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Abstract
The structures of the MnB9 cluster have been investigated by the theoretical calculations. The combination 

of the genetic algorithm and the density functional theory calculations (GA-DFT) find out seventeen minimum 
structures, including the local minimum structures and the global minimum structure. The MnB9 cluster can 
be formed by adding an Mn atom into the B9 cluster. There is also a strong interaction between the MnB9 
cluster and the H2 molecule resulting in the expansion or dissociation of the H-H bond. This demonstrates 
the potential applicability of boron clusters doping manganese in the field of catalyst and adsorption.
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Tóm tắt
Cấu trúc của cụm nguyên tử MnB9 được nghiên cứu bằng các tính toán lý thuyết. Sự kết hợp của giải 

thuật di truyền với tính toán lý thuyết phiếm hàm mật độ tìm kiếm được 17 cấu trúc cực tiểu bao gồm cấu 
trúc cực tiểu cục bộ và cấu trúc cực tiểu toàn bộ. Cụm nguyên tử MnB9 có thể được hình thành bằng cách 
thêm một nguyên tử Mn vào cụm nguyên tử B9. Cụm nguyên tử MnB9 tương tác mạnh với phân tử H2, làm 
kéo giãn liên kết hoặc phân ly liên kết H-H. Điều đó cho thấy khả năng ứng dụng cụm nguyên tử boron pha 
tạp manganese trong lĩnh vực xúc tác và hấp phụ.   

Từ khóa: GA-DFT, sự tối ưu hóa, lý thuyết phiếm hàm mật độ, MnB9.



103

1. Introduction
Boron is widely investigated because of its 

applications as superhard materials, semiconductor 
materials, anti-cancer drugs, (Alexandrova, 2006; 
Shakerzadeh et al., 2019). For lacking electronics in 
the valence shell (2s22p1), boron can create a bond 
with different atoms to stablize the valence shell. 
Boron cluster structures are planar, near planar, or 
tube shape (Alexandrova, 2006; Liu et al., 2007; 
Shakerzadeh et al., 2019). Doping the transition metal 
as Sc, Ti, V, Cr, Mn, Fe, and Au can form different 
structures and properties (Huynh et al., 2018; Jia 
et al.; 2013, Liu et al., 2007; Nguyen & Bui, 2022; 
Nguyen et al., 2019; Nguyen et al., 2021; Tran et al., 
2019; Tran et al., 2020). 

Hydrogen has been interested in the area 
of energy research. Hydrogen storage as gas or 
liquid has potential problems of safety, cost, and 
capacity. Therefore, industrial applications of 
hydrogen depend on their storage. Nowadays, solid 
materials attract many researchers. Theoretical and 
experimental studies show that transition metal 
doped-boron cluster can store hydrogen (Jia, 2014; 
Kumar et al., 2020; Kuraganti et al., 2019; Ray et 
al., 2019; Rydén et al., 2013). 

This study investigated MnB9 cluster’s global 
and local minimum structures  by the evolutional 
algorithm and quantum calculations. Interactions 
between MnB9 and H2 have also been performed to 
find out their potential application.

2. Methods
The genetic algorithm and density functional 

theory (GA-DFT) were used to study global and 
local structures on the potential surface energy. The 
USPEX 10.3 code performed the genetic algorithm 
(Lyakhov et al., 2013; Oganov & Glass, 2006; 
Oganov et al., 2011) and the Quantum Espresso 6.0 
(Giannozzi, 2009) calculated the energy value of 
cluster in the optimization. The GA process includes 
many generations. In the first generation, clusters 
were randomly created. Based on the energy, some 
structures were kept to form the next generation. 
Besides that, the different clusters were born by 
mutation, crossing, and random. The GA-DFT 
process was repeated to gain the stop condition.

After the GA-DFT calculations were finished, all 

structures were reoptimized by the PBE0 functional 
(Jian et al., 2016; Zhao et al., 2017). To save the 
computational cost, the def2-SVP basis set was 
first used. From the obtained structures and their 
energy, optimization was reoptimized with the def2-
TZVP basis set. Different multiplicities were set to 
determine the electronic state of low energy. The DFT 
calculations were done by the ORCA 4.2.1 (Neese, 
2012). In addition, some structures were built to 
obtain more the local minimum. To assure that the 
clusters were optimized at the minimum of potential 
energy surface (PES), we performed frequency 
calculations of all clusters at the same level of theory 
and no negative frequency for any clusters was found. 
The zero-point energies (ZPEs) were used to get the 
relative energies.  

To study MnB9 cluster - H2 molecule interactions, 
low-energy structures were used. The initial interaction 
structures were randomly created by the put H2 around 
the surface of the MnB9 isomers at many positions. 
After that, these structures were respectively optimized 
at the PBE0/def2-SVP and the PBE0/def2-TZVP. 
The harmonic vibrational frequency was calculated at 
the PBE0/def2-TZVP level to determine the minima 
structures. The zero-point energy was also used in 
calculating the relative energy.  

3. Results and discussion
3.1. The isomer structures of the MnB9 cluster
The structure, symmetry, electronic state, 

relative energy, and harmonic vibrational frequencies 
of the isomers of the MnB9 cluster are presented 
in Figure 1 and Table 1. The harmonic vibrational 
frequency values at the PBE0/def2-TZVP level of 
all structures in Table 1 are positive. They show that 
these structures are at the minima on the potential 
energy surface.

Based on the results of the density functional 
theory calculations with the PBE0 functional and 
the def2-TZVP basis set, the structure N1 with the 
Cs symmetry is the most stable isomer of the MnB9 
cluster. The electronic state of this global structure 
is the 5A’ state. Three isomers of N2, N3, and N4 
have the relative energies of 0.20, 0.29, and 0.45 eV, 
respectively. These electronic states of three local 
structures are also 5A’ state. The five next isomers of 
N5, N6, N7, N8, and N9 are less stable than the global 
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structure N1 from 0.75 eV to 1.14 eV. The symmetry 
of N6 and N9 are both Cs with the 5A” electronic 
states while the symmetry of N5, N7, and N8 are 
C1 symmetry. The isomer N10 is higher in energy 
than isomer N9 by 0.58 eV. Three isomers N11, 
N12, and N13 have structures with the Cs symmetry. 
These four isomers N10 - N14 are near degeneracy 
in energy. The electronic states of N11 and N12 are 
5A” states while that of N13 is 5A’ state.  The isomer 

N14 have the 5A2 electronic state in C2v symmetry 
which is bigger than the global minimum structure 
by 1.97 eV. The relative energies of N15, N16, and 
N17 isomers are 2.18, 3.14, and 3.53 eV, respectively. 
All structures have low energy electronic states at 
the high multiplicity of 5. This is the characteristic 
property of the electronic state of the compounds 
containing manganese element of the open-shell 
valance containing 5 electrons in 3d orbital.  

Figure 1.  The structure of MnB9 cluster
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Table 1. The structure, symmetry, electronic state, relative energy, and harmonic vibrational 
frequencies of the isomers of MnB9 cluster at PBE0/def2-TZVP level

Isomer Sym. State RE Harmonic vibrational frequencies (cm-1)

N1 Cs
5A’ 0.00 189.40; 246.81; 283.82; 354.27; 373.91; 375.64; 450.12; 471.61; 

490.54; 513.42; 578.84; 630.25; 665.95; 713.70; 766.62; 794.80; 
861.77; 923.46; 1026.83; 1084.40; 1122.33; 1142.02; 1208.56; 
1223.44

N2 Cs
5A’ 0.20 108.56; 122.85; 246.68; 249.68; 282.16; 333.84; 386.93; 413.81; 

426.53; 496.64; 527.45; 582.31; 612.47; 627.16; 731.76; 737.01; 
760.71; 865.68; 989.53; 1007.15; 1215.38; 1216.74; 1329.45; 
1337.34

N3 Cs
5A’ 0.29 73.83; 168.11; 215.82; 234.90; 291.31; 324.43; 376.60; 415.60; 

483.32; 487.07; 514.51; 562.23; 628.66; 705.13; 643.57; 786.27; 
880.14; 921.57; 1067.41; 1124.92; 1135.62; 1233.86; 1237.90; 
1319.08

N4 Cs
5A’ 0.45 67.07; 132.99; 210.65; 238.89; 247.48; 346.23; 365.13; 386.23; 

455.94; 475.34; 483.30; 513.07; 581.92; 676.64; 686.56; 689.88; 
791.61; 900.02; 988.51; 1116.26; 1184.25; 1280.35; 1404.78; 
1450.42

N5 C1
5A 0.66 116.83; 156.19; 177.69; 308.17; 322.83; 350.04; 383.05; 427.32; 

447.77; 505.05; 555.30; 567.60; 610.24; 631.87; 696.90; 757.64; 
816.11; 893.24; 912.70; 1009.12; 1098.24; 1211.73; 1299.88; 
1373.85

N6 Cs
5A” 0.75 170.52; 228.16; 247.46; 253.13; 279.04; 315.28; 344.39; 415.62; 

463.77; 470.17; 509.38; 568.38; 616.22; 669.92; 701.37; 711.08; 
804.14; 889.24; 1016.12; 1088.96; 1222.41; 1282.32; 1343.85; 
1378.39

N7 C1
5A 0.82 98.22; 143.88; 205.15; 223.19; 311.88; 330.23; 362.96; 424.17; 

441.33; 454.26; 485.21; 531.66; 600.30; 658.18; 664.58; 782.25; 
831.30; 882.02; 1024.68; 1052.09; 1156.65; 1184.88; 1296.78; 
1354.77

N8 C1
5A 1.07 66.72; 162.15; 225.77; 250.89; 282.35; 352.31; 384.50; 436.61; 

452.14; 477.01; 529.73; 560.90; 596.08; 609.31; 695.90; 772.22; 
783.42; 897.26; 1042.11; 1070.23; 1182.66; 1206.50; 1263.70; 
1311.98

N9 Cs
5A” 1.14 179.96; 203.33; 203.57; 268.08; 306.69; 369.14; 421.30; 448.44; 

468.56; 469.31; 558.62; 604.97; 622.49; 665.29; 670.51; 744.12; 
817.38; 900.21; 957.89; 1026.74; 1112.18; 1185.40; 1216.85; 
1263.51

N10 C1
5A 1.72 83.29; 176.67; 184.73; 282.86; 316.73; 347.73; 367.67; 387.72; 

446.53; 474.79; 483.90; 554.22; 602.98; 618.78; 636.05; 680.54; 
763.17; 871.84; 1037.94; 1058.64; 1162.56; 1205.27; 1258.26; 
1315.79
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Isomer Sym. State RE Harmonic vibrational frequencies (cm-1)

N11 Cs
5A” 1.77 190.44; 225.84; 292.16; 317,80; 321.94; 395.34; 400.26; 451.94; 

460.93; 465.60; 501.09; 526.13; 607.72; 638.33; 642.37; 694.89; 
815.82; 888.95; 899.99; 1003.55; 1050.68; 1096.10; 1143.39; 
1232.36

N12 Cs
5A” 1.80 142.35; 173.70; 225.26; 288.06; 289.98; 354.46; 372.67; 411.11; 

467.45; 541.32; 544.02; 601.58; 660.22; 678.92; 680.09; 726.08; 
811.37; 870.40; 1052.70; 1056.12; 1163.43; 1186.97; 1213.17; 
1257.93

N13 Cs
5A’ 1.85 65.70; 103.62; 176.69; 231.52; 278.08; 306.43; 309.41; 348.42; 

348.99; 446.16; 448.95; 464.06; 464.75; 542.20; 542.60; 630.37; 
767.59; 809.62; 1009.72; 1109.35; 1245.94; 1250.95; 1562.71; 
1569.21

N14 C2v
5A 2 1.97 156.02; 212.99; 265.01; 304.79; 314.81; 329.51; 342.55; 420.77; 

442.14; 443.92; 631.34; 637.36; 658.09; 681.39; 696.83; 771.41; 
773.09; 859.38; 885.33; 934.88; 1030.13; 1131.70; 1162.06; 
1219.93

N15 C1
5A 2.18 163.96; 179.04; 234.33; 311.07; 320.33; 371.14; 389.91; 463.37; 

516.67; 523.35; 538.99; 594.39; 597.27; 631.85; 653.45; 698.46; 
756.08; 819.85; 881.66; 992.97; 1058.78; 1072.89; 1148.62; 
1291.92

N16 C1
5A 3.14 96.40; 114.18; 135.86; 186.22; 248.61; 293.62; 343.33; 380.72; 

412.22; 441.11; 467.23; 475.73; 500.91; 568.30; 620.92; 695.84; 
743.18; 837.20; 964.60; 1120.28; 1183.24; 1268.35; 1326.37; 
1461.01

N17 Cs
5A” 3.53 14.44; 77.44; 154.56; 160.40; 180.49; 218.88; 322.26; 349.51; 

362.80; 418.19; 467.65; 473.06; 568.73; 659.72; 691.39; 781.67; 
967.93; 1072.47; 1097.18; 1161.04; 1256.98; 1336.42; 1351.29

3.2. The interaction between MnB9 cluster 
and H2 molecule

The H2 molecule is optimized at the PBE0/
def2-TZVP level. The obtained results include the 
bond length, the bond energy, and the zero-point 
energy (ZPE) of the H2 molecule in Table 3. This 
bond length is 0.746 Å by the PBE0/def2-TZVP 

level. This value from the experiment is 0.741 Å. 
The bond energy of H2 is 4.52 eV and this value in 
the different report is 4.55 eV. The ZPE value of 
the H2 molecule is 0.274 eV, which is in line with 
those in different reports (Tran & Nguyen, 2020). 
The above results show that the PBE0/def2-TZVP 
level is suitable in this study.

Table 3. The bond length (LH-H) and the bond energy (Eb), and the zero-point energy (ZPE) of H2 

Parameter PBE0/def2-TZVP Reference

LH-H (Å) 0.746 0.741 (Kumar, A. et al., 2020)

Eb (eV) 4.52 4.55 (Kumar, A. et al., 2020); 
4.525 (Tran, T. T. H. and Nguyen, V. H., 2020);

ZPE (eV) 0. 274 0.269 (Tran, T. T. H. and Nguyen, V. H., 2020); 
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By the PBE0 optimizations, many minimal 
structures of the MnB9-H2 cluster are obtained. 
They include the structures with and without the 
dissociate H-H bond. In this study, the structures 
with the dissociate H-H bond have the relative energy 
values from 0.00 eV to 2.07 eV at the PBE0/def2-
TZVP level. The most stable structure without the 
dissociated H-H bond is higher than the most stable 
structure with the dissociated H-H bond by 2.77 eV. 
In this report, the structures which have the small 
different energy are presented by only one structure 

with the smallest energy structure.
The adsorption energy of H2 on MnB9 cluster is 

calculated by the following formula:
Eads-2H = (EMnB9 + 2*EH -EMnB9-H2)
Eads-H2 = (EMnB9 + EH2 -EMnB9-H2)
where Eads-2H, Eads-H2, EMnB9, EH, EH2, and EMnB9-H2 

are the adsorption energy with the dissociated H-H 
bond, the adsorption energy without the dissociated 
H-H bond, the energies of MnB9 cluster, H atom, H2 
molecule, and the MnB9-H2 complex, respectively.

Figure 2. The interaction structures between MnB9 and H2  
with the dissociated H-H bond

Dong Thap University Journal of Science, Vol. 12, No. 5, 2023, 101-110
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Figure 3. The interaction structures between MnB9 and H2 without the dissociated H-H bond

In Figure 2, eighteen structures with the 
dissociated H-H bond are presented. Like the 
observation in these structures, the H-H bond is 
dissociated belonging to the B-B bond, except that 
the Ad11 structure with the H-H bond is dissociated 
at the position of the Mn-B bond. It shows that the 
strong interaction between hydrogen and boron. 
Two structures that have the lowest energy are Ad1 
and Ad2. The Ad1 structure is formed by the N1 
isomer of the MnB9 cluster with H2, and the Ad2 
structure is formed between the N5 isomer of the 
MnB9 cluster and H2.  

The H2 molecule is not dissociated around the 
Mn atom. The energy of the structure Ad19 is higher 
than the most stable structure with the dissociated 
H-H bond by 2.77 eV. Two structures of Ad20 and 
Ad21 are higher in energy than structure Ad19 by 
0.14 eV and 0.20 eV, respectively. The others as 
Ad22, Ad23, and Ad25 are less stable in energy than 
Ad19 by 0.53, 0.70, and 1.31 eV, respectively. In 

three structures, the H2 molecules are near the surface 
of boron than manganese. Some different structures 
have high energy as Ad24, Ad25, and Ad26 with H2 
near the Mn atom. 

Table 4. The distance between two hydrogen 
atom (DH-H) and adsorption energy (Eads) of H2 

molecule

Structure DH-H (Å) Eads (eV)

Ad1 3.49 0.29

Ad19 0.76 0.11

The Ad1 and Ad19 are two interaction structures 
of H2 and isomer N1 of the MnB9 cluster.  In structure 
Ad1, the bond length of the H-H bond is dissociated 
into two atoms with a distance of 3.49 Å. The 
chemisorption energy of this process is 0.29 eV. 
The bond length of the H-H bond in structure Ad19 
is expanded to 0.76 Å from 0.746 Å at the optimized 
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geometry of the H2 molecule at PBE0/def2-TZVP 
level. It indicates that the bond between two H atoms 
has been decreased. The adsorption of H2 on the 
structure Ad19 is 0.11 eV. The average physisorption 
energy of Mg2B9 is 0.16 eV (Kumar, A. et al., 2020). 
All the above results show that the MnB9 cluster can 
interact with H2 by chemisorption and physisorption.

4. Conclusion
The structures of the MnB9 cluster and their 

interaction with hydrogen have been performed by the 
theoretical calculation. The seventeen structures of 
the MnB9 cluster are obtained. The global minimum 
structure has the Cs symmetry. The MnB9 cluster can 
be formed by adding one Mn atom to the B9 cluster. 
The MnB9 cluster can strongly interact with hydrogen 
molecule. In the interaction process, the H-H bond 
can be expanded or can be dissociated that show the 
potential of the MnB9 cluster in the field of catalyst 
and adsorption./.
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