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Chemical Bonding of Boron-based Inverse Sandwich Ta,Bs Cluster Revisited

LIU Fanglin, ZHAI Huajin
(Institute of Molecular Science, Shanxi University, Taiyuan 030006, China)

Abstract: Boron-based inverse sandwich clusters are a new class of compound systems, for which Dy, Ta,B; cluster is a typical exam-
ple. However, the existing chemical bonding model of inverse sandwich Ta,B;cluster has fundamental flaws and an indepth revisit-
ing of the system is warranted. In this work, chemical bonding and aromaticity of Ta,B, cluster are studied computationally using an
array of modern quantum chemistry tools, which include canonical molecular orbital (CMO) analysis, adaptive natural density parti-
tioning (AdNDP), electron localization functions (ELFs), and nucleus-independent chemical shifts (NICSs). The concerted results re-
veal 61/6c double aromaticity in the cluster, conforming to the (4n + 2) Hiickel rule. The observation differs distinctly from the prior
127/46 electron counting in the literature. Each Ta center maintains two 5d electrons that are essentially nonbonding, albeit they do
not form a lone pair. There is not direct Ta—Ta bonding in the system. The skeleton ¢ framework along By ring is shown to possess a
certain extent of rhombic Ta—B,—Ta four-center two-electron (4c-2e) character. It does not have strict Lewis-type ¢ single bonds,
which is rare in molecular systems. The present bonding model may be extended to other inverse sandwich clusters.

Key words: boron-based B—Ta alloy clusters; inverse sandwich clusters; chemical bonding; double n/c aromaticity; adaptive natural
density partitioning (AdNDP)

0 Bl PR, 58 AR PR AE T 00 D7 A0 R R .
A1 3 0 B e B2 5 DAL 30 4 ok 32 B ] N Ah o o Y

W E TR R PR — MR TR R Tz 0. 2000 AR JF G BHIF TAEE R
LR ZREE AL sE U R 2R ME MR E Y AL MG T RETE A SR SR A T S BNE T SN

WrFs B : 2023-10-12; #:3 H #§: 2024-04-08
BEEWB : HR H KP4 (21873058;21573138)
VEZ BT : NS (1986 —) , 2o, LT B T E B I K 51154k, E-mail:liufanglin01@163.com
* BIE1EE B4 (ZHAI Hugjin) ,E-mail:hj.zhai@sxu.edu.cn
SI3TA& : XIDF Ak, A4 T = BYA Ta,Bs BRI A7 AR [T ] 1L PE 2424 ( FARBMEMD L 2025,48(4) : 775
783. DOI:10.13451/].sxu.ns.2024067.



776 PR AE2A4R (FARBEARR)

48(4) 2025

Zih L R T AL R B, (n=3~42) ,
R AL FE S T 5 T AR 0 R A sl 4 i
B OB AR AR 2R R RGN K S A
Z A — AR R G By LBy
IR G &, B — At 48 1 1 MB,
flEM Bl A 4k & L, B I CoBg | ReBy
RhB,~ . TaBy, 1 NbB, 5 LA i 4 J& o4 o /Y
SRR ZR. BT dPE AR e T, o
U 4 8 15 24 00 A W R PT R i A7 F 4R 2 00, i e
U A e IS VN A A S £ R e (1
PrB, .CoB;s .MnBs . TaB, '"W®'4E 2013 4F
Xie FREMT BN L ELBIEFNES
Ta,B,” (x=2~5) WL " o B, tAIx fe =W
IR 45 TaBs . LB, (n=7~9) H #& A1 % iR
LaBy HIFEHATIESE 00 X s T AR — 0 F
B0 3 g K A

=BG TauBs A 75 & — 245 M 780 0 AH X 7
B E AR, LG D L s s me
2022 4 Zhang %5 W 5% Ta,B, (n=1~10) £ %
TR I I AR Vi 28 1 SO X TanB, A #4114 B B A5
R, WA SOR e, SCER T O T R =R TauBs
VAT A7 10 Bl A O 1) PR A AR AE BRI . 28 T A R AE
=R R R b ag SR P IR AT A b X
R E T AT IR A B RS . AR TAE A
A IE W 43 F # iE (canonical molecular orbitals ,
CMOs ) 43 #r . it b P B 88 % B2 K] 73 (adaptive nat-
ural density partitioning , AANDP ) ") | H #R it % 18
(natural bond orbital , NBO ) 43 #7"##) | Hi, F %2 Ik
PR 81 (electron localization functions, ELFs) %4
— RN IACAL 2= 5 4 B O7 vk e E S e =)
16 Ta.B, A (14 4k 2% B, 35 i AR AR & 1Y) i
A FAL = SRR R

1 i

W1 % Ta.Bs 19 4 Jsy A /N 45 49 DN SCHR [ 16 ] v
A, I AE PBEO-D3 (BJ) /def2-TZVP ¥ i /K 3F
AT E B AR AR R S AR (R
F B AR T Y ) B 3 P O ) 43 #LEE (CMOs )
A3 HT L E B SR R4 (AANDP) | H SR BB
i (NBO) 43 A #1 L 52 304k pR %2 (ELFs) 55 £
ol A ot ik 37T SRS Y Ak 2 B A3 B O VR AT .
1£ PBE0/Ta/def2-TZVP/B/6-311+G (d) /K F T

HEAT 5 % T & 1Y Ak 2 A7 #% (nucleus—independent
chemical shifts, NICSs) "%/ 158 F1 45 1k 27 5t e
i (iso—chemical shielding surfaces, ICSSs) %)
Bris A A S A 1 0 Gaussian 09 2
P A1/ Multiwtn 72 )8 12 52 10 . % A Gaussian-
View ™) CYLview"*'/ 1 Molekel "2 Jy X 1E W] 43
FHE F AT A AL

2 4

2.1 HFELEH

% H BP86 #il PBEO-D3 (BI) Wi % Ji 17 R
7k, 43 A AE Ta/Stuttgart+2flg/B/aug—cc—pVTZ
il def2-TZVP 3£ 41 F = 7 4 1k H 3% Ta.B, 4 5
W /NG5 H . 7E PBEO-D3 (BJ) /def2-TZVP /K F
T A T A5 25 A A A A B 51 T 2R ST AR SC
FHE B SO . i NBO 3.1 #1 NBO 6.0 7
J7 15 3 A1 75 0 T35 A0 B G R B AR i Ha far B
RS2 Piw (W R B SCE) . @R ERWAR
[F] 7 0 5B 0 250 2 BOE A R HF — 2, B A
P fE PBEO-D3 (BJ) /def2-TZVP /K
R BIS RCE . W R 1 TR, & Rl /N TauB, H
2B D, REFRME , Hol A N A R HE R
N R N BRI = IR S5
22 EKERIWBAREFBE

R Pyykko #fE 2 (9 & fh J2 2 #2150 |3
B — B FIX B=B A 1y L BR 4514 1.70 il
1.56 A, 1 $1 7 B=B XUk h 1.51 A i,
I #% Ta,Bs 1 # JE FBl B—B 8 K 1.60 A B4R M
T AU T SR T ORURE X IR B R R o
HIFEAE . B B—Ta M mFE M 2.18 A,
X2 TR R K (231 A),
KUK RGELETRD B—Ta M /EH . X H <5
$27 (link ) 2 P 28 2 1 0 E &, AF8 PIAS IR+ 78
JUAT S5 46 A% BE #2301, 5 e A 75 AR TG 6 .
— AN BT RY REE JE e A A 2 Ak 2
ST Z IR A REZE AL B . NBO 3.1 #l NBO 6.0
TH545 3 B—Ta F5 10 8 2453 1 24 0.81 F1 0.72,
XA R AS 1 B0 % 0 — B0 B E . Bk
B—Ta## K 58 548 W5 . K R h B—Ta [A]
B JF A s gl fy B D R T . XA R — A
H BP0 B—Ta k% . PR 144 Ta
L S5E8ABHHEAER  AEXFERT Tarfo



XUTFIRAE - WA S =

W13 Ta B, A7 A2 U BREA R 777

b F—Fak R EZ . 5 A SCE, BR
Ta—Ta [A] B 1 4b F — Fp sk IR, H a1 #E R
2.97 A AWK F AR Y B (2,92 A) LA
R SCH3 B n 260 B e v S A7 76 B 819 4 ) ) B
R E R . X BT IR “ 9K 717 (strained ) R 25 J&
F6 T[] 55 5 9% 2 R] A A G ™ R O 2 3
Ak T, X AE 5y PR R IR 5k 7
RAEFA MR RIE X, H— & T (8] B L 5
PoE LM HE AR X Rk PR A . R
Rk G RE o R = B iR TaB, Bl #% b
Ta—Ta B FEAUAUAR FR — ik 07 R 46 R3S, DY
PEAfb & Ak B—Ta BUsEE AT, Mo &2 6 A 7%

5T NBO6.0 43t , & & B & h B i+ Fr il
H, faf ¥ & —0.31 le| , Ta B faf & +0.93 le|, % J&
F| Ta w0 (8 75 e A7 A7 AE , 38 o 824~ B—Ta % $%
PR AT R AR . AT LOAE XA S
VA el o VR T £ . B T ERVE
AH 5C Ly 5 B AN — i S 1Y A

3 e

3.1 EFIENSFHIES HH) B R ERE
. TathiElﬂJ‘b}:"ﬁK \,/\ﬁZS/\'ﬁl\Eﬁ

(a)

>

HOMO-6 (b,,)

DO

HOMO-9 (e,) HOMO-10 (e,)

GM Ta,B, (D,,'A,)

E1 1£PBEO-D3(BI)/def2-TZVP /KF F AR A%
Ta,By 4 Jaithe/ N o P v 52 B AE 53591 o RF A PR 4
K, BRI RN, Tali5 W G FRR
Fig. 1 Optimized global-minimum (GM) structure of
Ta,B, cluster at the PBE0-D3(BJ)/def2-TZVP level. Both top-
and side-views are depicted. The B atoms are shown in red

color and Ta in blue
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Fig. 2 Pictures of occupied canonical molecular orbitals (CMOs) of Ta,B; cluster
(a) Six 6 CMOs for skeleton B—B single bonds; (b) Three globally delocalized 1 CMOs; (c¢) Three globally delocalized 6 CMOs;
(d) Two Ta 5d AO based 6 CMOs
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Fig. 3 Chemical bonding scheme of Ta,By cluster according
to adaptive natural density partitioning (AdNDP) analysis. Oc-
cupation numbers (ONs) are shown
(a) Six 4¢c-2e¢ Ta—B,—Ta o bonds; (b) Three delocalized
bonds; (c) Three delocalized n bonds; (d) Two Ta 5d-based 8c-

2¢ 6 bonds
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Fig. 4 An approximate orbital interaction scheme of Ta,B, cluster based on its frozen Ta, and B, fragments
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