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Study on structures and properties of alkali metals doped B}, clusters
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Abstract: Boron-based nanomaterials have attracted significant attention in cluster science due to their unique
molecular structures and chemical bonding. In this study, we systematically investigated the structures and
properties of M, (M=Li, Na, K) doped BY;™ clusters at the PBE0/6-311+G(d) level using the CALYPSO structure
prediction program combined with density functional theory. Structure predictions found that all doped systems
exhibit tubular configurations. Except for Li,Bj,, which has C, point group symmetry, the global minimum

structures of the other clusters adopt a D,y point group symmetry tubular shape, with the two M atoms localized
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along the axis of the tubular structure. Stability analyses indicated that K,B,; and Li,B clusters exhibit relatively
strong stability in the neutral and anionic series, respectively. Charge transfer analysis revealed that electrons are
transferred from the M atoms to the base boron fragment. Magnetic properties analysis indicated that the total
magnetic moment is zero for the closed-shell structures of Li,B,;, Na,B,; and K,B, clusters. However, the open-
shell structures of Li,B;, Na,B}; and K,B, clusters exhibit magnetic moments of 1 uB. Dipole moment and
polarizability analyses showed that both the dipole moment and the first hyperpolarizability are zero for the highly
symmetrical structures. Additionally, simulated photoelectron spectra, IR spectra and Raman spectra, generated
using Multiwfn software, provide a theoretical basis for further experiments. At last, the relationships between
thermodynamic parameters (C, and S) and temperature were discussed.
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(crystal structure analysis by particle swarm optimization, CALYSPO) J il | HEAT5, XK & 1) 4 Jm) i 7N FAIG
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KPR ) 5 4) W) Uh 4548 H e HURE 2 22 88 3 0.3 eV 11 50 1~ 25 44, Pk FH 0 K5 B2 1) PBEO 72 PR AT 6-311+G(d)
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1 4 Jay W /N R BE S A AR 5 A AT 1 B AR ™

2 HRItE

2.1 4£#

# F Gaussian T [ PBE0/6-311+G(d) fil ORCA T i B3LYP-D3/def2-TZVP J5 i , i & T B, 1l M,BY,
(M=Li, Na, K) A #% (1) 4= Ja #h /N FUIK g S A9 AR 2540, BARZS R WL 1, B 1, a. b c Fil d 43 5] 32 78 PBE0/6-
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Fig. 1 Global minimal structure and low-energy isomers of M,B{,” (M=Li, Na, K) clusters, along with the point group
symmetry and relative energy (eV) at PBE0/6-311+G(d) and B3LYP-D3/def2-TZVP levels . B, Li, Na and K atoms are marked
in yellow, blue, red and orange, respectively



#1m BLT sk i Bl 44 M o d AT 123

(Eﬁ..\ﬁ!?":j

)
'\./7-\\‘./ Vo Tl
18:9:1

=={ =

. L; 161.0 pm
LiBig

2 M,B{ (M=Li, Na, K) AW £ BR/NEHSH,B.LiiNaMMKEFANAER B . ABMERNKERT
Fig. 2 Structural parameters of global minimum structures of M,B!,” (M=Li, Na, K) clusters. B, Li, Na and K atoms are
marked in yellow, blue, red and orange, respectively

&1 M,B) (M=Li, Na, K) A £ BiR/NEHPTFRE FHEEEE B R . HOMO-LUMO HEFR 1 Wiberg 2%
Table 1 Symmetry, E,, E,, HOMO-LUMO gaps (E,,)) and Wiberg bond orders of the global minimum structures
of M,B{,” (M=Li, Na, K) clusters

Wiberg $& 2%

Bk x#®E  EE, -

B-B, B-B.. B-B . M-B
Li,B,, C, 496 6.20 2.32 0.833~0.855 0.816~0.864 0.764~0.779 0.059~0.229
Na,B, D, 493 543 236 0.854 0.854 0.783 0.123
KB, D, 497 617 2.6l 0.875 0.875 0.795 0.102
Li2Bi; C,, 4.63 4.61 1.31 0.874 0.874 0.722 0.158
Na,B7g D, 4.62 3.48 1.28 0.886 0.886 0.735 0.136
K,B¢ D,, 4.68 3.66 1.25 0.909 0.909 0.746 0.109

F P 2 W) B 2 8 2% R A0 G, M-MORT M-B iR 7 22 ) A9 B B 16 K, 1R 45 28 B-B 22 [ (1 i) B AR
K BRI Z A B-BFE B S /N R AE X TR R BIPE IR R T M-M I M-B R Z RIRIEE RN, B
H W B-B Z /N, NI Z I B-B IR K . e, 28 1) Wiberg 8 9% 1) 153 45 5L ) B8R AR 6 R [
FHMARR T JEF A ROB SRR AN
22 REM
XK Z B B E 1 AT 3E i HOMO-LUMO BEBR (E,,) Y45 G RE(E,) FI4B 68 (E,) 730, o B FE, 24 X
mr,
E,(M,B% )=[18E(B" )+ 2E(M) - E(M,B%)]1/20,
E,(M,BY")=E(BY )+ 2E(M) - E(M,BY).
L E R & B RE A I B BE R L T 25 SR 02 1. K,BY HIREAE 4 A 1K 2 P i 4 45 4 Ak i K, U6 K-B 4
[t Li-B Al Na-B B8 38 , AN 5 BRI E M E, BUHE % 3L, KB, Fil Li,B', A% 9 BE B (E ALK, IR KB il
Li,By FIFEAE & A IR R i de e Pt i o
23 BEFHH
23.1 wiFEH
% I PBEO 12 86 Fl 6-311+G(d) 3L 2H X M,B% " (M=Li, Na, K) [ # 4/t /N 45 M9 4T T H SX 45 J& (natural

(1)
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population analysis, NPA) 5T, 45 F L3 2 s & B0, 2 4> MGF 39707 15 HL, T B 129717 i H , B 45 2%
PR & L ff MR 1) B R 5 IGRRAE A 5 FL 0 K/ G R (B L F-:2.04 eV LiNa K F:1.0.0.93,
0.83 eV)™, iif H, X F AW AR R |, B & 15 2% I 17 508 K, 5 # 10 v far 5038 Jn

%2 M,B), (M=Li, Na, K) Bl & £ BRI M, 0 M, BB .M, M, B[R FH RIS #E . S REE

Table 2 Charges on M, and M,, the local magnetic moments of M,, M, and B atoms and the total magnetic

moment of the global minimum structures of M,B,” (M=Li, Na, K) clusters

B fi/e BERE5E/uB
A #% BHL5E/uB
M, M, M, M, B
Li,B,, 0.268 0.093 0.000 0.000 0.000 0.00
Na,B,, 0.230 0.230 0.000 0.000 0.000 0.00
K,B,, 0.536 0.536 0.000 0.000 0.000 0.00
Li,B7, 0.160 0.160 0.006 0.006 0.994 1.00
Na,Bj, 0.222 0.222 0.007 0.007 0.993 1.00
K,Bj, 0.588 0.588 0.017 0.017 0.983 1.00

232 ERMEESH

M52 2K & (Li,B,, Na,B JHI K,B ) (9 BN FUIE F 33058 24N i, FLF I P LA, B [ BERE R 0, BV &
AT BRI G AR RN A BEE . 2R & (LB Na,BY R KB i, L i 45 AN [R] (1 o F1 B
BUIE NI 0 T o5 RO ) (49,48)(57,56) F1(65,64) , ML T 76 o FUIE F 114 o5 H 50 L 78 B#LIE B b i1 o 4
B 14, HFRAPEES N — IR H L, DR RIPIAE | pB BRI . AN B3 T B
TR Z AR T B R R W R B, [F — R R, 2 A4S 64 R T A R e A AR 45 i A B DR B R I
WEAE AR A o T HL B AN SR 04 JR SR AR 4 TE A, SR A MR B G R R B R A, R R
AT BIE T RBAE R 5Tk . A, X T M,B L (M=Li, Na, K){& £ , B 3 15 225 7 )57 B0 K, B 2R E 719 )=
BOREAE IR . BB LT 3ANREE e, WS L F T S i R = X RR S5 (C,,, Dy,
D, AR XS R ) 1A A X ARV b MR 4 J) SR R A ) o X R ) T i 2 D/ i Al B B 5 R Y R SR
o LU, DI RS R far B5C 0 BT, R T B B B 2 LT 2 T A R R TR R SRR R . B e VTR
TR R A, LiNa K5+ 5 A [l B 5+ 8] B9 #E 255351 0.254 1.,0.273 7.0.303 6 nm, 3K 8k, 10 W] s+
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Jeg G
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Fig. 3 Local spin magnetic moments of M and B atoms for the global minimum structures of

M, B} (M=Li, Na, K) clusters



%o RAT o 4 B H SR 2 A A 4 L OT 125

233 ABHEAE Ao AL T

AR AR R AR ) J5 43 v LE R 9 40 A 0 B as T R AR, SR A T ) B R A R M R R e A R A MR
INHHE TR Z — o — ik, AR AR R ) RN FURE R AT 5 U0 0GR, 0 B M b o A A /N o AR it
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S, gy gy B g, 50 TR XY Z 8005 1) R AR R A A . AR 3 R B, R B 5 A (D, ST FR ) A R AR
JE R 0, T AR N R M Li,B  (C, 5 B X FR ) i 19 8 4% Kk 0.277 Debye (1,=-0.129, u,=-0.143, 11,=0.139) . H
o, Y 1) b T R e i R S R R, X O ) I B R O D RS I /N, B R Y i X A ) BT R
TR, XX AR ) T AR o

BAL R EAR A R XA B W B o AT T 45 18 [P B M AL o A SR S S AR R o B4 ) SR
WAL Ao

— 1
a=oy (o ta,+a.),

3N
(3)

1
Aa = /2 [(axx - ayy)z + (ayy - a:z)z + (azz - axx)z + 6(aiy + aiz + ai:)] o

Xt oo, Mo, 23 50 9 ST A 00 s NARGR MU N, R AT R4 R LR 30 BT, BRI 2 00 3 i A &
RF PRI R A A o T H. XA R 18 4% 1 PP B 1 DR R o L v~ 480 A 3 /) 3 B AT
SR 2 A R R ) A AR AR R AR AR R RN o M B KB, B S A R R, DU AR AL
VERT S ME QR 15 A B o T 2 IR B AR R e R, AR RO RN 8, 5 B A il fl . R R I AR R i
R/NH KB >Na,B i >Li,B 1 >K,B,>Na,B,>Li,B, . % [i] 5 P4 1L 5 SR AR [ % 16 S0 v 37 v 1) g o7 A 2 (R
Ut B R R A T B 7 AN R i . TR R R KB A IR K 45 1) S AR AR 3R X A A 1 i 7 e o B
oy Z BN R o e n SN T AR e o B A A 1 S — AR A R B O, MM B LB, A A R Y
S — R AL AR UL R A R 9 AR 2 M Dl A i

%3 M,B), (M=Li, Na, K) A% £ HHR/NEWHBIREFMRUESH
Table 3 The dipole moment and polarizability of the global minimum structures of M,B!,” (M=Li, Na, K) clusters

[ %% a/nm’ a,/nm’ ozy),/nm3 a_/nm’ o/nm’ Ao/nm’ w/D p
Li,B,, 0.264 966 0.303 128 0.293 980 0.197 790 0.013 25 0.101 117 0.276 58.107
Na,B , 0.270 746 0.302 801 0.302 807 0.206 632 0.013 54 0.096 172 0.000 0.000
K,B 0.283 148 0.311 243 0.311 248 0.226 954 0.014 16 0.084 291 0.000 0.000
Li,B7g 0.365 087 0.400 946 0.264 811 0.429 505 0.018 25 0.193 047 0.000 0.000
Na,B7, 0.373 852 0.434 198 0.434 215 0.253 144 0.018 69 0.181 063 0.000 0.000
K,Bg 0.437 391 0.502 605 0.502 590 0.306 979 0.021 87 0.195618 0.000 0.000

24 FiT4EMHE
2.4.1 ¥ F 4k (photoelectron spectroscopy, PES)

R TR B A R B /N S R 0 S R AR T SO R S Y R A Multiw fn ARES SLE T B A
M,B(M=Li, Na, K) A #Z 7E 0~6 eV ) PES, L A4 45 R UL 4. Hoor i 1635 R 1 0.2 eV i 2 w8 478540
FEABEIE B H 08 55— > DA {E T XTIV Y H - 25 5 B R AT A T 2 1 19 3 1% 2 fiE (vertical detachment energies,
VDE) , Ji 1 B W X I T2k [ B RE | LI BRIT . 7, B B 6 L 1 RIS 09 B8 0145 335 0 S 56 3% 4% A 1R
GF U AR 9 M,B L (M=Li, Na, K) F £ O0 #6815 2 AT 52 09 i B00F 09 & B ZE R I A9 T4 b 215 3 55
TEP0350 L B A O L RE IS A 4 W1 A O, 43 04 T 2.06.2.90.3.77 .5.71 eV &b . Na,Bj, K11
JGHL T RETE AT 4B R0, A A T 1.71.2.72.3.52.5.42 eV ik . KB, HIFEBOGH T-HEREA 54 B LAY
P2 A3 T 1.22.2.49.3.22 .5.06 .5.96 eV Ak,
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Exp . By Li,Byg Na,Byg KyBis
i ] ] id
B . bl bl B
R 3 4 5 6
01 2 3 4 5 6 01 2 3 4 5 6 01 2 3 4 5 6 01 2 3 4 5 6
ifrRklev Ziffblev ZiRbleV i leV

B 4 #4& B 1 M,B(M=Li, Na, K) AlfE & B /N EH B B FaEE
Fig.4 Simulated PES of the global minimum structure of B}, and M,B|; (M=Li, Na, K) clusters

242 2r(IR)Fo4: % (Raman) b

T 2 R/ /NS, R Multiwfn 804, 315 1 T M,BY (M=Li, Na, K) B #% X} i f¥ IR i 1 Raman 3% (%]
5). M TREREFRB, AR ROIRIERE R 544, FEERFIEEE P AE 0~1 400 em™, B 141 7% it o
REAIE W XTI g A1 23 vy F - il 7 i O REAIE WG X I A B 2 T — AL S, SR o AR Bl G XS 1 i R R AR T
W . Li,B, FIFE P IR 5% 1 5 s R AF W 67 T 327.82 em ' A, Bk 2 4 Li JiL F FlIIfG 3T B, %IETJE@&%}J&KJJ-
Raman j; E'Jﬂiﬁ%ﬂﬂlﬂﬂﬂ:527 80 cm Ak, FR I K T A LT B M PR sh A, X e & B, Na,B il KB A1 7%
i IR I Raman fiz 3 4 1iE W R 2 A5 2 58 2 AR [R] < IR 335 9 B o R i 05 (164.46 cm ™' 1 149.87 em™) XT i 2 4> Na(K)
W Z A R A R R Bl T B R T B PR 3 Na(K) SR F 9 4R 35 A 2 s Raman 3% A4 B 5 FR AF 14 (522.43 cm™!
F1517.53 em™) A 4k 20 8 & o B A B0 D 00 BF WG 30, 15 2 A Na(K)Ji £ JLF R Re i ok o xF TR &R
M, B, 1 #% Y TR 3% (4 5% 58 4 1iF 06 23 591 057 T 473.67.530.56 F1 481.04 cm ™' 4b , 32 By Fir 47 B I 1 000 2 A 4 42 9k
3l ; Raman 3% %) f 50 457 1F 06 43 59 32 T 702.23 ,708.75 F11 712.78 em™' kb , 2 B Fir A B I 7 L XOZ S 1t Ay % #5
T R s A o, bR 2 A B R RR AR W R 31 T 1948 2% M(M=Li, Na, K) i T JL- P f i 1k A 3.
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Fig.5 Simulated IR and Raman spectra of the global minimum structures of M,B{,” (M=Li, Na, K) clusters
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Fig. 6 Direction of motion of the atoms in active peaks for the global minimum structures of M,B{,” (M=Li, Na, K) clusters
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Table 4 Constant heat capacities and standard entropies at different temperatures

C/(J'mol-K™) S/(Jmol-K ™)

T/K
Li,B

27718 2718

NaB, KB, LiBj,, NaB,, KB, LiB, NaB, KB, LiB;, NaB; KB

2 27718 2718

100 85.34 89.18 88.47 92.56 85.97 94.23 325.44 282.81 287.07 307.85 281.86 29292

200 172.58 17597 176.17 187.35 183.48 189.29 416.26 376.57 380.71 406.76 377.28 393.40

300 251.18 25453 254.71 264.86 262.75 267.56 50335 466.34 470.56 505.19 468.97 488.65

400 312.40 313.87 314.01 323.27 322.16 32439 58832 550.22 55448 58831 557.11 575.92

500 35432 35545 355.57 362.62 362.10 363.61 664.37 626.55 630.84 666.49 635.10 654.33

600 383.34 384.24 38434 389.71 389.50 390.59 73293 69529 699.60 736.37 704.92 724.38

700 403.72 404.43 404.53 408.70 408.64 409.45 794.67 757.15 761.48 79898 767.51 787.12

800 418.34 418.92 419.01 42232 42233 42296 850.46 813.03 817.37 85536 823.90 843.59
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Fig. 7 Temperature dependence of the C, and S for the global minimum structures of M,B{,” (M=Li, Na, K) clusters
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