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Abstract: The study of silicon clusters has led to significant interest in transition metal atoms doped silicon

clusters. In order to provide robust guidelines for future experimental and theoretical investigations of vanadium

doped silicon nanomatrials, the geometric structures, stabilities and properties of V,Si,” (n=8~17) clusters were

systemically studied using density functional theory. Firstly, the lowest and lower lying energy structures of V,Si;”
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(n=8~17) clusters were globally predicted using the CALYPSO (crystal structure analysis by particle swarm
optimization) searching method via the particle swarm optimization algorithm. Geometry optimization at the
B3LYP/6-311+G(d) level revealed that two vanadium atoms tend to form V, bonds encapsulated gradually into
silicon cages with an increasing number of silicon atoms. Secondly, based on the lowest energy structures,
calculations of the average binding energy, second order energy difference, and HOMO-LUMO gaps indicated
that the V,Si}} clusters exhibit higher stability, respectively. In addition, magnetic properties analyses revealed
that the total magnetic moment is zero for the closed-shell structures of V,Si, (n=8~17) clusters; However, the
open-shell structures of V,Si, (n=8~17) clusters have magnetic moments with values of 1 pB. Upon polarizability
analysis, V,Si;"° clusters with the highest mean dipole polarizability possess stronger nonlinear optical properties.
Furthermore, the simulated PES(photoelectron spectroscopy), IR (infrared), and Raman spectra can provide
theoretical guidance for future experimental investigations. Finally, the lowest energy structures of V,Si, (n=8~17)
clusters are stable thermodynamically. Moreover, the heat capacity at constant volume (C,) increases with the
increasing of temperature, and standard entropy (S) decreases with temperature increasing.
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Table 1 Bond length (r), frequency (w), vertical ionization potentials (VIP), dissociation energy (D,) and V,

RMS

=
i

of Si,, V, and

SiV clusters based on different density functions

r/pm w/cm™ VIP/eV D, /eV Vs

Si, v, VSi Si, VSi Si, v, v, VSi
B3PWOl1 215.7 170.0 226.8 555.0 319.2 7.9 6.1 3.0 0.051 1
BPW9I1 217.7 174.0 219.2 530.6 372.9 7.9 6.2 3.2 0.064 7
BP86 217.9 174.0 217.6 527.0 390.0 8.0 6.5 33 0.081 2
BLYP 219.2 176.0 233.8 509.9 342.0 7.7 6.3 3.1 0.038 6
B3LYP 228.1 171.0 225.8 485.5 324.7 7.9 6.3 3.1 0.035 1
B3P86 215.4 170.0 224.7 557.3 330.8 8.5 6.7 3.1 0.056 0
PWII 217.5 174.0 218.2 531.8 382.7 7.9 6.3 33 0.074 2
TPSSH 215.9 172.0 223.6 550.9 338.4 7.9 6.0 3.1 0.051 1
PBE 217.7 174.0 218.6 531.7 381.6 6.7 6.3 33 0.089 4
PBEO 215.3 169.1 228.5 562.4 3159 7.9 6.0 33 0.046 9

Exp** 224.6 175.7 237.9 511.0 323.0 7.9 6.4 33
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8-n1C, 8-n2C, 8-n3C, 9-n1C, 9-n2C, 9-n3C, 10-n1C, 10-n2C, 10-n3C, 11-n1C, 11-n2C, 11-n3C,
0.00/0.00 0.07/0.06 0.18/0.02 0.00/0.00 0.07/0.27 0.29/0.46  0.00/0.00 0.32/0.23 0.70/0.98 0.00/0.00 0.27/0.19  0.39/0.64
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12-n1C,,  12n2C, 12-n3C,  13-n1C,  13-n2C, 13-n3C, 14-n1C,  14-n2C, 14n3C, 15m1C,  15-n2C, 15-03C,,
0.00/0.00 1.00/1.35 1.17/2.05 0.00/0.00 0.05/1.13  0.09/0.94  0.00/0.00 0.26/0.32 0.40/0.56 0.00/0.00 0.36/0.62  0.46/2.86
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161C,, 16m2C, 16.3C, 17-n1C,  17-2C, 17-n3C, 8-alC,  8-a2C, 8-a3C,  9-alC,  9-a2C 9-a3C,
0.00/0.00 0.29/4.80 0.31/1.71 0.00/0.00 0.09/0.31  0.17/0.08  0.00/0.00 0.08/0.69 0.15/0.98 0.00/0.00 0.12/0.74  0.23/1.93

R M W R B

10-alC, 10-a2C, 10-a3C,  11-alC,  11-a2C, 11-a3C, 12-alC,  12-a2C,  12-a3C, 13-alC, 13-a2C, 13-a3C,
0.00/0.00 0.13/0.83 0.15/2.09 0.00/0.00 0.15/0.16  0.19/0.24  0.00/0.00 0.47/0.77 0.69/0.92 0.00/0.00 0.41/0.68  0.51/0.75
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14-alC,  14-a2C, 14-a3C, 15-alC,  15-a2C, 15-a3C, 16-alC, 16-a2C,  16-a3C,  17-alC,  17-a2C, 17-a3C,
0.00/0.00 0.39/1.33 0.50/1.32 0.00/0.00 0.04/1.04 0.06/0.86  0.00/0.00 0.15/1.03 0.37/0.56 0.00/0.00 0.19/0.95 0.27/0.44

1 V,Si)° n=8~17) AW ESMIT AL SBEEXIFR, B3LYP/6-311+G(d)F1 CCSD(T)/aug-cc-PVDZ//B3LYP/6-311+G(d)
KETHMBEITREE
Fig. 1 The lowest and low-lying structures of V,Si,"" (n=8~17) clusters along with the point group symmetry and relative

energy at the B3LYP/6-311+G(d) and CCSD(T)/aug-cc-PVDZ/B3LYP/6-311+G(d) levels, respectively
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2.1 V,Si," (n=8~17)A & JL{T &+
LT Ay g R ) 5 A T AR, 7E B3LYP/6-311+G(d)7K V- F % V,Si7° (n=8~17) A # ¥ JL ] 45 #4
AT T DAL S i B S AN A A 45k DU IR 1. 1 5, %) b B3LY P/6-311+G(d) Ml CCSD(T)/aug-cc-PVDZ//
B3LYP/6-311+G(d)/KF T B RE & & I, mARAE 2 Fh 7 ik T A X e i HE P A A8 Ak (AL 45 W PR 35 e K aE &
{8, BB R FH B3LYP/6-311+G(d) 7 i AL 15 2 A SE A5 25 4 2 A B o vk, b L STk [29] 9 BF 95 45 21 & 31
A BT P LA V,Si, V,Si, . V,Si BTV, ST, ARG 5 H g A R . SR, V,Si, . V.S, V,Si; . V, S, F
V,Siy, FEA G R A SCARAR G BE AR Z5 /AN TR, o 1 AR 1R BEAS A5 Y 5 JL M , JE T B3LYP/6-311+G(d) 7
2, % SCHk 2919 V,Si,. V,Si,, . V,Si, . V, STy, BV, STy FES S5 M 24T T E OB LAk, 45 Rk B, SCER[29]1H VLS|,
(0.89 eV).V,Si,(0.43 eV) .V,Si;(0.23 eV) . V,Si;,(0.24 eV) F1 V,Si;,(0.12 eV ) iy KL 45 ¥ fig 1 44 3 T A BF 5%
HILG SR E . AN, T B R LSRG, HE B RERR RS K, BA09 21~
JE - % 37 DA T - 3 T aE A P o
22 HExFEEME
Wi T V,Si,° (n=8~17) A% 1 FL S Y J L 38 30 11537 ¥ #E fiE (average binding energy) E, . — [ GE 1 25 43
(second order energy difference) A’E #l HOMO-LUMO fiE fit (HOMO-LUMO energy gap) E,,,, % 14 5 19 £ & M
YEAT T ESE 5 R AT A R
EJ(V.Si,)=[nE(Si)+2E(V)-E(V,Si,)] (n+2),
E(V.Si;)=[(n- 1)E(Si)+E(sr)+2E(V)—E(sti;)}/(n+2), (2)
AN E(V,Si)*)=E(V,Si;* )+ E(V,Si/%)-2E(V,Si}°),
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Fig.2 Size dependence of the average binding energies, the second-order energy differences and HOMO-LUMO gaps
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V7)WL A1 Ja 23 M7 A B A8 RS 04 A 0 I B v - o 41 40 1 3008, B A TR (n=8~17) A 1 43 F LB 2L
43517 79 .88.93.100,107 . 114,121,128 (135 Fl 142, BN FLHE BT 2 4o+, RUFT A B F PRI PREC X, B 50
EHEAR Y S 522, B AR R F BV RAE T R KIS . I, V,Si, (n=8~17) A AN AT Rk . X
TV, Si, (n=8~17)KZ , WA A vl LLR I, B 5 AN [l Y o F1 B3GR, X N n=8~17, a Bl B 7L TE HE T i
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KA, V,Siy AV, Si, BV 0 R SR R R Si i 1 R R R LT A A A RS TR VR R B0RE 1Y
KT Si 5T 1 Ja B
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B3 V,Si,(n=8~171EAHKESP VMSIETFHEIE B E#E

Fig.3 Local spin magnetic moments of V and Si atoms for the lowest energy structures of V,Si, (n=8~17) clusters

24 HULE
N T A V,Si (n=8~17) A1 #5 %t 403 B9 7 L 35 T SF B AL R a F14% ) AL R Aa, 530K

a=$(am+aw+a;),

3)
Aa_/;[( axx_a){v)2+(ayy_ azz)z+<azz_axx)2+6<a§y+a§z+a}zfz):| o

AN AR SR PR R ) sa, a0, a0, o, Fl o, 5351 R 5K 50 0T, BARTHRIEE R L3R 2.
MR B, V,Sic° FV, ST B FETE 2 B AR 22 i S0 AT S5 R R S5 /N (8 ~F- S0 Ak 38, B IV, Siy T2 1) F, 1 45 44 AH
X RRE Tk 25 B Gy W AN I AL AR LM N 5 oV, SiL R B AR X AR E TR R L BN 2 5 AN I i At
LSRN 59 o K T4 T SR AL 2R, V,Siy, BV, SH,, P 5 45 1) S5 M A 36 i R, U BH X 40 37 19 45 1) S 1
Wil o7 55 5V, Sig A1V, S P A% ] S PR A A 38 e /0N U8 BT A7 37 169 % 1) S P Wi 7 e 553

2 V,Si, =8~ 1NAHKESHEHRULEMEEHRERLE

Table 2 Mean dipole polarizability and polarizability anisotropy for the lowest energy structures of V,Si,” (n=8~17) clusters

a Aa

n

V,Si, V,Si, V,Si, V,Si,
8 38.42 46.02 78.59 126.69
9 38.30 42.36 64.86 31.34
10 34.81 39.64 44.57 48.21
11 35.49 40.04 53.94 71.82
12 33.03 36.19 72.11 83.09
13 33.59 36.21 59.31 83.62
14 33.19 36.85 96.75 12.34
15 33.17 36.61 114.39 125.86
16 33.15 37.01 114.36 117.99
17 33.25 36.38 174.58 196.57

2.5 NHEFEEE. O FENiE
FF Multiwfn BAFELE H T VLS (n=8~17)A #E i 6l T e 1% (1| 4)¥,
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V,Sij, V.St V.Si,
01 2 3 4 5 6
54 feleV
V,Siis
0 1 560 1 2 3 4 5 60 1 2 3 4 5 60 1 2 3 4 5 60 1 5 6

2 3 4 2 3 4
ZE4REleV L5 REleV 4 REleV L4 REleV ZE4RBleV

4 WAV,Si, (n=8~17) B LB S LA B FreiE
Fig. 4 Simulated PES spectra for the lowest energy structures of V,Si, (n=8~17) clusters

MG R B A B SH T RA T VLS (n=8~17) PR B 21 /M A7 2 i (181 5) .

FM nzlm n=17. o dien. ,A_‘_,,‘ n=17, Ahaa ‘Lh
j&k}\m n=16 M n=16 | n=16 I

n=15 n=15 n=15 n=15

MJ'\A‘\_A‘A M/\A\/»_ nsthin Aa L‘_g

n=1j-M\I\A\MM n=14J n=14 l n=14 |

n=13 M"A‘ML n=13 M n=13 I n=13 |

" _AM—/ML e /\M " Am_uA " _.m.._

n=11 WMA n=11 n=11

A oy A h s m_

n=10 Ak n=10 M n=10 I n=10 |

n=9 n=9 n=9 n=9

b A M A T B
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Alem™ Alem™ Alem™ Alem™!
(a) V,Si,- IR (b) V,Si;-IR (e) V,Si,-Raman (d) V,Si;-Raman

5 WAV, (n=8~17)EREHMHLSN IR)F1H £ (Raman) Hi&

Fig.5 Simulated IR and Raman spectra for the lowest energy structures of V,Si " (n=8~17) clusters

TR R LT NN RLZ CTE I A 2 A4k 2 0, FLRR AR 06 32 2 48 P 7E (IR X 0~550 em ™, 17 LA [W) 28 #4 %6 i A
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Table 3 Enthalpy of formation for the lowest energy structures of V,Si;’ (n=8~17) clusters
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