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Abstract

Nonthermal plasma-assisted catalysis is shown to be capable of reducing carbon dioxide (CO») in the presence of
hydrogen (H»). Dielectric barrier discharge-type plasma-activated CO, and H, were irradiated on a zinc oxide (ZnO)
catalyst, and the surface species and their reaction pathways were investigated via in sifu transmission infrared absorption
spectroscopy. In our previous study on in situ Raman spectroscopy of CO, hydrogenation on Cu/ZnO, we found the
various surface species were uniquely identified on ZnO when DBD was irradiated. Therefore, this study aimed
particularly to investigate the effects of nonthermal plasma on support materials (ZnO) without copper. The infrared
absorption peaks of the surface species were analyzed via density functional theory (DFT) calculations. Formate (HCOO),
formyl group (HCO), and formaldehyde (H,CO) were generated as reaction products from the plasma and ZnO catalyst.
Moreover, the process simultaneously produced plasma-activated hydrogen that adheres to ZnO and undercoordinated
Zn in ZnO. These hydrogen adhesions and undercoordinated Zn sites did not appear in thermal reactions in the absence
of plasma, suggesting that the plasma-activated hydrogen site in ZnO functions as an active site for the plasma catalytic
reaction.

Keywords: CO, conversion, carbon recycling, in situ spectroscopy, plasma catalysis, nonthermal plasma.

1. Introduction

In order to reduce CO» emissions, technological development based on the concept of carbon recycling is being
actively promoted [1, 2]. The process of catalytic reduction has been developed to transform CO; into valuable
resources, such as the production of methanol (CH3OH). However, this process utilizes high-temperature
thermal energy and is not suitable from the viewpoint of carbon recycling because the generation of high-
temperature thermal energy is accompanied by combustion, which inevitably produces CO, [3].

To reduce environmental impact, renewable energy must be used. Researchers are seeking to develop
processes to reduce CO; using renewable electricity. Most of these processes are based on electrochemical
reactions [4] although various photochemistry and photo-electrochemistry processes that directly use solar
energy have recently been reported [5]. As an alternative, the use of plasma generated using renewable power
is also being considered. One promising technique is the application of nonthermal plasma—catalyst hybrid
processes, also known as plasma catalysis [6, 7]. Plasma catalysis is a process that can transform CO; into
valuable resources at low temperatures, with plasma-excited CO» or hydrogen acting on the catalyst.

Processes that are currently under development as plasma—catalyst hybrid processes [8, 9] include dry
reforming under the action of CO; and methane (CHy) [10] and the conversion of CO; via direct reduction [11,
12]. The gas can be directly decomposed and utilized in reactions through plasma catalysis. Thus, hydrogen
generated through water electrolysis is not used. In addition, the use of plasma is being examined in
methanation [13], methanol synthesis [14], and reverse water—gas shift reactions [15], which require hydrogen.
The plasma—catalyst hybrid process can be realized at low temperatures. However, the reaction mechanism is
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complex. The plasma produces many active species, and the generation path is complicated. Furthermore, the
active species react in the gas phase and on solid surfaces.

This study verified the plasma—catalyst hybrid process and analyzed the surface reaction dynamics of CO;
hydrogenation via an in situ transmission Fourier transform infrared (FTIR) spectroscopy system that can
perform transmission-type FTIR spectroscopy measurements while simultaneously irradiating a plasma to
catalyst. In general, metal catalysts, oxide catalysts, and metal-oxide composite catalysts have been studied
for CO; hydrogenation to produce CH3;OH. Among these, Cu supported on ZnO (Cu/ZnO) is most widely
adapted. Previously, we studied CO; hydrogenation on Cu/ZnO by in situ Raman spectroscopy under the
influence of DBD and found that many different types of surface species was formed on ZnO when DBD was
irradiated [16]. Therefore, the purpose of this study was to analyze the surface reaction on support materials
ZnO without Cu in plasma irradiation.

In situ analysis can be performed to measure the reaction parameters. /n situ FTIR spectroscopy [17] was
combined with quadrupole mass spectrometry (QMS) [10, 18] to elucidate the reaction mechanism. QMS is
advantageous because it quantitatively detects chemical products and the conversion of initial feeds [19]. In
situ FTIR spectroscopy was performed simultaneously as plasma irradiation. Most of them were diffuse
reflectance infrared Fourier transform (DRIFT) [20], and measurements were not performed during plasma
irradiation via transmission type FTIR. Compared with DRIFT spectroscopy, transmission infrared (TIR)
spectroscopy provides a longer evaluation depth in the sample thickness direction. Thus, the signal strength is
stronger and even a small amount of chemical species can be detected. Regarding the production of CH3;OH
by CO; reduction, HCOO is known as a reaction intermediate. However, the formation of other reaction
intermediates in the presence of plasma and the detailed mechanism are unknown.

Plasma was generated using the dielectric barrier discharge (DBD) method [21]. DBD is one of the
significant nonthermal plasmas for the following reasons. DBD is a nonequilibrium plasma, and the electron
temperature is significantly higher than the gas temperature [22, 23]. Because it is an electronically driven
process, a low-power and low-temperature process using renewable energy that does not generate CO, will be
possible. In addition, DBD is driven at atmospheric pressure [24].

The in situ TIR system was applied to evaluate the catalyst surface acting with the Ar/CO./H; plasma. The
reaction mechanism on the catalyst surface of active species derived from CO, was elucidated. Moreover, the
chemical species were analyzed via vibration analysis using density functional theory (DFT) calculations to
investigate unstable species and reaction pathways [25, 26].

2. Experimental procedure for in situ TIR spectroscopy under plasma irradiation

ZnO powder (Kanto Chemical Co., Inc.) was compressed at 1.5 MPa, and 1-mm-thick tablets of ¢10 mm were
obtained. For FTIR (JASCO Corporation: V650) measurements, a mercury—cadmium—telluride (MCT)
detector was cooled with liquid nitrogen. The resolution was 4 cm™', and spectra were accumulated for 1 min
and measured over a period of 25 min. Fig. 1 (a) shows the diagrams of the reactor, while Fig. 1(b) presents
an image of the plasma emission.

The reaction cell was composed of quartz glass with inner diameter of 25 mm, and zinc selenide (ZnSe)
windows were set on both ends of the glass reactor. An electrical heater was attached to the outer side of the
reactor to heat the sample. Thermocouples were set near the sample. The heater temperature was set so that
the sample temperature became 423 K after the aging was completed, and the experiment was performed. A
mixture of Ar, CO,, and H, was introduced via mass flow controllers. The flow rate was set to 100, 60, and 20
cm® min! for Ar, Hy, and CO», respectively, at 80 kPa. At this point, background measurements were
performed. A DBD type plasma was generated using stainless steel point-to-point (1-mm in diameter)
electrodes, where the ground electrode was covered with a quartz sheath. The electrode tip is separated by 10
mm. The catalyst was located at a distance of 5 mm downstream from the DBD. The input peak-to-peak voltage
for the DBD was 8—15 kV, with an alternating current frequency of 15 kHz.
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Fig. 1. Schematic of the in situ TIR system (a) and an image of plasma emission (b).

3. Results and discussion

3.1 Analysis of ZnO catalyst

A scanning electron microscopy (SEM) (Hitachi High-Tech Corporation: SU8030) image is shown in Fig. 2,
while X-ray diffraction (XRD) (Rigaku Corporation: Smart Lab) results of the sample are shown in Fig. 3.

These figures show that the ZnO catalyst is hexagonal [27].
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Fig. 2. SEM image of the surface of a nO tablet.
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Fig. 3. XRD results for a ZnO tablet.
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3.2 In situ TIR spectroscopy of plasma-irradiated ZnO
3.2.1 Effects of DBD activated H. and CO:

Figs. 4 show the in situ TIR spectra obtained presence Figs. 4 (a), and absence Figs. 4 (b) of plasma. Fig. 4
shows the verification result of the effect of plasma irradiation. In addition, each spectrum was accumulated
over a 1-min scan. With the introduction of only Ar and H, without plasma, the peaks did not change. However,
when the plasma was introduced, new peaks appeared at 670, 685, 750, 800, 952, 1000, 1025, and 1060 cm ™',
as shown in Fig. 4 (a). These peaks disappeared in the Ar atmosphere and were present only when the plasma
was excited, indicating that the species are highly reactive. Because the peaks appeared to arise from the action
of hydrogen-active species, we assumed a structure in which H is bound to ZnO or in which there is a deficiency
in ZnO. Of these peaks, the peaks at 952, 1000, 1025, and 1060 cm ™' correspond to the adhesion of hydrogen
on the generated O caused by the breaking of the Zn—O bond due to Ar and H, plasma irradiation, which
produces uncoordinated Zn and OH [28]. It behaves as a defect and is considered highly reactive due to the
dangling bond. The other peaks at 670, 685, 750, and 800 cm™' have not been previously reported; thus, they
were assigned via DFT calculation, as discussed in Section 3.3.

Upon the introduction of CO, without plasma, new peaks appeared at 698, 720, and 740 cm ™', as shown in
Fig. 4 (b). These peaks appeared in the thermal reaction as well as in the presence of plasma. These peaks
cannot be assigned based on previous results in the literature. In addition, these peaks could not be identified
via the DFT calculations described in Section 3.3. These peaks behave in the same way as the peak at 2075
cm' for CO bound to ZnO, as shown in Fig. 5 (a) and (b). Therefore, the vibration of the ZnO lattice to which
CO is attached may be the cause of this peak. However, the cause is not clear in this study; thus, further
evaluations using another method are required in the future.

As shown in Fig. 4 (a), some peaks appeared in the range of 1300-1700 cm™', and their intensity increased
in the presence of the plasma. The peak at 1425 cm™' was attributed to carbonate [10], while the peaks at 1325,
1371, 1579, and 2878 cm ! were due to HCOO [29, 30]. Spectra for the peak at 2878 cm ! are shown in
Supporting Information (1). Other peaks at 1340, 1475, 1512, and 1630 cm™' were assigned via DFT
calculations described in Section 3.3, as they have not been previously reported. Because the intensity of these
peaks increased even after the plasma was turned off and kept in Ar only, the plasma-activated species reacted
with surrounding chemical species after surface adsorption. The increase in these peak intensities under the
action of plasma is caused by activated CO, produced by vibration excitation. These highly active chemical
species are adsorbed and then react on the surface of ZnO.
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Fig. 4. Comparison of in situ TIR spectra under various gas conditions for ZnO. (a)
Plasma irradiation, (b) no plasma irradiation (gas flow only). The spectra were acquired
during the last minute of processing.
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3.2.2 Behavior of CO generated by DBD

Figs. 5 (a) and 5 (b) present enlarged spectra of the CO vibration region in 2000-2250 cm™'. The processing
time is shown for each spectrum. The peak at 2075 cm™' appeared in the presence of CO, as well, as shown in
Fig. 5 (a) and 5 (b), and can be attributed to CO adsorption on ZnO. This peak appeared regardless of the
presence of plasma. Thus, it is considered that CO is adsorbed and generated by a catalytic reaction under heat.
By contrast, a peak in the range of 2100-2250 cm ™' was generated when plasma was available for CO in the
gas phase [Fig. 5 (a)] [31, 32]. When 0.3 % CO gas diluted with Ar was introduced on ZnO and measured by
in situ TIR, gas-phase CO and CO adsorbed onto ZnO were confirmed. This data is not shown. The effect of
plasma increases the CO in the gas phase, but the adsorbed CO does not change with or without plasma.
Therefore, the plasma-specific peak shown in Fig. 4 (a) in section 3.2.1 is not caused by the adsorption of CO
generated by the decomposition of CO; to ZnO.
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Fig. 5. Comparison of in situ TIR spectra for CO vibration region under various gas
conditions for ZnO. (a) presents the results obtained with the plasma, while (b) shows the
results obtained without the plasma. The spectra were acquired during the last minute of
processing.

3.3 DFT analysis

Vibration analysis was performed using a ZnO surface cluster model via DFT. Gas adsorption on the
surface of hexagonal ZnO primarily occurs on the (100) surface [33, 34]. Thus, various species were placed
on the ZnO (100) surface of the hexagonal crystal construction [35]. As CO.H, candidate species, HCOO,
HCOOH, HCO, and H,CO were structurally optimized in ascending order of oxidation number from CO,, and
vibration calculations were performed for those that could be structurally optimized. Fig. 6 shows the
optimized structures by DFT calculations. Computational details and further details regarding the cluster model
are provided in Supporting Information (2). Vibration analysis was performed after the structural optimization
[36]. The calculated wavenumber were scaled by a factor of 0.961, which was proposed for the B3LYP/6—
31G(d,p) basis set [37]. Tables 1 and 2 summarize the wavenumber measured via TIR and calculated via DFT,
respectively. Table 1 presents the results for the region corresponds to the peak that appears upon irradiation
by the Ar/H; plasma. Table 2 presents the range corresponding to the vibration of adsorbed species on ZnO by
the Ar/Ho/CO, plasma. As described in Section 3.2, 1325, 1371, 1579, and 2878 cm™' can be attributed to
HCOO [29, 30] according to the literature, fitting well with this DFT calculation.
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We examined the experimental peaks at 685, 750, and 800 ¢cm™', which appeared under Ar/H, plasma
activation and could not be assigned in Section 3.2.1, as shown in Table 1. Similarly, the peak at 750 cm™' was
attributed to the motion of H coupled with the O in ZnO. The peak of DFT calculation corresponding to this
peak is 723 cm™'. The peaks at 685 and 800 cm™', which were calculated as 717 and 816 cm™', respectively,
correspond to OH motion on ZnO.

Next, we assigned the peaks at 1340, 1475, 1512, 1630, and 2978 cm !, which were generated by
Ar/H,/CO; plasma activation. The in situ TIR spectra including the peak at 2978 cm™' for the range of 2600—
3200 cm™' is described in Supporting Information (1). As shown in Table 2, the peaks at 1340 and 1512 cm™
were attributed to HCO vibrations which correspond to the 1347 and 1569 cm™'. Furthermore, the peaks at
1475 and 1630 cm™' were attributed to H,CO vibrations which correspond to 1453 and 1680 cm™'. The DFT
peaks corresponding to 2970 and 2982 cm ™' for HCO and H,CO are close and, therefore, a single experimental
peak at 2978 cm™' could not be assigned to the HCO and/or H>CO peaks.

Table 1. DFT-calculated and experimental TIR wavenumber (cm™') of infrared active
vibrational modes for H and OH on ZnO.

(a) OH (b) (0)-H
DFT TIR DFT TIR
H=0 bending 717 685 723 750
(out-of-plane)
H-0 bending 316 800
(in-plane)
H-O stretching 3619 3659

Table 2. DFT-calculated and experimental TIR wavenumber (cm™") of infrared active
vibrational modes for H,CO, HCO, and HCOO on ZnO.

(c) H,CO (d) HCO (e) HCOO
DFT TIR DFT TIR DFT TIR

O-C-O bending
(in-plane, sym.)
H-C bending
(out-of-plane)
H-C-H bending
(out-of-plane, sym.)
H—C-0 bending
(in-plane, asym.)
C-O stretching
0O-C-O stretching (sym.)
H—C-O bending
(in-plane, asym.)
H—C-H bending
(in-plane, sym.)
O-C-O stretching
(asym.)
O-C stretching +
H-C-O bending 1680 1630
(in-plane, sym.)

H—C-H stretching (sym.) 2862

734 726

1030 1025

1201

1242

1275 1336 1325

1347 1340 1372 1371

1453 1475

1569 1512 1585 1579

H-C stretching 2970 2978* 2916 2878

H-C—H stretching

(asym.)
“*” corresponds to the wavenumber of 2978 cm™!, which is listed for both H2CO and HCO because these peaks
cannot be distinguished using the experimental results.

2982 2978*
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Fig. 6. Geometries optimized via DFT calculations at the B3LYP/6-31G(d,p) level.

3.4 Reaction mechanisms

Cu/ZnO is studied in CO; hydrogenation to CH3;OH. Previously, we studied Cu/ZnO using in situ Raman
spectroscopy [16]. We found that various surface species are formed rather selectively on ZnO and few species
were identified on Cu. Therefore, in this study, we focused on the detailed analysis of ZnO surface by in situ
TIR during plasma irradiation. Because Cu is absent in this study, CH3;OH was not synthesized; however, the
reaction behavior of HCOO, as CH3OH precursor, is discussed in detail [38]. The species adsorbed onto the
surface of ZnO are indicated by “*”, and the species in the vibrationally excited state are indicated by “¥. H,
are adsorbed onto the surface of ZnO and decomposed into H (R1). The reaction itself occurs with or without
plasma [39]. However, as a reaction peculiar to plasma, the surface was changed by the effect of plasma and
dangling bonds are generated. The adsorption of H» is promoted, and as a result, the decomposition into H is
promoted (R2). The electrons collided with CO, to generate CO," (R3) or CO (RS5) in plasma [11, 40]. CO,"
combines with oxygen anion sites (O*") on the surface of ZnO to form COs> " (R4) [38]. Meanwhile, CO forms
a carbonyl bond with the ZnO surface (R6) [41]. H* and COs> " form HCOO* (R7) [20]. Similarly, x H* and
CO* form H,CO* (x = 1, 2) (R8), while CO," reacts with H* to form HCOO (R9) [42].

HCOO* reacts with H* to produce HCO* (R10), and HCO* reacts with H* to produce H,CO* (R11) [38].
Because COs*" is generated (R4), the possibility of the Langmuir-Hinshelwood (L-H) mechanism due to H*
on the surface of ZnO is considered for the generation of HCOO* (R7) [20].

Regarding the reaction between CO* and H* (R8), it can be seen that the CO* reaction is not plasma-
specific as CO* is generated even in the absence of plasma [Fig. 5 (a), (b)]. Therefore, the effect of this reaction
is considered to be very small. (R7), (R9), (R10), and (R11) benefit from plasma because plasma promotes the
production of H* and COs".

The Eley—Rideal (E-R) mechanism is also considered for H* and CO," in producing HCOO* (R9) [34].
In plasma, CO species can arise from electron excitation (R5) and CO," due to vibration excitation (R3) [40].
It is known that the vibration energy of CO," is important for generating HCOO (R9) [42].

In addition, the intensity of in situ TIR spectra for HCOO*, HCO*, and H,CO* increased approximately
1.2-fold in the Ar atmosphere after plasma irradiation. Moreover, the intensity of COs*> " decreased by 25%
(R7), and H* disappeared (R7, R10, R11). This result supports the L—H mechanism rather than the rapid E-R
mechanism.

H, — Hy* (Rl)
Hy* — H* + H* (R2)
COs+e— COY +e (R3)
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COy' + 0¥ * — COz* * (R4)
CO,+e—CO+0O+e (R5)
CO — CO* (R6)
CO;”* + H* — HCOO* + O* * (R7)
CO* + x H* — H,CO* (x =1, 2) (R8)
CO;," + H* — HCOO* (R9)
HCOO* + H* — HCO* + OH* (R10)
HCO* + H* — H,CO* (R11)

The lifetime of active species can be discussed from the timescale of reactions in plasma, which is summarized
by Kim et al shown in Fig.7 [43]. Lifetime of radicals are estimated to be 107’ s. On the other hand, in the
vibrationally excited state, the lifetime is approximately 107> to 107 s. Therefore, vibrationally excited CO,
would contribute more to the surface reaction than radicals. The vibrationally excited states is discussed not
only for CO; but also for H, [44].

Energy distribution to each excited state was analyzed numerically in various CO; plasma [45]. Generally,
microwave plasma generates low-energy electron plasma which is more favored to produce vibrationally
excited CO, than DBD. Meantime, the discharge property of DBD is modified by operating frequency,
generating more vibrationally excited species at higher frequency (e.g. 100 kHz) [10]. Therefore, DBD can
tune the production rate of radical and vibrational species. However, selective production of desired species
by plasma alone is not possible: therefore, to enhance the reaction selectivity, we propose the combination of
heterogeneous catalysts and DBD. Based on the reaction mechanism clarified in this study, we would be able
to pursue a better catalyst for plasma catalysis, enabling low-temperature CO, hydrogenation to CH;OH at a

high yield.

Discharge

Fast reaction (radicals)

Temperature
(Te 2Tio > T Tas)

Slow reaction (O3, H,0)

e J
(adsorption > spillover/ surface diffusion -> rearrangement)

Excitation . -
Deexcitation mo'm‘t:g J Surface reaction J
Dissociation pende

Heating of support
(size-dependent) J

_‘q‘ | Deectivetion |

Fig. 7. The time-scales in plasma and catalytic reaction (reproduced from ref. [43] with
permission from the pulisher).
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4. Conclusion

In this study, the plasma—catalyst hybrid process was verified, and the surface product and reaction path of the
ZnO catalyst acting on plasma activated CO, and H, at 423 K were clarified via in situ TIR and DFT
calculations. Active sites formed in ZnO due to the active hydrogen species in the Ar/H, plasma. These sites
correspond to H adsorbed on the O of ZnO. In addition, uncoordinated Zn also formed. These sites are too
reactive to be detected without using this specialized technique of in situ TIR system. In the presence of
activated Ar/H,/CO, plasma, HCOO, HCO, H,CO, and CO;> were produced. In the reaction path, CO did not
contribute to the reaction, while the vibration excitation of CO; provided a substantial contribution. Therefore,
when applying the plasma—catalyst hybrid process for CO;, reduction of valuable compounds on ZnO, the
vibrational excitation of CO, and the formation of active sites by plasma-activated hydrogen are important.
These results are essential information for catalyst design where hydrogen adsorption points are incorporated
on the catalyst surface. In addition, these are very important as the guidelines for setting the conditions of the
plasma catalyst process in terms of generating H adsorption points by plasma and the control of vibrationally
excited CO,. This study is a new effort to analyze the reaction mechanism by in situ TIR during plasma
irradiation. In the future, further details can be understood by considering it in combination with quantitative
consideration by QMS.
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Supporting Information

S1. Peaks at 2878 and 2978 cm™' were generated by Ar/CO/H; plasma irradiation on ZnO

The peaks of 2878 and 2978 cm™' were slightly generated during plasma irradiation. They increased during
retention in the Ar atmosphere after plasma irradiation. This indicates that a slow surface reaction occurs, and
we considered it the Langmuir—Hinshelwood (L-H) mechanism.
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Fig. S1. In situ TIR spectra obtained for plasma irradiation of a ZnO tablet. The spectra
were acquired during the last minute of processing.

S$2. Computational Details

Our experiment showed that the (100) surface of hexagonal ZnO was exposed; thus, a two-layer model of the
(100) surface of hexagonal ZnO was built. The initial geometrical parameters of the (100) ZnO surface model
[s1] were taken from the X-ray structure shown in Fig. 3. Chemical species were placed on the first layer of
the ZnO surface model. The second layer was fixed, and the chemical species and first layer were fully relaxed.
The second layer of ZnO is calculated by fixing the coordinates of the stable structure of ZnO alone. If the
structure of ZnO adsorbing functional groups is optimized without fixing the second layer, the hexagonal
crystals of ZnO are not maintained.The active species were placed on Zn and O, and at an intermediate position
between Zn and O, and the calculation was started, and the structure-optimized structures with low energy
were subjected to vibration analysis. Although an imaginary wavenumber appeared for the chemical species
in Fig. 6 (a), (b), (d), and (e), they primarily originated from the second layer of ZnO, not the first layer,
indicating that the vibration analysis is less affected by the imaginary wavenumber. All calculations were
performed at the B3LYP [s2]/ 6-31G(d,p) [s3] level by Gaussianl6 [s4]. Since the vibration intensity is
sensitive to the cluster model situation, especially the symmetry. it is not discussed this study [s5, s6].
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