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Abstract
Novel lanthanide boride complexes with unique structural and bonding patterns have been observed in recent experiments.

Based on extensive first-principles theory calculations, we predict herein the possible existence of half-sandwich C2v

LaB14
- (1), C1 LaB15 (2), C5v LaB16

- (3), and Cs LaB17 (4) which all contain a La center coordinated by a bowl-like Bn

ligand (n = 14–17). Detailed bonding analyses indicate that effective d-p coordination interactions exist between the La

center and Bn ligand, making these half-sandwich complexes p dually aromatic in nature. Energy decomposition analyses

reveal that electrostatic (50.2%) and covalent (49.8%) interactions contribute almost equally to the overall attraction in

LaB14
- (1), with the La centre serving as both electron donor and acceptor. Molecular dynamics simulations show that

both LaB14
- (1) (La[B4�B10]

-) and LaB17 (4) (La[B�B5�B11]) with multicenter fluxional bonds behave like Wankel

motors at finite temperatures.
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Introduction

Molecular rotors have attracted widespread attention in

chemistry and enabled a wealth of applications in gas

phases [1, 2], solutions [1, 3], crystals [1, 4], ferroelectric

molecules [5], and on surfaces [1, 6]. It is well known that

boron has a rich chemistry characterized with delocalized

multicenter-two-electron (mc-2e) bonds in both bulk allo-

tropes and polyhedral molecules due to its prototypical

electron deficiency [7]. Over the past two decades, per-

sistent joint photoelectron spectroscopy (PES) and first-

principles theory (FPT) investigations have unveiled an

unexpectedly wide range of size-selected boron clusters

(Bn
-/0) from planar or quasi-planar structures (n = 3–38,

41, and 42) to cage-like borospherenes D2d B40
-/0 and C3/

C2 B39
- [8–12]. Joint ion mobility experiment and density

functional theory (DFT) calculations indicated that

monocationic boron clusters Bn
? possess planar or quasi-

planar structures with n up to 15 and double-ring (DR)

tubular geometries in the size range between n = 16–25

[13]. The domain of flat boron clusters is governed by the

localized two-center-two-electron (2c–2e) r-bonds on the

periphery and delocalized multicenter mc-2e r and p
bonds over the molecular moieties. Such a bonding pattern

results in unique molecular dynamics and structural flux-

ionalities in C2v B11
-, C2v B13

?, Cs B15
?, Cs B18

2-, C2v

B19
-, C2v B20

-, and C2v B20
2- which have been proposed

to be Wankel motors [14–20]. These molecular motors

consist of a small inner wheel that rotates constantly in an

outer bearing at finite temperatures with extremely low-

energy barriers on the potential energy surfaces.

Perfect transition-metal-centered monocyclic boron

wheel clusters D8h Co�B8
-, D9h Ru�B9

-, and D10h

Ta�B10
- were observed in experiments [21, 22]. Larger

metal-doped CoB12
- and RhB12

- complexes with a B12

ligand were late confirmed to have half-sandwich struc-

tures [23]. A family of transition-metal-centered DR

tubular MnB16
-, CoB16

-, RhB18
- and TaB20

- were

observed in PES measurements [24–27], with TaB20
- as a

tubular molecular rotor with the low energy barrier of

1.13 kcal mol-1. Interestingly, molecular dynamics
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simulation indicates that the half-sandwich Cs NiB11
-

(Ni[B3�B8]
-) also behaves like a Wankel motor at room

temperature, with the B3 inner ring rotating almost freely

inside the B8 outer bearing faciliated by fluxional bonding

interactions in between [28]. Fluxional bonds (FBs) which

form and break constantly in concerted mechanisms under

certain conditions were firstly proposed by our group in

planar C2v B19
-, tubular Cs Ta@B20

-, and cage-like C3/C2

B39
- [29] and late extended to half-sandwich Cs MB18

-

(M = K, Rb, and Cs) [30] and cage-like bullvalene

(C10H10) and its analogs [31]. A family of inverse sand-

wich di-lanthanide boron complexes D7h La2B7
-, D8h

La2B8 and D9h La2B9
- were recently discovered in PES

measurements [32, 33]. Tri-La-doped inverse triple-decker

C2v La3B14
- and cage-like metallo-borospherene D3h

La3B18
- were both observed in recent PES experiments

[34, 35]. Our group predicted recently the smallest lan-

thanide boride inverse sandwich tubular molecular rotor

C2h La2&[B2@B18] which possesses a B2-bar rotating

almost freely inside a B18 DR tube around it at room

temperature via multicenter fluxional bonds and the

smallest core–shell-like metallo-borospherene La3&[B2@-

B18]
- which contains a B2 core with unique donor–ac-

ceptor duality [36, 37].

Based on extensive global minimum (GM) searches and

first-principles theory calculations, we predict herein the

possibility of a series of mono-La-doped half-sandwich

boron complexes C2v LaB14
- (1), C1 LaB15 (2), C5v

LaB16
- (3), and Cs LaB17 (4) which are stabilized by

effective (d-p)r, (d-p)p, and (d-p)d interactions between

the La center and bowl-like Bn ligands (n = 14–17). Such

bonding patterns render p dual aromaticity to these half-

sandwich complexes in which both LaB14
- (1) (La[B4�-

B10]
-) and LaB17 (4) (La[B�B5�B11]) are typical Wankel

motor molecules at finite temperatures with multicenter

FBs between a small inner wheel (B4 or B5) and an outer

bearing (B10 or B11).

Theoretical Procedure

Extensive global minimum (GM) searches were performed

on LaB14
-, LaB15, LaB16

-, and LaB17 using the TGmin2

code [38] at the DFT level, in conjunction with manual

structural constructions based on the previously reported

Bn
-/0/? clusters (n = 14, 17) [8, 12]. More than 2000 tried

structures were explored for each species at PBE/TZVP

level. Low-lying isomers were then fully re-optimized at

PBE0 [39] and TPSSh [40] levels with the 6–311 ? G*

basis set [41] for B and Stuttgart relativistic small-core

pseudopotential for La [42, 43] using the Gaussian 09

program suite [44], with vibrational frequencies checked to

make sure all the low-lying isomers obtained are true

minima of the systems. Single-point energies of the five

lowest-lying isomers were further refined at the PBE0

geometries using the CCSD(T) method [45–47] imple-

mented in MOLPRO [48]. Special attention was paid to

locate both the intermediate (IM) and transition states (TS)

of LaB14
- (1) which turns out to have a much more

complicated potential energy surface than LaB17 (4). Both

forward and backward reaction paths were followed by

integrating the intrinsic reaction coordinates of LaB14
- and

LaB17. Detailed bonding analyses were performed on the

GMs, TSs, and IMs of the concerned species using the

adaptive natural density portioning (AdNDP) approach at

PBE0 level [49] which recovers both the localized and

delocalized bonds in the concerned systems. Natural

bonding orbital (NBO) analyses were performed using the

NBO 6.0 program [50]. Born–Oppenheimer molecular

dynamics (BOMD) simulations were performed on LaB14
-

and LaB17 for 30 ps at different temperatures from 300 to

1000 K using the CP2K software package [51]. Detailed

energy decomposition analysis - natural orbitals for

chemical valence (EDA-NOCV) [52–54] was performed

using the ADF program [55] at PBE0/TZP-ZORA level to

quantitatively elucidate the bonding mechanisms between

the B14
2- and La? fragments in LaB14

- (1). The zero-order

regular approximation [56–58] was applied to account for

the scalar relativistic effects. The frozen core approxima-

tion was not employed in these computations. In the EDA

analysis, the interaction energy (DEint) between two frag-

ments is decomposed into electrostatic interaction energy

(DEelstat), Pauli repulsion (DEPauli), and orbital interaction

energy (DEorb) in Eq. 1. The fragments interaction with the

smallest orbital interaction energy is best suited to describe

the bonding scheme of the system (Fig. 1).

DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ

Fig. 1 Optimized structures of half-sandwich C2v LaB14
- (1), C1

LaB15 (2), C5v LaB16
- (3), and Cs LaB17 (4) at PBE0/

6–311 ? G(d) level
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Results and Discussion

Strucutres and Stabilities

Using the experimentally observed quasi-planar Cs B14
-

[8] as ligand, the half-sandwich C2v LaB14
- (1) was

obtained as the GM of the monoanion with the large

HOMO–LUMO gap of 4Egap = 2.42 eV. It is 0.27, 0.25,

0.27 eV more stable than the second lowest-lying isomer

Cs LaB14
- at PBE0, TPSSh, and CCSD(T) levels, respec-

tively (Fig. S1). Other isomers are found to lie much higher

in energy ([ 0.68 eV) than the GM at CCSD(T). LaB14
-

(1) contains a B4 rhombic inside a B10 outer bearing and

can be better formulated as C2v La[B4�B10]
-. The B4

rhombic in it possesses the average La–B distance of

rLa–B = 2.64 Å which is obviously shorter than the corre-

sponding value of rLa–B = 2.92 Å between La and the ten B

atoms in outer bearing. Detailed NBO analyses on closed-

shell LaB14
- (1) show that the La center possesses the

natural atomic charge of qLa = ? 1.02 |e|, electronic

configuration of La [Xe]4f0.225d1.696s0.09, and total

Wiberger bond order of WBILa = 3.27. Obviously, the

centeal La atom in LaB14
- (1) donates its 6s2 electrons

almost completley to the B14 ligand, while, in return,

accepts about one electron in its 5d orbital via effective B14

(p) ? La (5d) back-donation, resulting in a NBO natural

charge distribution of La?-B14
2- in LaB14

- (1). Extensive

BOMD simulations reveal the typical fluxional behavior of

LaB14
- (1) at 1000 K (Video S1). During the simulations,

LaB14
- (1) maintains its basic half-sandwich structure,

with the B4 rhombus rotating constantly inside the B10

outer bearing in a concerted mechanism. One intermediate

Cs LaB14
- with the relative energy of 6.24 kcal/mol and

two degenerate chiral transition states C1 LaB14
- and C1́

LaB14
- with activation energy of DEa = 6.40 kcal/mol are

located on the potential energy surface of LaB14
- (Fig. 2a).

The energy barriers of DEa = 6.40 kcal/mol from C2v GM

to C1 TS and DEa = 0.16 kcal/mol from the Cs IM to either

C1 TS or C1 TŚ are not overwhelming, which, as shown in

Video S1, can be overcome by thermo-excitations at

1000 K. There exists thus a pseudo-rotation between the B4

rhombus and the B10 outer bearing in LaB14
- (1) with the

rotational angle of 9� in each step. A chiral conversion via

the pseudo-rotation is achieved on the pathway between the

two degenerate enantiomers TS1 and TS1́ in LaB14
- (1).

The specific multicenter fluxional bonds highlighted in

Fig. 2 will be discussed in details in the follwoing section.

Adding one B? monocation in LaB14
- (1) generates the

distorted half-sandwich C1 LaB15 (2) (La[B5�B10]) which

is the GM of neutral LaB15 lying 0.04 eV more stable than

the second lowest-lying Cs LaB15 at CCSD(T) (Fig. S2).

The four lowest-lying half-sandwich isomers of LaB15

lying within 0.14 eV at CCSD(T) in relative energies

(Fig. S2) are practically degenerate species which may

coexist in experiments.

Extensive global searches indicate that, as shown in

Fig. S3, LaB16
- strongly favors the high-symmetry half-

sandwich C5v LaB16
- (3) over its singlet and triplet tubular

counterparts, in sharp contrast to the experimentally

observed DR tubular D8d CoB16
- and C4v MnB16

- [24, 25]

due to size effect. La possesses a much larger atomic radius

(1.83 Å) than both Co (1.25 Å) and Mn (1.27 Å) [59]. The

C5v GM (3) contains a B�B5 pentagonal pyramid inside

the B10 outer bearing in a close-packed motif

(La[B�B5�B10]
-). It lies 0.08, 0.06, and 0,16 eV lower

than the second (Cs), third (Cs), and fourth (Cs) lowest-

lying half-sandwich isomers at CCSD(T) and 1.48 and

1.96 eV lower than the distorted singlet and triplet DR

tubular C2v isomers at PBE0, respectively (Fig. S3).

LaB16
- (3) possesses the optimized La-B distances of

rLa–B = 2.98 Å between La and the central B atom, rLa–B-
= 2.76 Å between La and the five B atoms on the B5

pentagon, and rLa-B = 2.85 Å (in average) between La and

the ten B atoms on the B10 outer bearing. Its La center

possesses the natural atomic charge of qLa = ? 1.18 |e|,

Fig. 2 a Bonding fluctuations in C2v LaB14
- (1) (2 3c–2e r ? 4 5c-

2e r) via two transition states C1 LaB14
- (TS and TS0) (1 3c–2e

r ? 3 4c–2e r ? 2 5c-2e r) and one intermediate Cs LaB14
- (6 4c–

2e r) and b bonding fluctuations in Cs LaB17 (4) (2 3c-2e r ? 3 4c-

2e r) via the transition state Cs LaB17 (3 3c-2e r ? 2 4c-2e r), with
the 3c-2e, 4c-2e, and 5c-2e r bonds highlighted in green, blue, and

purple, respectively. The activation energies DEa are indicated in

kcal/mol at CCSD(T) level
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electronic configuration of La [Xe]4f0.325d1.446s0.09, and

total Wiberger bond order of WBILa = 3.21, similar to the

situation in LaB14
- (1) discussed above.

Introducing one B? cation into the B10 outer bearing of

LaB16
- (3) results in half-sandwich Cs LaB17 (4)

(La[B�B5�B11]), the well-defined GM of neutral LaB17

which is 0.54 eV more stable than the second lowest-lying

half-sandwich isomer Cs LaB17 (Fig. S4). LaB17 (4) con-

tains a quadrilateral B4 hole as structural defect between

the B5 inner ring and B11 outer bearing to facilitate the

fluxional behavior of the neutral cluster. The La center

possesses the natural atomic charge of qLa = 1.34 |e|,

electronic configuration of La [Xe]4f0.225d1.366s0.09, and

total Wiberger bond order of WBILa = 2.92, respectively.

Extensive BOMD simulations indicate that, with the small

energy barrier of 0.0039 eV (0.09 kcal/mol) between the

Cs TS and Cs GM at CCSD(T), LaB17 (4) behaves like a

Wankel rotor in pseudo-rotations at room temperature

(300 K) (Video S2), with the B�B5 pentagonal pyramid

rotating almost freely inside the B11 outer bearing with the

rotational angle of 6.55� in each step (Fig. 2b). The Cs TS

of LaB17 with the imaginary vibrational frequency of

93i cm-1 appears to have the same symmetry as the GM

LaB17 (4).

Bonding Analyses

Detailed AdNDP bonding analyses in Fig. 3a indicate that

LaB14
- (1) possesses 10 2c-2e r bonds on the B10 outer

bearing, 1 4c-2e r bond on the inner B4 rhombus, 2 3c-2e

r bonds and 4 5c-2e r bonds between the B4 rhombus and

B10 outer bearing with the occupation number of ON =

1.86–1.91 |e| in the first row, in an overall symmetry of

C2v. The second row contains 1 5c-2e B4(p)-La(dr) bond
between La and the B4 rhombus under it with ON = 1.97

|e|, 3 15c-2e B14(p)-La(dp/r) bonds over the half-sandwich

structure with ON = 2.00 |e|, and 2 15c-2e B14(p)-La2(dd)
bonds with ON = 2.00 |e|. The 5c-2e (p-d)p bond and three

15-2e (p-d)p bonds in the second row form two concentric

p-systems matching the 4n ? 2 p-aromatic rule with n = 0

and 1, respectively, rendering p dual aromaticity to the

half-sandwich system. The two totally delocalied (p-d)d
bonds at the end help to further stabilize the monoanion.

Interestingly, both the intermediate Cs LaB14
- and transi-

tion state C1 LaB14
- exhibit very similar bonding patterns

(Fig. S5a and S5b) with that of C2v GM (Fig. 3a), with the

main difference occuring at the six delocalized r-bonds
beween the B4 rhombus and B10 outer bearing, while all the

other r and p bonds remain basically unchanged. In

specific, the 2 3c–2e r ? 4 5c-2e r bonds in the GM

(Fig. 3a) have been transferred into 1 3c–2e r ? 3 4c–2e

r ? 2 5c-2e r bonds in the TS (Fig. S5a) and 6 4c–2e r
bonds in the IM (Fig. S5b). Such a 2 3c–2e r ? 4 5c-2e r

(GM) ? 1 3c-2e r ? 3 4c–2e r ? 2 5c-2e r (TS) ? 6

4c–2e r (IM) ? 1 3c–2e r ? 3 4c–2e r ? 2 5c-2e r
(TŚ) ? 2 3c–2e r ? 4 5c-2e r (GḾ) bonding fluctuation

repeats itself in the pseudo-rotation process of the half-

sandwich molecular rotor. The close-packed C1 LaB15 (2)

also appears to be p dually aromatic, in nature, with 1 6c–

2e (d-p)p bond at the center and 3 16c-2e (d-p)p bonds

over the distorted half-sandwich structure (Fig. 3b).

The high-symmetry LaB16
- (3) possesses a similar but

more elegant bonding pattern. As shown in Fig. 3c, it

contains 10 2c-2e r bonds on the B10 outer bearing, 5 3c–

2e r bonds on the B�B5 pentagonal pyramid, and 5 4c–2e

r bonds between the B5 middle ring and B10 outer ring in

the first row and 1 7c–2e B6(p)-La(dr) bond between La

and the B�B5 pentagonal pyramid, 3 16c-2e (d-p)p bonds,

and 2 16c-2e (d-p)d bonds between La and the B5�B10

Fig. 3 AdNDP bonding patterns of a LaB14
- (1), b LaB15 (2),

c LaB16
- (3), and d LaB17 (4), with the occupation numbers (ONs)

indicated
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double ring motif in the second row, in an overall sym-

metry of C5v, again rendering p dual aromaticity to the

monoanion.

Both the fluxional Cs LaB17 (4) and its transition state Cs

LaB17 appear to well inherit the main bonding character-

istics of C5v LaB16
- (3) (Fig. 3d and Fig. S6). The main

bonding difference between them occurs in the five delo-

calized r bonds which fluctuate constantly at room tem-

perature bewteen the B5 middle ring and the B11 outer

bearing, with 2 3c-2e r ? 3 4c-2e r bonds in the Cs GM

(Fig. 3d) transfered into 3 3c-2e r ? 2 4c-2e r bonds in Cs

TS (Fig. S6). The 2 3c–2e r ? 3 4c-2e r (GM) ? 3 3c–2e

r ? 2 4c-2e r (TS) ? 2 3c–2e r ? 3 4c-2e r (GḾ)

bonding fluctuation shown facilitates the fluxional behav-

iors of LaB17 (4).

Detailed EDA-NOCV analyses [52–54] shed quantita-

tive insights into the nature of the bonding interactions in

these half-sandwich complexes, as demonstrated for

LaB14
- (1) in Fig. 4. With the smallest orbital interaction

energy of DEorb = -300.2 kcal/mol, the La? and B14
2-

fragments interaction is best suited to describe the bonding

scheme of LaB14
- (1) in various schemes considered. Such

La?…B14
2- scheme is well in line with the NBO natural

charge distribution of La?-B14
2- in LaB14

- (1). The

bonding molecular orbitals (MOs) 8a2, 27a1, 26a1, 14b2
and 14b1 which represent covalent interactions between the

La? ligand and B14
2- ligand are connected with the cor-

responding fragmental orbitals by red lines in Fig. 4, with

the orbital compositions listed in Table S1. The MO 8a2 is

mainly composed of contributions from the occupied 3a2 of

La? with dx2-y2 character and vacant 6a2 of B14
2- with p

feature. The MO 27a1 is a linear combination of the

occupied 14a1 of B14
2- with p feature and vacant 15a1 and

16a1 of La
? with dz2 and dxy characters, respectively. The

26a1 is mainly a combination of the occupied 13a1 of B14
2-

with p feature and vacant 15a1 of La
? with dz2 feature. The

14b2 and 14b1 mainly originate from the occupied 8b2 and

8b1 of B14
2- with p character and vacant 7b2 and 7b1 of

La? with dxz and dyz characters, respectively. There exists

a strong charge transfer (? 1.02 |e|) from La to B14,

resulting in the La?-B14
2- pairwise interaction in LaB14

-

(1).

We analysed the La?-B14
2- interaction by the decom-

position of the orbital terms into pairwise contributions, as

shown in Table 1. The interaction energy DEint consists of

Pauli repulsion DEPauli, Coulombic attraction DEelstat, and

orbital interaction DEorb, with almost equal covalent con-

tribution (50.2%) and electrostatic contribution (49.8%).

The decompositions of the orbital interactions DEorb into

pairwise contributions between occupied and vacant MOs

of the fragments provide quantitative insight into the

charge flow. There exist five major terms DE1 * DE5

associated with the deformation densities Dq1-Dq5,
respectively. The remaining terms contribute\ 10% to the

total orbital interactions. The color code of the deformation

densities indicates the direction of the charge flow from

Fig. 4 Bonding scheme of C2v LaB14
- (1) using the fragments La? and B14

2- as interacting species at PBE0/TZP-ZORA level
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red ? blue, as shown in Fig. S7. The strongest orbital

interaction DEorb(1) (47.6%) arises mainly from the [La?

(d)] ? [B14
2- (p)] donation in which the La? centre serves

as a donor to the B14
2- ligand, while the relatively weaker

orbital interaction DEorb(2–5) (43.1%) originates from the

[La? (d)] / [B14
2- (p)] back-donation where the La?

centre is an acceptor from the B14
2- ligand (Table 1).

Spectral Simulations

Finally, we computationally simulate the IR, Raman, and

PES spectra of LaB14
- (1) in Fig. 5 to facilitate its future

infared-photodissociation (IR-PD) or PES spectroscopic

characterizations. Its major IR bands occur at 597(b1),

814(b2), 1117(b1) and 1262(b1) cm-1, with the corre-

sponding Raman active vibrations located at 679(a1),

1171(a1) and 1381(a1) cm
-1, respectively. The calculated

PES spectrum of LaB14
- (1) exhibits major spectral fea-

tures at 2.85, 3.05, 3.92, 4.54, 4.99–5.81 and 6.21 eV,

respectively, which correspond to vertical electronic tran-

sitions from the ground state of the anion to the ground and

excited states of the neutral at the ground-state geometry of

the anion. The simulated IR, Raman and PES spectra of

LaB16
- (3) are depicted in Fig. S8 and IR, Raman and UV–

vis specra of LaB17 (4) shown in Fig. S9.

Conclusions

In summary, we have presented in this work a compre-

hensive first-principles theory investigation on a series of

half-sandwich lanthanide boride clusters including C2v

LaB14
- (1), C1 LaB15 (2), C5v LaB16

- (3), and Cs LaB17

(4) which all appear to be p dually aromatic in nature. In

particular, C2v LaB14
- (1) and Cs LaB17 (4) prove to be

typical Wankel motor molecules at finite temperatures in

concerted mechanisms with low energy barriers. The

fluxional behavors of these half-sandwich complexes

originate from the multicenter r-FBs in them between the

inner wheel (B4 or B5) and outer bearing (B10 or B11). Such

stable lanthanide-boron binary sepcies may be produced

and characterized in PES or IR-PD experiments in gas

phases. More lanthanide-doped complexes may be

explored in both experiments and theory to to form novel

nanostructures with unique magnetic, electronic, and cat-

alytic properties.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1007/s10876-

021-02072-x.

Table 1 EDA-NOCV analysis of the LaB14
- (1) at PBE0/TZP-ZORA

level using the fragments La? and B14
2- as interacting species. All

energy values are in kcal mol-1

Energy terms Orbital interaction La? ? B14
2-

DEint - 377.0

DEPauli 225.4

DEelstat
[a] - 302.2 (50.2%)

DEorb
[a] - 300.2 (49.8%)

DEorb(1)
[b] [La? (d)] ? [B14

2- (p)] - 142.8 (47.6%)

DEorb(2)
[b] [La? (d)] / [B14

2- (p)] - 44.2 (14.7%)

DEorb(3)
[b] [La? (d)] / [B14

2- (p)] - 35.2 (11.7%)

DEorb(4)
[b] [La? (d)] / [B14

2- (p)] - 26.9 (9.0%)

DEorb(5)
[b] [La? (d)] / [B14

2- (p)] - 23.0 (7.7%)

DEorb(rest)
[b] - 28.1 (9.4%)

aThe value in parentheses gives the percentage contribution to the

total attractive interactions (DEelstat ? DEorb)
bThe value in parentheses gives the percentage contribution to the

total orbital interactions

Fig. 5 Simulated IR, Raman and PES spectra of LaB14
- (1) at PBE0/

6–311 ? G(d) level
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