temperature of 210-230 ‘C, and
outlet temperature of 190 ‘C. The condensate sample was characterized by FTIR, 'H-NMR spectroscopy and Raman spectra,
respectively. The contents of tantalum, carbon and hydrogen in the sample were also determined with elemental analysis instrument.
The obtained results consistently demonstrate that the condensate is tantalum ethoxide. The content of impurity, such as Al, As, Ca,
Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sn, Ti, V and Zn, in tantalum ethoxide is less than 0.000 05%, while Nb content is less
than 0.000 5%. The content of impurities in tantalum ethoxide sample excels that of Epichem Group’s requirement for Ta(OC,Hjs)s of

99.999%.

Key words: tantalum ethoxide; distillation; FTIR

1 Introduction

Tantalum ethoxide is mainly used for the production
of thin oxide films, adopted in optical, semiconductor
and optoelectronics applications, by sol-gol[1] or
metalorganic chemical vapor deposition(MOCVD)[2]
methods. Tantalum oxide thin films with high dielectric
constant, large refractive index and remarkable chemical
stability are usually selected as key materials for
dynamic random-access memory(DRAM), anti-refection
coating, gas sensor and capacitor[3]. Especially in the
fields of ultra-large-scale integrated(ULSI)[4] and
metal-insulator-semiconductor(MIS)  switch,  higher
dielectric constant of tantalum oxide (25—35) than that of
Si0,(3.8) is the main reason for larger capacitance with
the same thickness[5]. In addition, tantalum oxide has
been widely applied in synthesizing tantalum ceramics
[6], ferroelectric tantalates, dielectric films[7], and
high-purity nano-sized tantalum oxide powders|[8].

Tantalum pentachloride is usually employed as the
raw material in present technique for synthesis of
tantalum ethoxide which is the product of the reaction
between tantalum pentachloride and appropriate ethanol

in diluted solvent of benzene or toluene[9]. As metal
halide reacts with alcohol only at partial replacement, it
is necessary to add some reagents like ammonia or
pyridine to impel the reaction to complete. In order to
remove the trace halide solved in ethanol and tantalum
ethoxide, alkali metals are added for the formation of
metal halides[10]. Thus, this preparation method has
some disadvantages, such as restrict requirements on
equipments, bad work condition, low recovery ratio and
toxic diluted solvent pollution. Significant progress was
made in the electrochemical synthesis of metalorganic
complexes in last several decades. Many similar
complexes of reactive metals, such as iron, cobalt, nickel
and copper, have been produced by this technique[11]. In
contrast to conventional methods, the electrochemical
synthetic process is more productive and inexpensive
with regards to apparatus and raw materials. Furthermore,
it is friendly to the environment.

Because some impurity metals have greatly
negative influences on the properties of tantalum oxide
thin films[12], the high-purity of tantalum ethoxide is
necessary absolutely. On the basis of previous
electrochemical synthesis of crude tantalum ethoxide
[13], studies on the preparation of high purity tantalum
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ethoxide by distillation were carried out in this work.
2 Experimental

2.1 Raw materials

Anhydrous ethanol (AR grade) was purchased from
Changsha Chemical Reagent Corporation, China and
tetramethylammonium chloride (TMAC) (AR grade) was
purchased from Jintan Huadong Chemical Research
Institute of Jiangsu Province, China. All reagents were
used without further purification.

A stainless steel plate was used as cathode, and its
working area was 19.0 cm X 12.0 cm. Tantalum plate (1.0
kg), purchased from Zhuzhou Cement Carbide Group
Limited Corporation, was employed as anode, and its
working area was 18.0 cmX10.0 cm. The tantalum
made from

plates were tantalum powders of

metallurgical grade with self-resistance sintering,
electron bombardment and rolling treatment. The
chemical composition of tantalum plate is listed in

Table 1.

Table 1 Chemical composition of tantalum plate (mass

fraction, %)

Nb Cr Fe K Mg
0.0015 <0.0004 0.002 6 <0.001  <<0.000 4
Mo Na Ni Si W
<0.0004 <<0.001 <<0.0005 0.0050 0.001 6

2.2 Tantalum ethoxide synthesis and purification

As  referred elsewhere[13], electrochemical
synthesis of tantalum ethoxide was performed in a cell
with current of 4 A at boiling temperature (about 78 C)
for 72 h. In the cell, a tantalum plate and stainless steel
plate were adopted as anode and cathode, respectively,
with distance of 2.3 c¢cm between them. The electrolyte
consisted of 2.5 L anhydrous ethanol and 0.04 mol/L
TMAC, used as conductive agent. Distillation was
performed at ambient pressure to separate redundant
ethanol from mixed solution of ethanol and tantalum
ethoxide at temperature above 78 °C. Then the
distillation temperature was raised to 150 ‘C, and a little
amount of ester was removed. According to tantalum
ethoxide temperature—vapor pressure curve and the
maximum vacuum of distillation tower or vacuum pump,
vacuum distillation of 200 mL crude tantalum ethoxide
solution was conducted at pressure of 1 kPa and oil bath
temperature of 210—230 ‘C. The outlet temperature and
tail gas outlet temperature were maintained at 190 ‘C and
150 °C, respectively. The different vacuum distillation
experiments were performed under following conditions:

1) Reflux ratio was 9:1, and vacuum distillation tower
was not filled with packing (No.l); 2) Vacuum
distillation tower was filled with packing, and reflux
ratio was varied as 0, 1:1 and 9:1, respectively (No.2—4);
3) Vacuum distillation tower was filled with packing.
Amounts of water and anhydrous ethanol were mixed
and added into distillation
distillation. The mass ratio of water addition to tantalum
ethoxide was 0.1% and 0.5% (No.5, No.6), respectively.
The volume of anhydrous ethanol solution was 100 times
of water addition; 4) Vacuum distillation tower was filled
with packing, and alcohol solution recovered from
previous distillation process substituted for anhydrous
ethanol during tantalum ethoxide
synthesis (No.7). The distillation product obtained was
saved in Duran bacteria culture bottle produced in
Germany with Ar atmosphere protection.

tank before vacuum

electrochemical

2.3 Characterization

FTIR spectroscopy of condensate and distilled
residue was measured with a Perkin Elmer 2000 IR
spectrometer. Raman spectra were recorded using a
Labram I Micro-Raman Spectroscopy System of Dilor
with 632.8 nm He-Ne laser. The 'H-NMR spectrum was
recorded by an INOVA-400 (Varian) Nuclear Magnetic
Resonance spectroscopy, and chloroform-d was adopted
as dilute reagent. The elemental analyses of carbon and
hydrogen were determined with a Perkin Elmer PE 2400
elemental analysis instrument. In order to determine
impurity contents of tantalum ethoxide, some amount of
water was added into tantalum ethoxide solution for
hydrolysis reaction. After desiccation in desiccator at
100 C for 12 h, the sample was calcined in muffle
furnace at 900 ‘C for 1 h. The silicon content of tantalum
oxide obtained was determined with spectroscopic
analyser, and other impurity contents were obtained by
ICP-Mass Agilent 7500a analyzer. And then the impurity
content of tantalum oxide was converted into that of
tantalum ethoxide. The impurity elements were classified
as Al, Nb, main group metals (such as, As, Pb, Sn),
mobile metals (such as Ba, Ca, Li, Mg, K, Na, Sr) and
transition metals (such as Cr, Co, Cu, Fe, Mn, Mo, Ni, Ti,
V, Zn).

2.4 Experimental equipment

The sketched vacuum distillation system is
illustrated in Fig.1. The equipment consists of constant
temperature oil bath, three-mouth flask with volume of
1.0 L, vacuum distillation section, product collecting
bottle and water cooling pump. The heights of refining
distillation section, glass spring packing and water
cooling pump are 500, 400 and 300 mm, respectively,
with the diameter of 25 mm. The HH-9A constant
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temperature oil bath with temperature range of 0-300 ‘C
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Fig.1 Sketch map of distillation equipment: 1 Constant
temperature oil bath; 2 Transformer; 3 Glass spring packing;
4 Heat preservation area; 5 Product collecting bottle; 6 Soft
connection; 7 Magnetic valve; 8 Vacuum balance pump;
9 Vacuum buffer bottle; 10 Circulated cooling water; 11 Buffer
bottle for pressure measurement; 12 Automation controller;
T1 Thermometer at kettle; T2 Thermometer at tower body;
T3 Thermometer at tower peak; T4 Thermometer for tail gas

was purchased from Jintan Yitong Electron Limited
Corporation, Jiangsu Province, China.

3 Experimental principle

According to Refs.[14—15], the vapor pressure of
organic compound can be expressed as

lg p=A-B/(t+C) (1)

where A4, B, and C are constants, ¢ represents
temperature. The temperature—vapor pressure curves of
C,HsOH, C,H;0,CHs, AI(OC,Hs);, Nb(OC,Hs)s,
Ti(OC,Hs)4, Ta(OC,Hs)s, Si(OC,Hs), and Zr(OC,Hs),,
are presented in Fig.2, and the vapor pressures of the
other metal ethoxides are listed in Table 2. The vapor
pressure of Ta(OC,Hs)s at 146 ‘C (20.0 Pa) and 202 C
(1 333 Pa) were reported in Ref.[15], and Ta(OC,Hs)s
begins to decompose when temperature is elevated to
above 275 ‘C[16]. We measured the vapor pressure
of Ta(OC,Hs)s to obtain the

temperature—vapor pressure curve in temperature range

values in order
from 110 C to 230 ‘C. According to vapor pressure
values obtained, the vapor pressure of Ta(OC,Hs)s can be
expressed as
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Fig.2 Temperature—vapor pressure curves of metal ethoxides:
1 C2H5OH, 2 C2H302H5C2; 3 SI(OC2H5)4, 4 TI(OC2H5)4,
5 A1(0C2H5)3, 6 Ta(OC2H5)5; 7 Zr(OEt)4, 8 Nb(OC2H5)5

Table 2 Vapor pressure data of metal ethoxides

Ethoxide Vapor pressure/Pa  Temperature/C
Sb(OC,Hs), 1 466.5 95
Si(OC,Hs)4 101 325 166
Ge(OC,Hs)y 1599.8 86
W(OC,Hs)s 68.0 110
Al(OC,Hs), 173.3 162
Ti(OC,Hs), 13.6 103
V(OC,Hs), 68.0 100-110
Fe(OC,Hs)4 13.6 155
Nb(OC,Hs)s 13.6 161
Zr(OC,Hs)4 13.6 180
Hf(OC,Hs),y 13.6 178
Th(OC,Hs), 6.8 300
U(OC,Hs)s 13.6 190

Consequently, the experiment of vacuum distillation
was conducted at 200 C and 1 kPa.

As shown in Fig.2, the boiling point of C,HsOH and
C,H;0,H;C, is about 80 °C, and they can be removed
with atmospheric distillation method. According to
Ref.[16], ethoxides of alkalis (except Li) and
alkaline-earth  metals are  generally insoluble,
non-volatile compounds and decomposable at higher
temperature. Therefore, they remain in residue during
vacuum distillation. Ethoxides of group I, IVA, V4
elements, such as Sb(OC,Hs);, Si(OC,Hs),, Ge(OC,Hs),
and As(OC,Hs);, have higher vapor pressure value than
Ta(OC,Hs)s at desired temperature, so they can be
separated from Ta(OC,Hs)s easily by vacuum distillation.
Al(OC,Hs); and Ta(OC,Hs)s have similar vapor pressure
values. For ethoxides of metal elements in the same
group, such as Ge(OC,Hs)4, Sn(OC,Hs)4 and Pb(OC,Hs),,
their molecular complexity degree increases with atomic
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number, whereas the volatility decreases. For ethoxides
of transition elements, the vapor pressure of Ti(OC,Hs),,
W(OC,Hs)¢ and V(OC,Hs)y, is higher than that of
Ta(OC,Hs)s, and the others have greatly lower vapor
pressure values at the same temperature. These
non-volatile ethoxides have constant vapor pressure
values at lower temperature, and then decompose when
temperature is elevated to certain value. For example,
uranium pentaethoxide has been found to be thermally
stable at 170 ‘C during vacuum distillation, but it
decomposes when vacuum distillation temperature is
elevated to 180—200 C.

In conclusion, the metal ethoxides with lower
boiling point can be volatilized into off-gas and removed
from tantalum ethoxide by vacuum distillation when
distillation temperature and vapor pressure are
maintained at about 200 ‘C and 1 kPa, respectively. At
the same time, the metal ethoxides with higher boiling
point, such as alkali metals, alkaline metals, main group
metals, and transition metals, are left in distillation
residue, and completely separated from tantalum
ethoxide.

4 Results and discussion

The vacuum distillation conditions and tantalum
ethoxide yield are presented in Table 3. The contents of

Table 3 Vacuum distillation conditions and tantalum ethoxide yield

impurities in tantalum ethoxide are converted from those
in tantalum oxide. The impurity content of samples and
Epichem’s requirement for content of impurities are
listed in Table 4.

As shown in Table 3 and Table 4, distillation
packing and reflux ratio have slight influences on the
tantalum ethoxide yield, but they have favorable effects
on the purity of tantalum ethoxide. Impurity content of
transition metals and mobile metals (mainly as alkali
metals) in sample greatly decreases (No.l1—4). The
possible reason for this phenomena may be as follows:
the volatile rate of vacuum distillation without glass
packing is larger, and impurity metal ethoxides,
Me(OC,Hs),, are taken out by Ta(OC,Hs)s gas. Single
ethoxide of alkali or alkaline-earth metals is non-volatile
and decomposable during vacuum distillation at high
temperature, but double-metal ethoxide (MeTa(OC,Hjs)
or Me[Ta(OC,H5)4],) with high boiling point form in
presence of tantalum ethoxide[17]. Consequently, little
amount of double-metal ethoxide is volatilized into
tantalum ethoxide condensate, and larger amount is left
in distillation residue. The ethoxide of transition metals,
composed mainly of W(OC,Hs)s and Nb(OC,Hs)s, have
similar vapor pressure with Ta(OC,Hs)s at distillation
temperature. Thereby, it is necessary to rectify tantalum
ethoxide sample in order to remove these impurities.

Sample . i ) Mass of Mass of tantalum in .
Packing Reflux ratio Water ratio/% o ) Yield/%
No. Ta(OC,Hs)s/g distillation residue/g
1 No 9:1 0 253 47.04 70.60
2 Yes 0 0 251 48.03 69.81
3 Yes 1:1 0 248 49.47 69.08
4 Yes 9:1 0 245 50.67 68.33
5 Yes 9:1 0.1 230 58.10 63.69
6 Yes 9:1 0.5 182 78.83 50.73
7 Yes 9:1 0 323 15.56 90.25
Table 4 Impurity contents in tantalum ethoxide and Epichem’s requirement for contents of impurities (%)
Total main group Total mobile Total transition "
Sample No. Nb Al Si
metals metals metals
1 0.000 65 0.000 17 0.000 07 0.001 50 0.000 55 0.000 44
2 0.000 54 0.000 12 0.000 06 0.000 60 0.000 32 0.000 54
3 0.000 44 0.000 05 0.000 03 0.000 22 <<0.000 26 <<0.000 25
4 0.000 44 0.000 05 <<0.000 03 <0.000 22 <0.000 25 <0.000 25
5 0.000 27 0.000 05 <<0.000 03 <0.000 22 <0.000 21 <0.000 25
6 0.000 27 <0.000 05 <<0.000 03 <<0.000 19 <<0.000 19 <<0.000 25
7 0.000 38 0.000 05 <<0.000 03 <<0.000 22 <<0.000 21 <<0.000 25
Epichem-99.99% <0.010 00 <<0.002 00 <0.002 00 <<0.002 00 <0.002 00 -
Epichem-99.999% <<0.000 50 <<0.000 20 <<0.000 30 <<0.000 50 <<0.000 30 -
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Epichem-99.9999%  <<0.000 05 <<0.000 05 <<0.000 05 <<0.000 05 <<0.000 05

* Analysis accuration of silicon is 0.000 25%
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Higher separating efficiency was obtained with larger
reflux ratio and more tray number. The preferential
hydrolyzation of some impurities occurs with water
addition and the purity of tantalum ethoxide increases
further, but the tantalum ethoxide yield decreases
remarkably (No.5 and No.6). When ethanol recovered
from vacuum distillation substitutes for AR grade of
anhydrous ethanol during the electrochemical synthesis
of tantalum ethoxide, the product has the similar purity
with a yield higher than 90% (No.7). The impurity
content of tantalum ethoxide obtained under normal
distillation conditions (No.4—7), including Al, As, Ca, Co,
Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sn, Ti, V and Zn,
is less than 0.000 05%. Si and Nb contents are less than
0.000 25% and 0.000 5%, respectively. The content of
impurities in tantalum ethoxide sample excels that of
Epichem Group’s requirement for Ta(OC,Hs)s of
99.999%.  The contents of carbon, hydrogen and
tantalum in tantalum ethoxide are 29.5%, 6.1% and
44.6% (the last value, 44.6%, is obtained by the
conversion of content of tantalum oxide), respectively. It
has the good consistence with the theoretical contents of
carbon (29.56), hydrogen (6.16%) and tantalum (44.57%)
in tantalum ethoxide compound.

The content of tantalum in No.4 distillation residue
is 66.79%. The FTIR spectra of No.4 distillation residue
and condensate sample are shown in Fig.3 and Fig.4,
respectively. The 'H-NMR spectra of condensate sample
and Epichem sample are shown in Fig.5.
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Fig.3 FTIR spectrum of distillation residue

As shown in Fig.3, the broad band at 3 379 cm™'
due to Ta—O—H vibration and the sharp band at 619
cm ' due to Ta—O stretching mode are observed in the
FTIR spectrum of distillation residue. This indictes that
the hydrolyzation of partial tantalum ethoxide occurs.
The band around 1 129—1 077 cm™' due to Ta—O—R
vibration testifies the of Ta-OC,Hs.
Consequently, tantalum presents in the residue in the
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Fig.4 FTIR spectrum of Ta(OC,Hs)s samples: 1 Condensate;
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Fig.5 '"H-NMR spectra of Ta(OC,Hs)s samples: (a) Epichem;
(b) Condensate

form of Ta(OC,Hs)s—,-2.,(OH),0, according to the
tantalum content of distillation residue (66.79%). In
order to improve tantalum ethoxide yield and reduce the
distillation reside amount, it is necessary to avoid the
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hydrolyzation of tantalum ethoxide. The main reason for
tantalum ethoxide hydrolyzation is the addition of AR
grade of ethanol containing about 0.3% water. During
electrochemical synthesis, 2—3 kg of anhydrous ethanol
is added when 1 kg of tantalum ethoxide is produced,
and therefore about 15% of tantalum is transformed to
Ta(OC,Hs)s5-y—2,(OH),0,, (No.2—4). The boiling
temperature of Ta(OC,Hs)s—,—,,(OH),0,, is much higher
than that of tantalum ethoxide, and it will preserve in the
residue during vacuum distillation. As a result, the
tantalum ethoxide yield can be improved greatly when
the ethanol recovered from previous distillation process
substitutes for AR grade ethanol during tantalum
ethoxide electrochemical synthesis (No.7).

The FTIR spectrum of condensate sample exhibits
sharp bands around 2 970, 2 924 and 2 864 cm™' due to
symmetric stretch of the ethoxy ligands and sharp bands
around 1 473—1 356 cm™' due to the 6(CH,) vibrations.
Bands at 1 113879 cm™' correspond to the Ta—O—C
vibrations of ethoxy groups bound to Ta. The presence of
two individual bands, instead of one broad band, is
indicative of the dimeric nature of ethoxide. The broad
envelope of bands below 700 cm ' is due to the Ta—O
stretching modes occurring along with bending and
torsional modes of the ligand.

As shown in Fig.5, the 'H-NMR spectrum of
condensate sample is identical with that of high purity
tantalum ethoxide (99.999%) purchased from Epichem
Group with same analysis methods. Raman spectrum of
condensate sample is consistent with Ref[18]. In
conclusion, the condensate of vacuum distillation can be
clearly determined as tantalum ethoxide.

5 Conclusions

1) The condensate obtained from
distillation was characterized by FTIR, Raman spectra
and 'H-NMR spectroscopy. The contents of tantalum,
carbon and hydrogen in the sample were also determined
by elemental analysis instrument. The results
consistently demonstrate that the condensate is tantalum
ethoxide.

2) Distillation packing and reflux ratio have
favorable effects on the purity of tantalum ethoxide. The
preferential hydrolyzation of some impurities occurs
with water addition and the purity of tantalum ethoxide
increases further, but the tantalum ethoxide yield
decreases remarkably. When ethanol recovered from
distillation substitutes for AR grade of anhydrous ethanol
during the electrochemical synthesis of tantalum
ethoxide, the product has the similar purity with a yield
higher than 90%.

vacuum

3) The tantalum content of product is 44.6%. The
impurity content of tantalum ethoxide, including Al, As,
Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, Sn, Ti, V,
Zn, is less than 0.000 05%. Si and Nb contents are less
than 0.000 25% and 0.000 5%, respectively. The content
of impurities in tantalum ethoxide sample excels that of
Epichem Group’s requirement for Ta(OC,Hs)s of
99.999%.
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