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ABSTRACT: Tantalum (Ta) is a valuable and rare metal that is extensively used in the
production of implant materials and high-performance capacitors. However, a
convenient and effective method for the separation of Ta from other compounds has
yet to be developed. On the basis of first-principle density functional theory (DFT), we
simulated the vibrational spectrum of potassium heptafluorotantalate (K2TaF7). By
performing a dynamics analysis of vibrational modes, we assigned peaks in infrared (IR)
absorption and Raman scattering spectra to their corresponding vibrations. We focused
on the strong IR absorption peaks of Ta-related vibrational modes in K2TaF7 and
concluded that three observed IR absorption peaks, at 285, 315, and 530 cm−1, are good
candidates. Provided with high power radiation at these three frequencies (at about
8.55, 9.45, and 15.9 THz), the good efficiency of photon−phonon resonance absorption
will facilitate Ta separation from a compound.

I. INTRODUCTION
Tantalum (Ta) is an expensive and rare metal with remarkable
properties, such as a high melting point; excellent chemical
stability and cold working performance; and strong resistance
to liquid metal, acid, and alkali corrosion.1 Thus, Ta is an
important metal that is widely used in high-technology
industries, such as superconductor,2 aircraft,3 and atomic
energy industries.4 In addition, Ta is frequently employed to
manufacture electromagnetic components and military hard-
ware,5 and Ta powder is typically used to manufacture
capacitors.6 Ta also has excellent biocompatibility and does not
cause inflammatory reactions in human cells.7 Moreover, Ta
naturally forms a stable passive oxide layer, which provides
protection against in vivo corrosion.7 Because of its exceptional
chemical and biomedical properties,8−10 Ta is recognized as a
next-generation implant material.11 Therefore, obtaining high-
purity Ta is emerging as an essential goal for various industries
and applications.
Thermal reduction12−15 and molten-salt electrodeposition

from molten salt16,17 are the two main methods used to
separate Ta from other compounds. Thermal reduction
involves the frequent use of heat, oxygen reduction, and
other high-temperature treatments during production and
application processes, resulting in significant energy usage.
Moreover, the high reactant concentrations of electro-
deposition employed result in the production of Ta powders
that exhibit insufficiently high specific surface areas when they
are used in melts,18 which means that such powders lack the
required high specific capacities. The reduction of reactants in
melts with a high concentration (>90 wt %) of diluent salt can
lead to a significant increase in the specific surface area.19

However, this results in a decrease in process productivity, and
when the resulting Ta powder is washed, considerable volumes
of fluorine-containing reject solutions are formed.20 In
addition, the ionic liquid used in the molten salt electro-
deposition process has a high production cost. Moreover, due
to their high melting points, molten salts demand high working
temperatures, which greatly affects energy expenditures and
material compatibilities.21 Thus, an efficient and energy-saving
method for the separation of Ta from other compounds must
be developed to facilitate the preparation of a high-purity Ta
powder with a high specific capacity.
Many spectroscopy studies have focused on potassium

heptafluorotantalate (K2TaF7),
22−28 as it is a crucial inter-

mediate material used for the commercial production of high-
purity Ta metal.29−32 For example, Fordyce and Baum
examined the infrared (IR) reflection spectra of niobium-
and Ta-containing fluoride melts. They compared these
spectra with those obtained for solid phases with a known
structure and reported that heptafluorotantalate (TaF7

2−) and
heptafluoroniobate were present in the corresponding melts.23

Agulyanskii et al. obtained the same findings in their
investigation of the IR emission spectra of the thick layers of
melts.24 In addition, they found that with an increase in
temperature, the only discernible band shifted slightly toward

Received: September 19, 2023
Revised: October 29, 2023
Accepted: December 7, 2023
Published: December 27, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

988
https://doi.org/10.1021/acsomega.3c07117

ACS Omega 2024, 9, 988−993

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi-Ning+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si-Cheng+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Yan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yi+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07117&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07117?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07117?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07117?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07117?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07117?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


higher wavenumbers. This high-frequency shift, which
accompanied melting, was associated with changes in distances
between the central atom and the first and second
coordination spheres.33 Kolosov et al. used potassium bromide
to press a fine powder of K2TaF7 into pellets to measure the IR
spectra of K2TaF7 under heat treatment at different temper-
atures.22

Although the aforementioned experiments and spectral
studies have been conducted on K2TaF7, only some peaks in
its IR and Raman spectra have been assigned to their
corresponding vibrational modes. Moreover, there is a lack
of theoretical methods for assigning peaks in these spectra to
the appropriate vibrational modes. Therefore, in this study, we
simulated the vibrational spectrum of K2TaF7, and used the
normal mode to determine the distribution of related peaks
and identify the vibrational mode of each peak obtained in the
previously reported experiments.

II. METHODS
A primitive cell of the K2TaF7 crystal contains four
molecules.25 On the basis of first-principles density functional
theory (DFT) simulations, we performed geometric optimiza-
tion and phonon calculations using the Cambridge Serial Total
Energy Package (CASTEP) code.33 Considering that electron
density fluctuates substantially in the K2TaF7 crystal, we
employed the generalized gradient approximation (GGA) of
Perdew−Burke−Ernzerhof (PBE) exchange correlation func-
tional.34 The convergence tolerance of the self-consistent field
(SCF) and ground energy were both set to 1 × 10−10 eV/atom.
The k-point mesh was 2 × 1 × 2, and the energy cutoff was set
to 930 eV. A linear response approach was used to calculate IR
and Raman intensities by using norm-conserving pseudopo-
tentials. According to the IR calculation, we analyzed the
dynamic process of normal modes at the gamma point and
assigned peaks in simulated IR and Raman spectra to their
corresponding vibrations. This enabled us to assign the peaks
in the previously reported experimental IR and Raman spectra
and identify those representing the highest absorbing Ta-
related vibrations in terms of their photon−phonon resonance
absorption (PPRA).

III. RESULTS AND DISCUSSION
The space group of K2TaF7 crystals is monoclinic P21/c with
lattice parameters a = 5.8559, b = 12.708, c = 8.5125 Å, and β
= 90.17°.35 TaF7

2− is formed as a trigonal prism with six of its
fluorine atoms positioned in the prism’s vertices. The seventh
fluorine atom is positioned above the center of the rectangular
face of the prism,36 resulting in C2v symmetry. On the
harmonic approximation, we calculated vibrational modes at
the gamma point to assign experimental peaks to particular
vibrations. K2TaF7 is a salt in which a light cation is associated
with a heavy complex anion, which means that the frequency
differences between some of the internal modes and external
modes are small, such that they are symmetrically matched and
can undergo coupling.25 We classified all of the vibrational
modes into four groups: rotation, translation, bending, and
stretching.
The experimental25,27 and calculated IR and Raman spectra

are presented in Figure 1. A total of 40 × 3 − 3 = 117 optical
vibrational modes were identified for a 40-atom primitive cell.
K2TaF7 has a symmetric center, so changes in its dipole
moment and polarizability are mutually exclusive after photon

absorption. Thus, as shown in Table 1, the IR and Raman
active modes are fully complementary.
In the Raman spectrum (Figure 1), many lower bands were

considerably broad, and some were ill-defined. This absence of
features in the low-frequency Raman spectrum indicates the
presence of compounds containing reorientated or disordered
groups.25 As presented in Table 1, fewer experimental data
were collected from the low-frequency domain. Regardless of
the intensities of the simulated spectra, all of the IR- or Raman-
active modes are listed in Table 1. In the lowest region, the
vibrational modes exhibited skeletal translation or rotation.
Three IR-active modes were observed (at 33, 35, and 43
cm−1), and four Raman-active modes were observed (at 35, 39,
and 41(2) cm−1). Two degenerate modes were also observed
at 41 cm−1. As shown in Figure 2, the Raman-active mode at
35 cm−1 represents the skeletal translation of the potassium ion
(K+) and the TaF7

2− cluster along the z-axis. To keep the mass
center static, two molecules vibrate in one direction, whereas
another two molecules vibrate in the opposite direction. There
are seven skeletal deformation modes in this region, and they
are too weak to be experimentally detected.
English et al. examined the Raman scattering spectrum of

TaF7
2− in the rotational region and found medium-intensity

vibration peaks at 60, 76, and 85 cm−1.25 As shown in Table 1,
these three peaks correspond to normal modes at 58, 76, and
86 cm−1, respectively. The authors detected only one IR peak
in this region, at 63 cm−1. One example of the rotational mode
at 76 cm−1 is presented in Figure 2.
The findings of dynamics analysis indicated that the region

from 94 to 163 cm−1 is the translation band of K+. Heyns
observed few peaks in this region and attributed a medium-
intensity IR peak at 159 cm−1 to the v7 mode.26 English et al.
observed more peaks at 300 K:25 a prominent single peak at
106 cm−1; and double peaks at 150 and 160 cm−1,
corresponding to normal modes at 134 and 153 cm−1,
respectively. In the current study, the simulated peaks
exhibited a clear red shift, as the IR spectrum was calculated
at 0 K, and a temperature reduction results in a slight red shift.
Figure 2 depicts the translational mode of two K+, as
represented by the Raman-active mode at 117 cm−1.
We attributed the band from 282 to 479 cm−1 to the

bending vibrations of TaF7
2−. Fordyce et al. reported that the

mass of a cation has very little effect on the frequencies of

Figure 1. Comparison of experimental (Exp.) and calculated (Cal.)
Raman and infrared (IR) spectra. Note that some data between 400
and 500 cm−1 are missing from the Exp. IR spectrum.
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Table 1. Comparison of Calculated Raman- or Infrared (IR)-Active Normal Modes for K2TaF7 with Experimental Data (Unit:
cm−1), Where “(2)” Indicates Two Degenerate Modes

Normal modes Active IR exp. Raman exp. Vibrational modes

33 IR skeletal rotation
35 Raman skeletal translation
39 Raman skeletal translation

41 (2) Raman skeletal translation
43 IR skeletal rotation
48 IR skeletal rotation
53 IR 63a TaF72− rotation

53 (2) Raman TaF72− rotation
56 IR TaF72− rotation
58 Raman 60a TaF72− rotation
60 IR TaF72− rotation
60 Raman TaF72− rotation
63 Raman TaF72− rotation
67 Raman TaF72− rotation
68 IR TaF72− rotation

74 (2) IR TaF72− rotation
76 Raman 76a TaF72− rotation
77 Raman TaF72− rotation
78 IR TaF72− rotation
79 Raman TaF72− rotation
79 IR TaF72− rotation

84 (2) IR TaF72− rotation
86 Raman 85a TaF72− rotation
90 IR TaF72− rotation
91 Raman TaF72− rotation
94 Raman K+ translation

96 (2) Raman K+ translation
97 IR K+ translation
104 Raman 103a K+ translation

107 (2) IR ∼106a K+ translation
107 Raman K+ translation
117 IR 114a K+ translation
117 Raman 114a K+ translation
120 IR K+ translation
121 Raman 121a K+ translation
125 Raman K+ translation
127 Raman 126a K+ translation

129 (2) IR 139a K+ translation
134 Raman K+ translation
134 IR 150a K+ translation
135 Raman 141a K+ translation
145 Raman 150a K+ translation
148 IR K+ translation
153 IR 160a, 159b K+ translation
154 IR K+ translation
163 Raman 156a K+ translation

258 (2) IR TaF72− bending
265 Raman 262a TaF72− bending
266 Raman TaF72− bending
273 IR ∼260a, 265c TaF72− bending
273 Raman 272a, 276d TaF72− bending
277 IR TaF72− bending
283 Raman TaF72− bending
291 IR TaF72− bending
294 Raman 292a TaF72− bending
301 IR TaF72− bending
305 Raman 305a, 306d TaF72− bending

305 (2) IR 279a, 285c TaF72− bending
311 (2) Raman TaF72− bending

315 IR TaF72− bending
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internal vibrations of complex anions. They noticed a medium
intensity band at 265 cm−1 and considerably high-intensity
split bands at 285 and 315 cm−1 in the IR spectra of TaF7

2−.23

Furthermore, English et al. found a medium-intensity peak
close to 260 cm−1 and two sharp peaks at 279 and 309 cm−1 in
the IR spectrum of TaF7

2−.25 As shown in Table 1, these three
peaks correspond to normal modes at 272, 305 (2), and 316
cm−1, respectively. The two sharp simulated IR peaks at 305
and 316 cm−1 are shown in Figure 1. Figure 2 presents the
vibrational mode at 316 cm−1, and details regarding the
dynamic process are provided in the Supporting Information
file. Because these two peaks represent highly efficient IR
absorption, we selected them as candidates for PPRA.
Although many Raman peaks were collected from experiments

in this band, their intensities were very low, as shown in
(Figure 1).
The last band comprised the stretching modes of TaF7

2−.
Kolosov hypothesized that IR peaks at 530 and 642 cm−1,
which correspond to the asymmetric and symmetric stretching
modes of TaF7

2−,22 constitute the major absorption peaks in
the high-frequency region. Agulyansky assigned the IR peak at
530 cm−1 and the Raman peak at 639 cm−1 to the asymmetric
stretching modes of TaF7

2−.32 Fordyce identified a sharp IR
band at 535 cm−1 and a weak IR band at 641 cm−1. They
indicated that a completely symmetrical vibration was the most
likely cause of the weak IR peak at 641 cm−1. However, English
et al. assigned the intense Raman peak at 639 cm−1 to the
asymmetric stretching mode and the IR peak at 530 cm−1 to
the symmetric stretching mode. The results of dynamics

Table 1. continued

Normal modes Active IR exp. Raman exp. Vibrational modes

316 IR 309a, 315c TaF72− bending
320 IR TaF72− bending
323 Raman 320a TaF72− bending
325 Raman TaF72− bending
332 Raman 326a, 330d TaF72− bending
333 IR TaF72− bending
337 Raman 334a TaF72− bending
343 Raman 342a TaF72− bending
346 IR TaF72− bending
355 IR TaF72− bending
357 Raman TaF72− bending
385 IR TaF72− bending
387 IR TaF72− bending

394 (2) Raman 377a, 373d TaF72− bending
407 Raman TaF72− bending
409 IR TaF72− bending
412 IR ∼400a TaF72− bending
413 IR TaF72− bending
414 Raman 390a, 392d TaF72− bending

417 (2) Raman TaF72− bending
421 IR TaF72− bending
439 IR TaF72− bending
441 Raman 444a TaF72− bending
443 IR TaF72− bending
446 IR TaF72− bending
447 Raman TaF72− bending
448 IR TaF72− bending
450 Raman 452a TaF72− bending

457 (2) Raman TaF72− bending
461 IR 485a TaF72− bending
472 IR TaF72− bending
473 Raman TaF72− bending
476 IR TaF72− bending
479 Raman TaF72− bending
491 IR 500a TaF72− stretching
502 Raman 507a TaF72− stretching
524 Raman 525a TaF72− stretching
525 IR 530a, 535c, 530e TaF72− stretching
531 IR 545a TaF72− stretching
531 Raman 530a TaF72− stretching
635 Raman 639a, 640d TaF72− stretching

635 (2) IR 640a, 641c, 642e TaF72− stretching
636 Raman TaF72− stretching

aReference 25. bReference 26. cReference 23. dReference 27. eReference 22.
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analysis performed in this study reveal that the IR-active mode
at 525 cm−1 and the Raman-active mode at 531 cm−1 reflect
Ta−F asymmetric stretching, whereas the IR- and Raman-
active modes at 635 cm−1 represent the two types of Ta−F
symmetric stretching.
In summary, the experimentally observed IR peak at

approximately 525 cm−1 and the Raman peak at approximately
635 cm−1 can be attributed to asymmetric and symmetric
stretching, respectively. Figure 3 presents these four stretching

modes. Details regarding the dynamic process of the IR-active
mode at 525 cm−1 are provided in the Supporting Information
file. Thus, the IR active mode at 525 cm−1 is an ideal candidate
for PPRA analysis.

IV. CONCLUSION
On the basis of first-principle DFT simulations, we analyzed
the vibrational normal modes of K2TaF7. Most of the
vibrational modes of K+ and TaF7

2− vibrated independently.
According to the results of dynamics analysis, we classified the
vibrational modes and compared some of these with previously
reported experimental data.

From the perspective of the photothermal effect, the most
efficient method is resonance absorption. However, photon−
phonon coupling intensities are limited by selection rules.
Therefore, in this study, we identified Ta-related strong
absorption peaks. We found that the peaks at 305 and 316
cm−1 in the calculated IR spectrum correspond to the
experimentally detected peaks at 285 and 315 cm−1,
respectively. These two peaks are related to the Ta rotation.
The peak at approximately 530 cm−1 in the experimental IR
spectrum corresponds to the Ta−F stretching mode. Finally,
we selected three IR absorption peaks at 285, 315, and 530
cm−1. We hypothesize that subjecting K2TaF7 to high-power
terahertz (THz) laser radiation targeting the vibrational modes
represented by these three absorption peaks (i.e., 8.55-, 9.45-,
and 15.9-THz radiation, respectively) will produce a marked
photothermal effect that will facilitate the separation of Ta
from K2TaF7, thereby improving the production efficiency of
the tantalum preparation plant. Currently, terahertz free-
electron lasers (FELs) face challenges in terms of cost and
limited frequency bands. Nevertheless, as these frequency
bands are expanded, the distinctive frequency selection
advantages of terahertz FELs hold promise for aiding in the
separation of tantalum by leveraging tantalum-related strong
absorption peaks.
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