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Table 1.  Geometrical parameters of BeB 9/ “(n =

10-15).
Symmetry H/EBe— B /A 45
BeBy Cs 1.83 T 2544
BeB C, 1.80 WS- THI 2854
BeBy; C, 1.97 =AY
BeB 1, C, 1.86 e
BeB, C, 1.85 T 254
BeB Chy 1.83 R AT )
BeB; Gy 1.93 [ 4k S5 4
BeB 13 o 1.80 TG
BeBy, Gy 1.88 FE i B IR G 1
BeB 1, G, 1.84 WV 454
BeBy; I C 1.87 iy |
BeBy; 11 C 1.87 AL
BeB; I ) 1.84 =Yy
BeBj; II G 1.84 = 4Lk
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Fig. 1. Structures of doped boron clusters BeB o/~ (n = 10-15): (a) BeByg; (b) BeB1y; (c) BeByy; (d) BeB1;; (e) BeByy; (f) BeB 1y;
(g) BeBy3; (h) BeB13; (i) BeByy; (j) BeB 1y ; (k) BeBy; I; (1) BeB 5 I; (m) BeBy; II; (n) BeB {5 II.
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Table 2.  The lowest frequencies and average binding energy of BeB 91/ " (n = 10-15).
BeB,, BeB], BeB,, BeB], BeB,, BeBl, BeB;; BeBl; BeB;, BeB], BeBj;I,II BeB; I, 1I

BAGERIR /em™ 117 109 236 65 119 65 171 228 243 103 73 91

KK LELEE eV 471 506 478 516 489 517 491 519 497 5.22 4.97 5.26
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Table 3. The dipole moments (u), energy gaps (E,), and NPA charges on doped atom of BeB 9/ " (n = 10-15). The mark-

75t

€ers "a

and “b” denote the alpha and beta electrons, respectively.

BeB,y BeBj,  BeB,, BeBj; BeB, BeBj,  BeB;; BeBi;BeB, BeBi, BeB,; I, II BeBy; I, 11
1/ Debye  0.80  0.58 149 159 131  0.66 022 112 257  0.86 1.95 1.88
2.81° 3.10° 1.67° 2.93 1.85° 3.23
E, . . . . . .
W/eV 204 e, o 348 293 o Smm 333 380 5 26 3.35
NPA charges ) o0 64 1.56 137 1.64  1.66 1.72 160 1.69  1.68 1.70 1.67

on doped atom

@

B2 ZTHEE

(a) HOMO BeByp; (b) LUMO BeByp; (¢) HOMO BeB7;; (d) LUMO BeB7;; (€) HOMO BeBy; (f) LUMO

BeBy; (g) HOMO BeB ;; (h) LUMO BeBp3; (i) HOMO BeByj; (j) LUMO BeBy; (k) HOMO BeB 5 I; (1) LUMO BeB 5 I;

(m) HOMO BeB | II; (n) LUMO BeB | II

Fig. 2. Molecular orbitals: (a) HOMO BeBjp; (b) LUMO BeBjy; (¢) HOMO BeBi;; (d) LUMO BeBi;; (e) HOMO BeBiy; (1)
LUMO BeB,y; (g) HOMO BeB J3; (h) LUMO BeB J; (i) HOMO BeB,y; (j) LUMO BeB,,; (k) HOMO BeB T T; (1) LUMO BeB J; I

(m) HOMO BeB 15 II; (n) LUMO BeB i II.
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1X5c-2e m bond
ON = 1.8778]e|

1 X 5c-2e m bond
ON = 1.8778]e|

1X5c-2e m bond
ON = 1.7776|e|

K 3 BeBy i AANDP 4347, ON fU3 i i 4, ¥ @R Be J1 T
Fig. 3. Bonding patterns of BeB,; from AANDP analyses. The occupation numbers (ONs) are indicated and the yellow ball repres-

ents Be atom.

9X2c-2e ¢ bonds
ON = 1.8462—1.9466]e|

6 X 3c-2e ¢ bonds

ON = 1.7566 —1.9487|e|
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1 X 5c-2e m bond
ON = 1.8999|¢|

4 BeBp, M AANDP 447, ON 403 954k, % (BRI Be JE T
Fig. 4. Bonding patterns of BeB; from AANDP analyses. The occupation numbers (ONs) are indicated and the yellow ball repres-

ents Be atom.
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Kl 5 BeByy 9 AANDP 5347, ON fUF & #i80, # 60 PRIUK Be J5i T
Fig. 5. Bonding patterns of BeB;, from AANDP analyses. The occupation numbers (ONs) are indicated and the yellow ball repres-

ents Be atom.
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B 6 EBALPUIE R B LOL, SHH A 0.5  (a) BeByg; (b) BeB1y; (c) BeByy
Fig. 6. Localized orbital locator, the isovalue is set to 0. 5: (a) BeByg; (b) BeB 17 ; (c) BeBya.

B 7 ARSI LOL, S H I BUE M 0.56  (a) BeByg; (b) BeB1;; (c) BeBy
Fig. 7. Localized orbital locator, the isovalue is set to 0. 56: (a) BeByg; (b) BeB17: (c) BeBya.

B8 LBl k% LOL, SFEH4UE 4 0.6  (a) BeByy; (b) BeB ;5 (c) BeByy
Fig. 8. Localized orbital locator, the isovalue is set to 0.6. (a) BeByg; (b) BeB1; (c) BeBys.

K8 L 37 RIS, LA BH Xk &1 L 373 14 45 1) S5
P 17 . SR — A AL AR AR 1 AR
Jecg (NLO) R 8, 2 1T AR POt 4y
Y. Gy PR R T 1) L i 45082 (60 PT LId i fL 37
U BT A SR R ok, nT LURETH AN S
BARS L br. the 4 T, BT T ROBAE R R T
FERL P AT AR AR, U BB 8 P st W
A EL AR FH EEAH L A 1 DA D [ Y BB A
YEHIER, RSN GRAL. X TEA T/
PR AR, s AR B (R T E 4
oy, BEHHE S A B T AR E , BT R L
JO7ASE /)N 5 T TR B 7 - T 45 A 1) P 7 8 S 4

K. Y35h, BeB i, AN G 107 B AL R K T
BeB, il BeBy, 9, #E— 4 %0 3iF i i LOL 45 %,
BeB 3 1 B 3 M4 5% T BeB, Fll BeB, 1) 25 38 P .
BeB, 3 94 [ SV AL /N, BeB 1, 46 i S
BAL RIS, BEH BeB, 51 17 11045 1] S 1 0
R 255, T BeB 1, %41 e 173 4% [ 570 1 Bt
H12 4 771, BeBy, Fl BeByy ELA B/ 55— i
AL, D0 IR 55 1 Il 28 M 625 W B 5 BeB 1, A
BeB, LA B S — M AL, BAWTRSR AL
PSR, i 4 ATSEIRE R R T
1) BeBys, T-HEXFR 44 M LA 36 A — S b k%
Hf.
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#4 BeBY™ (n=10—15) i
Table 4. Polarizabilities of BeBY ~ (n = 10-15).

HIEE PR R BAET R FERAE o

HISHERAR A BRI L RRIE G,

BeBy 167.32 15.21 124.78 133.79 59.10
BeB 10 196.08 17.83 142.11 216.95 -113.85
BeBj; 153.17 12.76 63.19 319.45 155.00
BeB 1 203.90 16.99 139.92 233.54 199.10
BeBy, 196.31 15.10 145.51 24.98 6.10
BeB 12 223.77 17.21 164.05 254.97 -254.97
BeBy; 174.08 12.43 48.62 61.41 -26.71
BeB 13 210.56 15.04 119.68 941.20 -901.01
BeBy, 191.44 12.76 73.13 450.89 -450.89
BeB 14 260.09 17.34 203.63 958.78 -958.78
BeBy; 1 215.11 13.44 122.84 601.71 -597.78
BeBy5 1T 215.12 13.44 122.87 604.10 600.31
BeB 15 I 235.61 14.73 130.97 516.03 -223.98
BeB f5 I 235.62 14.73 130.93 517.15 -224.33
3.4.2 iR AFH
9 %% BeBY ™ (n = 10—15) fLLAMGHE, =
T TR BeB,, FU RISk, s INCS GV |
FAH T 450 THDGE, RIBEFTE T BeB , L L4 ©) sadhnaho M
G TR B R N R B 51 T @
A2 2, 36 2 LA 9 A, X e A B £
R NSRS ARG R, T, 2
AL R R, ROk S| @
TR T O gR s s, W Sy 0 g

SER B AN PR S BUR W] R sh 88, T3 ah Rl
A A A AME R A R R R s,
B PR Sy 30 B AT 55 4 ) LA AR X B 5 53 4,
BR T BeByy A 4 MLLAMETE PERIAN , A A1 7%
(4R ShAR AR ELAT 20 A0 & P, H 5040418 sh AR (%) 36 1
5.

CLAMGTE ) 3 AT 5 1Y) S5 R W 6 T AN [ o7
HOmE A BT =11, 13, BB TR
568 08 L5 R I 1 H e AT 1) S R e A B R T RS
g (FEE S B sh), M n = 11, 13 BRI
R sh. i E 9 nT LI R, X F AR RN A FE,
S 0 B B T P R B 2T 6 B R ] B 4R AR
W, T340, AR/ e A B B A R
AN RIS A S0 3t XS 1 s o S v 5 4
FE/NT 200 em ' AR DX A — >4 ik 14 I A I
DCEEIR[R] A RFAF I ] T S X e 4y, AT LS R
SR SZHRNT HL AT

(g) A N

(h) j’l A " n)lh A

O o e M A Ao,
9 YN A

I\(l)h Ara AN TN AN M—AIA |

0 200 400 600 800 1000 1200 1400 1600

Frequency/cm~!

K9 £ (a) BeByg; (b) BeB 1y; (c) BeByy; (d) BeB 1 ;
(e) BeByy; (f) BeBy,; (g) BeByg; (h) BeBig; (i) BeByy;
(j) BeB1,; (k) BeBys I; (1) BeB; I

Fig. 9. Calculated infrared spectra: (a) BeByg; (b) BeBy;
(c) BeByj; (d) BeBiy; (e) BeByy (f) BeBiy; (g) BeByy;
(h) BeB13; (i) BeByy; (j) BeB 1, ; (k) BeBys I; (1) BeB i L.

3.4.3  CEINT R RiE

FEHI A A FEAE L SR TD-PBEO/def2-
TZVP J5ikitse T R 40T ot (177 36 4
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R SHCERE B B R AR TIRE f. K 10 F1
B 11 535 B T 52 285 M52 2 450 1) 441
ATULEREE], 5 i T A S S, M TF
PEXTFRES A HA AR B A0 WoGIS R R S S
B, B 10 shAnE 5 o LA H T 45 TR ETE K
KESE. RE S I, BT BeB [, 4b, X%
PR FoR B R BRI K T 50N BE. T
e R 114 IR S0 A ANAS SR T i 58 B e R A 98
K25, A 10 AT DAAS S B A i i HUR K
S TR Fe K AT R S B A

(2) (d)

o

Intensity/arb. units

L

Lo

L L
200 400 600 800 200 400 600 800
Wavelength/nm

Wavelength/nm
KBl 10 AW UGS (a) BeBy; (b) BeB1y; (c) BeByy;
(d) BeB13; (e) BeByy; (f) BeB 5 I

Fig. 10. Calculated UV-Vis spectra: (a) BeByg; (b) BeB;;
(c) BeBys; (d) BeB 155 (e) BeByy; (f) BeB 5 L.

HH 2 5 AT, DA 5 J2 25 4 1A A 1 e KUk T
K B —RAR) M6 T AT Wt B, Hrh BeBy
55— A SR (R F o BE N 0) B IRAS.
BeB,j, BeB1;, BeByy, BeB1;, BeBy,, BeB ;A%
— R A5 BRI T HOMO—LUMO, HOMO—
LUMO, HOMO—LUMO 4554 HOMO-1-LUMO~+
1, HOMO—LUMO, HOMO—LUMO, HOMO—
LUMO %54 HOMO-1—LUMO H H F BRiE .
I, HOMO-LUMO HE B 1Y K /N BE 2 Bt BeB,,,
BeBy;, BeBiy, BeByy 5 — UL SRR RE (I
), HATTH 2557 %1, BeByy, BeB;, BeB1;,
BeBy, ) E, 5514 2.94, 3.48, 3.33 1 3.80 eV,

AE G U L, RS R SR — R S A K AR
feia$h (748, 548, 582 Fll 468 nm). Xf T 52 )2 44
MR, i 5 T, SR RO B (B — ok
&) HALFLLAMEN B, Horh BeB 1, A —IA S
BRI AS. S35k, thak 5 I3 BeB 1, Al
KIS — PR B (3201 nm), HHF5& 45 58 ] %1,
BeB 1, BU57 1 BURESKIET alpha- HOMO—alpha
-LUMO W HLFERIE, % 3 BeB, BA /N
alpha- HOMO-LUMO HEFR (1.67 eV) IE4f S i
—ZEGL

Intensity/arb. units

() 8
b © L
1000 2000 3000 4000 1000 2000 3000
Wavelength/nm Wavelength/nm

Bl 11 %HMATIERE  (a) BeBig; (b) BeByy; (c) BeB1y;
(d) BeBy3; (e) BeB 1y, ; (f) BeBy5 I

Fig. 11. Calculated UV-Vis spectra: (a) BeB{,; (b) BeByy;
(c) BeB1,; (d) BeBy3; (e) BeB 1, ; (f) BeByjs I

i & 10 FiTEE 5 A5, X M52 2 45 AR
SHNAT UL 4 55— A RS A, T AT DL I B
& 10 H BeBy Al BeB 5 55— Wi i T K55
AARE W B2k, 30T 748 nm A1 582 nm. F&
T BeBryy, iX P52 45 8 1A 5 1) 5 — A IR g 0
A7 X6 IO B — P R AS I AV 5 T BeB 1y
T — R SRR RS, HE — RS %o
SO AW, RE 1R 5 g, X OF
FEIZGEFIAIFE, AT WS A SR — W R o7
TLLAMGBE. K 11 th BeByy Y 85— IR
TARFIARRE AR 2k, £2T 3201 nm. FR T BeByy,
BeB 1y, BeBy; I, IXELTF 72 2 4540 1A 1 (1) 25— A~
g7 BT 7 B — R A I AV T BeB 1
) 58— W WU SR U T 5 NI A A, BeB o i T
B 13 PR AR A R A, HA — IRk
T 46 R ZS, BeByy T 55—l e I 146
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%5 BeBY ™ (n=1015) Mk sk
Table 5. The excitation properties of BeB 9/ ~ (n=10-15).

PRI R BCR S BB /nm

MRS /um S — ARSI B /nm

(PTFRREE, SBILIER) (PRTHRAE) (R ILMA D)
BeB,, 252 (0.2108, 22) 748 (0.0003) 748 (1)
BeB 1, 313 (0.1205, 34) 1038 (0.0001) 887 (5)
BeB,, 331 (0.0077, 22) 859 (0.0022) 859 (1)
BeB |, 242 (0.3008, 27) 548 (0) 510 (2)
BeBi, 282 (0.2870, 22) 702 (0.0038) 702 (1)
BeB |, 346 (0.0119, 32) 3201 (0.0003) 3201 (1)
BeBy; 308 (0.0377, 31) 800 (0.0015) 800 (1)
BeB |, 234 (0.0875, 36) 582 (0.0003) 582 (1)
BeB,, 311 (0.1049, 15) 468 (0.0041) 468 (1)
BeB 1, 533 (0.0472, 14) 1984 (0) 982 (46)
BeBy; I 339 (0.0295, 33) 1292 (0.0006) 1122 (1-2)
BeB 5 I 276 (0.0954, 24) 531 (0.0027) 531 (1)

— R RS IO MRS BRI BR 1
SRIEA RN E RS, SRIF I ES L SR BRI
KA (ARFRSTERIT), fcfm M IO AR BRAT [T B2
IR BRI BT AT A, 3L P 57 S 25 40 1A 7%
SR U R A ] B B I R AR AT WO X
W AE ] WG BOAFAE A 6T . HA - T 454
) BeByy, BeB1,, BeByo A BN —HEMIA e} 5L
ARETT, 205 OB & Z4EpT R, I
RS

4 B %

AR 9 Bz RS T IR S B oRL R AL
54 CALYPSO 5{482% T4 Be MlilA1#% BeBY ~
(n = 10—15) [RFEALEH. JE— B 1HE T AL
(B B LT AT ST e . BP9 R 1)
BeBY/™ , BeBy,, BeBY,™ , BeBy, HA T i s
VI 454 ; BeByy HATE =R 451 BeB 3 HAT
[P 4 25140 ; BeB 1, B B AI45 4 ; BeBy, A 1k
MR ZE A o PEELE 2 BeB , #BEA FHEXT
FRE5HY. 2) B NPA 53t Al 153484 Be I ¥4 &8 4
MR 2 T . 3) DA S8 AT 5 (1) - 1 25 45 e
YT R, BEE n B93G, th s R
FeUE PEXE SR, 3ok, S LUAH W H Pk AR R e
PE 5 4) I X UE O 4 BeByj, BeBig,
BeB, %1 AANDP 534, o SRS T84+
MFENE, n B — DR T RA T Ti0h, X =
AP L 6 4 BT HickelDI (4m + 2), B

AT AR AE. ) @R AR, - 1l
T ) B S BSR4 A, WP
TET 55 7 - T 245 1 1) FL T B BN 8K BeB g,
BeB 1, BA BRI — R, BUHEA SRR
FELMEE AN, 6) JH AT ZLAMGIE 3T, X L P
HA B, a5 HEA T HE. 7) i x)
Zih AP i 5y TR G N P il i
AL DS AR AT W iU, JF5E SRR M IR AEZLA1E
DXICHR AT WSO . Z TS T B AR AT B 4
oy, X IRAAASET AR i £ B — € A ELE TR
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Ground state structures and properties of Be atom doped
boron clusters BeBY (n = 10-15)"

Li Shi-Xiong V"  Chen De-Liang!  Zhang Zheng-Ping?  Long Zheng-Wen ?
1) (School of Physics and Electronic Science, Guizhou Education University, Guiyang 550018, China)
2) (College of Big Data and Information Engineering, Guizhou University, Guiyang 550025, China)
3) (College of Physics, Guizhou University, Guiyang 550025, China)

( Received 19 May 2020; revised manuscript received 29 June 2020 )

Abstract

A theoretical study of geometrical structures and electronic properties of Be atom doped boron clusters
BeBY/~ (n = 10-15) is performed using the CALYPSO approach for the global minimum search followed by
density functional theory calculations. It is found that the global minima obtained for the BeB %_, BeB1;,
BeB %7, and BeB 71, clusters correspond to the quasi-planar or planar structures. However, the global minima
obtained for the BeB;;, BeB;3, BeB;, BeBy, clusters correspond to the half-sandwich, cone, cage, squashed
tubular structures, respectively. Interestingly, both the neutral and anionic BeB(l)&/.f clusters have the axially
chiral isomers which are chiral with degenerate enantiomers. Natural population analyses reveal that partial
charge on Be atom transfer to boron atoms. The average binding energy values of BeBY ~ (n = 10-15) indicate
that anionic clusters are overall more stable than the corresponding neutral ones, and both neutral and anionic
clusters show the same trend that the stability increases gradually with the increase of B atoms number n.
Chemical bonding analyses of closed-shell BeB;,, BeB1;, BeB;, clusters reveal that the o bonds stabilize whole
molecular skeleton, and delocalized ® bonds render the structure more stable. Furthermore, the three quasi-
planar closed-shell clusters possess 3 delocalized © bonds, which quite surprisingly follow the 4m + 2 Hiickel rule
for aromaticity. Average polarizability of single atom for each quasi-planar or planar structure is larger than
other structures, it indicates that quasi-planar or planar structure has stronger electron delocalization.
Specifically, BeB;; and BeB7, with large first static hyperpolarizability can lead to the remarkable NLO
response. The calculated spectra indicate that BeBY ™ (n = 10-15) have the meaningful characteristic peaks
which can be compared with future experimental values. Our work enriches the database of geometrical

structures of doped boron clusters and can provide much insight into the new doped boron clusters.

Keywords: Be atom doped boron clusters, ground state structures, electronic structure, spectra
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