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Theoretical Study of the Conflicting-aromatic Ca;B; Nanocluster Rotor

LI Yongxia"”, CHENG Yaxuan*, GUO Jinchang™
(1. Department of Chemistry , Xinzhou Normal University , Xinzhou 034000, China;
2. Institute of Molecular Science , Shanxi University , Taiyuan 030006, China)

Abstract The unique structure, properties and potential application prospects of nanocluster molecular rotors have
aroused extensive attention from researchers. The electron-deficient nature of boron makes boron-based clusters a
fertile ground for designing nanocluster molecular rotors. In 2010, the discovery of the dynamic fluxionality of B,
cluster initiated the research on boron-based nonocluster molecular rotors. Metal doping is an effective strategy for
expanding the family members of boron-based cluster molecular rotors. Among the currently reported boron alloy
molecular rotors, the boron cluster units all possess aromaticity. Herein, the first nano-rotor of Ca,Bg cluster with
conflicting aromaticity has been theoretically predicted, based on computational global-minimum searches and
quantum chemical calculations. It features a unique three-layer coaxial inverted sandwich structure: a slightly
distorted BOB, molecular wheel serves as the middle layer, with a horizontal Ca, dimer above and a Ca atom below.
Born-Oppenheimer molecular dynamics simulations reveal that the boron-based Ca;Bg cluster possesses novel
dynamic fluxionality: the Ca, dimer can rotate freely on the umbrella-like CaBgbase plate around the central axis at
300 and 600 K. The rotation barrier is only 0.25 kJ/mol at the single-point CCSD (T)/6-311+G (d)//PBE0/6-311+
G (d) level. Ca,B, can be approximatively formulated as [Caﬂ”[B@BJ“’[Ca]” , due to the weak B—Ca covalent
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bonding and obviously charge transfer from the Ca atoms to the boron motif. Chemical bonding analyses reveal that

Ca,B; has 87 and 60 delocalized electrons on distorted Bywheel, leading to a conflicting-aromatic system. Ca,Bq
represents the first boron alloy nano-rotor with conflicting-aromaticity, further expanding the research field of
boron-based fluxional systems.

Keywords Molecular rotor; Boron alloy cluster; Global minimum; Fluxionality; Conflicting-aromaticity
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S fi B 11 35 T L CCSD(T)/6-311+G (d) //PBE0/6-311+G (d) K-, 4347 PBE0/6-311+G (d) (9% 15 R
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1C('A) 2C,('A) 3C,(CA") 4Ci(A) 5C,(A")
0 3324 36.54 36.80 3834
6 C\('A) 7 C(A) 8 C.(A") 9 C\CA) 10 C, (A"
63.34 7491 85.86 89.34 89.70
-
= -
A7
}.,,_'4‘_:,—‘

11 C.(A) 12 C,('A") 14 C,('A)
90.25 91.54 103.92 105.90

16 C1(A) 17 C(1A) 18 CiCA) 19 C\(A) 20 C\CA)
116.05 122.47 126.92 131.39 134.35

Fig. 1 Optimized global minimum(GM, 1) structure and nineteen low-lying isomers(2—20) of Ca,B, at the
PBE0/6-311+G(d) level
Relative energies are listed in kJ/mol at the single-point CCSD (T)/6-311+G (d) level using their PBEO geometries, with
ZPE corrections at PBE0/6-311+G(d).

(A) (B) 0.89 ©)

0.90

0.07

Top

0.14

Fig.2 Bond distances(nm) (A), Wiberg bond indices(WBIs) (B), and natural population analysis(NPA)
charges(lel)(C) of Ca,B; cluster at the PBE0/6-311+G(d) level

B —E W B R AE . AR RS B—B B KA F 0. 155~0. 158 nm, B & %5 F 88 ( FFR 0. 170
nm) , XN WBITE 1. 32~1. 59 Z i), F BN Z [ Bk — 0 L F (2c-2e) o BEAN, i —E 1B,
FEAEH .
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JCHET 1. 80 lel (Y 1E L frf , 117 Ca3 I T #5741 1. 54 lel il IEHL A7, 34 Ca 7347 19 1 H8 faf Ky 3. 34 lel.
BOB, H7C b 51 T4 (4 FL A Y L A —0. 30~=0. 59 lel. (B4 1EE 2, Fu0 i BLL T4 1y
T2, BB Ca 3R AINER LR AR s 2 o for . AAERHLAE BB, Ca B, I AT IR
HlCa, ] [By ] [Cal™. Ny Tilb— P8 Ca,B BT R0 1k, it T 34 : (1) Ca,B+Ca=Ca,By;
(2) B+3Ca=Ca,B,; (3) 8B+3Ca=Ca,B,, 1E PBE0/6-311+G(d)/KF b8 T 34 W Bl 5 B BE =28 1k
(AE=-135.3, —675. 4 F14223. 3 kJ/mol) , f4EF GUEIE, KW (1) F1(2) ¥ Ry ilci s s, R =)=
Ca, B, PIFELERT 1 A TE L.

22 HAZLEHREME

W 37, Ca,B K% GM &5 (1) e/ IMR ST #8030 em™ [ 3(A) |, X Ca, FiIT Y BOB, 48 AH
SPHEE . W EZIRAIRE R 1], 255 Fe 3] Ca B, A5 (3 PEAS (TS) 454, HEA —131. 7i em™ 9
e[ 18 3(B) 1. 7ECCSD(T)/6-311+G(d)//PBEO/6-311+G (d) /K- |, GM HITS Z 6] i fE £ K 0. 25
kJ/mol, M Ca, %05 BOB, 4 AUAHXT 4 h# 5y it A7 . B STASC R (5 20D 51 H T PBE0/6-311+G(d)
IR | Ca, B FI5E TS G5 M B K: . F51AFES S2 NPA HLTT, 5 GM BYAH R BAEZEA), B Ca, B ICHYEE S %}
SER RS | L . H AT SRS IR AN . BOMD ARHULAS S 58 4 S HF AR HEWT . BOMD B RIS K- H
PBE0/6-31G(d) , 7ER4LLI A8 rp R FHBEHL Y IR AG3E E , 1055% 20 ps B9 BOMD il . #RHGHB 73 600 K
BOMD R LB I 16 2l A (WA SO 5 B % Sh im0 /R T Ca B, F15E GM A3l 1 24 250 i
SRR, AT H Ca, SICHEL 4 ps AIAHXST T J7 (1) BOB, e s 14 s i e

(A) (B)

30.0 cm™! 31.71 cm™!
Fig. 3 Displacement vectors of soft vibrational mode of the GM(A) and imaginary soft vibrational mode
of the TS(B)

f55E Ca, BAICEIFAE BOB, #5048 b IR 41 )5 1755 5, Ca,B, B4y T N s 3h J124540
B RN 4 TR . AR/ NS FY GMI K, Ca, BROGHT A3 T-HITERE 25. 72° A BEIR B E s #1221 i
HAE, BN A TS, ,. 1K Ca, BATTHHIESRS 25. 72° 555 GM,, 4kTiAH] TS, Fl GM,. 7EZ )1 2# Rl
B, CM 5 TS Z M AW B .

TS25

GM,

Fig.4 Structural evolution of Ca,B; cluster during the dynamic rotation of Ca, dimer with respect to the
B©B, baseplate

The Ca, dimer is assumed to rotate clockwise in the presentation.
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H TRV Ca, By BRI BUBAFAE , X AT T IE N 20 F 3B 74 Ca,B BIFEIEA 30+, o
P 1550 FHE . nE 5(A)~(D) s, A6 L I8 v - PUE S 3R STORA SCCR-E B i
SNEFHIB R BTERA/N, AR 4 41 (A) A5 X T BOB, FRICHMNAR 74> o BIBLIE, B+
sip LB R R, 1RV BOB, SNA B IR FHIEILE 7 1m) . (B)4ANAT Fe s o5 4 4 FHUE (HOMO) , %
BB TN Ca 4s JELFHUE M TTHER, XT 0 1 Ca-Ca 2c-2e o 8. (C)4AL 5 34> BOB, 4> 148 iyt
o BB, FENBIEFp UE R BIER, IR BOB, A PR AR 1 . (D)HAE 44w BT
%E HAE R, K Hiickel (4n+2) 5 F RN, Ca,B, B0 HAT 87 S35 &1 Ml 60 55 B, R

oI5

HOMO-6(a’) HOMO-7(a") HOMO-10(a") HOMO-11(a’)
-8.29 -8.35 ~10.99 -11.31

&)
HOMO-12(a") HOMO-13(a") HOMO-14(a") HOMO(a')
-15.72 -15.75 -19.10
) -
HOMO-4(a") HOMO-3(a") HOMO-8(a")
-6.83 —6.84 -8.83

€8))

HOMO-1(a") HOMO-2(a") HOMO-3(a") HOMO-9(a")
—4.39 -5.97 -6.21 —9.65

Fig. 5 Canonical molecular orbitals(CMOs) for the GM of Ca,B, cluster
(A) Seven o CMOs for the periphery of B, ring; (B) one o~ bond associated with the Ca, dimer; (C) three delocalized oo CMOs for
the BOB, wheel; (D) four delocalized 7~ CMOs. The corresponding orbital energies are shown in eV.

S IEW A FEIE S HTAH LG, 1ER NBO # R (35 N: B 285 B3 43 (AANDP) J7 1A% AR 3R 10 BUsEAR
JRAETERESS H R LA ZE R . AANDP J7 i AN AT DUfid i 28 R 2 L) 2¢-2e, 3e-2e H, I8 0] LI
B ne-2e (<K R PIEFR). K6FIH T CaB, BIFES Rt/ N HI) AANDP iR . BI6(A) K
Ca,B,(1)H BOB, s> 74 FIERLAY 71> 2c-2e B—B o 8 K 6(B) A [ Ca, B CIE i) 2¢-2e Ca—Ca iE
W K6(C) N 3AE %A BOB, 20 T4 1Y 8c-2e B o £ 5 K1 6(D) N 34N 56 544 BOB, 43 48 1)
8c-2e B 7 B M2 1 B I TR AMA R 1Y 11e-2e B I 7 5. 18 6 v AANDP %L i HL 7 (5 450 (ON) 2443
VT FRHARR 2. 00 lel. 248 H AU, WK 11e-2e VT 8c-2e, MIAHR A ONEL A 1. 61 lel[E 6(D) |,
/& Cafi 75 BIRFZ A VE AR 240, TR 1E R VR AR 7 Ca, PROTTE 8l 1 2# Al R R
TRZUT A UG BTN 2

Chem. J. Chinese Universities, 2025, 46(9), 20250149 20250149(82/86)



Jd B3 s Ky ¥R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

N 7. @
sWw?

7(2¢-2¢) o bonds 2¢-2¢ o bond
ON=1.92—1.91 |e| ON=1.97 |e|

©

3(8c-2¢) o bonds
ON=1.99—1.98 |¢|

D)

—9 — 0 o— o
l |
]
3(8c-2¢) 7 bonds 11c-2e = bonds
ON=1.96—1.87 |¢| ON=2.00 |¢|
Fig. 6 AdNDP bonding pattern for GM of Ca,B, cluster with occupation numbers(ONs, in lel)

(A) Seven 2c-2e B—B o bonds; (B) one 2¢c-2e Ca—Ca o bond; (C) three 8c-2e delocalized o bonds;
(D) three 8c-2e delocalized  bonds and one 11c-2e delocalized 7 bond.

24 HRFEHEM
I — AT EE A, PR M 5T AL A B P R SR . B KR
e A B, 55 B R S AN Tt T N R . S5 A P RN vp 28 55 M B 8 Ak B B S AR A A
REEE PERR AL T S0 . %, YA IAR R A — S R BRI A) | Z5HRRE | R SR AR
Ca,B, A% BOB, 43 T40 AL 56 S (IR 254 , TSR AEAE— 2 BGAE , SRITZ AR T BB 2 58 £ 10 05
FMERR . R A NPA AT /R , Ca,ByBIFE 1 34 Ca 7 £ AR M FHUHA, K4 i PR3
BOB, 7 FHE TG, = B 1 B AL AT Ca B FEA T N [ Ca, 17 [ By ¥ [Cal?. 7B CaJiiF2Z [
BE S 2¢-2e FEM FRUEE, 7 (1) Ca MIZEA L Ca> B FIE AFAE, BTN Ca, B F R R 1A 1) HL - 15 35k 53
BRI HAR . 3R, Ca,B FREHE AR 75 HA 5 Bk SEBR B RS0 ) BOB, 2 FAe HocHesE , B BOB, #t
()55 B PERHE G 1R B RS AR I 5 A PR AR ALE
TSN ZF I N3 Ry P AR %% R 40 oA
/N, CaB R 4 JR Ml /NEE R AT 3 A4 85 358 o AN
A B B, AR IR S0 IR 4n+2 D5 A PERLIN , I
HAT 60 55 F ME AN 87 o5 A bk, BV RR AR HLAT vh g
AN, T2 B R Ca,By HIRE Y i 8
FFEPERHE , 7E PBE0/6-311+G (d) /K Bt T
Ca,B, A% i = ff o0 L H B 7 0.1 nm AR AZ
SEAR SRS TE 2 Bl 1] A 43 (NICS,). A&l 7
FIER , FTAT B = £ 0 i NICS (B M 3K 1
fH (-28.30~-50.74) , KK R HAH B o 7
Tk s WIALE = A0 5 0. 1 nm &b NICS_{E15

Fig.7 Nucleus independent chemical shifts in the z
direction(NICS,) for Ca,B(1) cluster

ﬂ\jiﬁ?j{ﬂ’ﬂﬂi{ﬁ (7 12, 16. 32) ’ %%Eﬁ CaSBS ﬁﬁ/ﬁ“ NICS_(0) (black color) is calculated at the center of a B,
ﬁ*/‘fé E/‘J w }i%ﬁ'lﬂf fl%éﬁ . é/%%ﬁ)?ﬁ NICSzzﬁ triangle, whereas NICS_ (0.1) (red color) is calculated
e, Al Ca,B, A5 HAT s 55 i at 0. 1 nm above the B, triangle centers.
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2.5 IBSHRIRILI SIS
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Fig. 9 HOMO, LUMO and its energy gap of Ca,B,
(1) cluster at the PBE0/6-311+G(d) level
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Fig. 10 Optimized structures of Ca,B,[C,N,H,(CH,),],(A) and Ca,B,(C.H,),(B) at the PBE(0/6-311+G(d) level
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