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Lanthanide/actinide boride nanoclusters and
nanomaterials based on boron frameworks
consisting of conjoined B, rings (n = 7-9)}
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Extensive global minimum searches augmented with first-principles theory calculations performed
in this work indicate that the experimentally observed perfect inverse sandwich lanthanide boride
complexes Dy, LayB;~ (1), Dgn LazBg (3), Do, LasBg™ (7) can be extended to their actinide counterparts
Coy AcoB;™ (1), Dgn AcoBg (3'), Do, AcoBg™ (7') with a B, monocyclic ring (n = 7-9) sandwiched by two
Ac dopants. Such M,B,,~’° inverse sandwiches (1/1', 3/3/, 7/7') can be used as building blocks to gener-
ate the ground-state C, LasBis™ (2)/AcsBis™ (2'), D, LagBis™ (4)/AcyBis™ (4), Cs,/Cs LagBig (5)/Ac4Big
(5"), On Ac7Bos™ (6/), O Ac7Boa, Ty AcsBos (8'), Ci LasBos™ (9)/AcsBos™ (97), and T4 AcsBog™ (107) which
are based on boron frameworks consisting of multiple conjoined B, rings (n = 7-9). Detailed bonding
analyses show that effective (d-p)o, (d—p)r and (d—p)d coordination bonds are formed between the B,
rings and metal doping centers, conferring three-dimensional aromaticity and extra stability to the
systems. In particular, the perfect body-centered cubic Oy Ac;B24" (6/) and Oy, AcyB4 with six conjoined
Bg rings can be extended in x, y, and z dimensions to form one-dimensional AcioBs, (11'), two-
dimensional AczBio (12’), and three-dimensional AcBg (13’') nanomaterials, presenting a Bg-based
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Introduction

As the light neighbour of carbon in the periodic table with
prototypical electron-deficiency, boron exhibits unique struc-
tures and bonding in its polyhedral molecules, bulk allotropes,’
and the theoretically predicted buckyballs* and newly observed
bilayer borophenes.® In the past two decades, persistent joint
photoelectron spectroscopy (PES) and first-principles theory
investigations have revealed that small boron clusters B,
possess planar or quasi-planar (n = 3-38, 41, and 42), cage-
like (B4 "°/Bso ), and bilayer (Bss '°) structures in a wide size
range between n = 3-48, featuring both delocalized ¢ and
n multicenter-two-electron (mc-2e) bonding interactions.*™®
Combined ion-mobility measurements and density functional
theory (DFT) investigations indicated that cationic boron clus-
ters B," possess double-ring tubular structures (n = 16-25)."°
The experimentally observed cage-like B,o '°/Bss~ have been
extended to the B}, borospherene family (n = 36-42, g = n — 40)
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bottom-up approach from metal boride nanoclusters to their low-dimensional nanomaterials.

at first-principles theory level, while the bilayer structural motif
firstly observed in B, ® has been expanded recently to a
series of novel bilayer boron clusters in the size range between
Bso—B,, and a bottom-up approach from medium-sized boron
clusters to bilayer borophenes at DFT level.'* In addition,
icosahedral-B,, stuffed Bgy, Bgs, Bigs, and By;, have been
predicted at DFT level, with Cg B, as the most stable core-
shell borospherene with one B,, icosahral core at the center
reported to date.”>™® The structures of small and, especially,
medium-sized boron clusters appear to exhibit strong depen-
dence on both their sizes and charge states.
Transition-metal-doping has proven to induce dramatic
structural changes to boron clusters, greatly enriching the
structural diversity of metal boride complexes. Mono-metal-
doped boron clusters exhibit metal-centered planar wheel-like,
half-sandwich, or tubular drum-like structures, generating the
coordination number of CN = 10 in planar D;o, Ta©B;, and
Dion ND©By, .12 A recent investigation indicates that the
experimentally observed perfect planar D3, La©Cy;" possesses
the record coordination number of CN = 13 in planar species.??
A series of perfect inverse-sandwich di-metal-doped boron
clusters Dg, Ta,Be /%, Do, La,B,~ (1), Dgn La,Bg (3), and Doy,
La,By~ (7) were recently discovered in PES measurements, with
a perfect planar B, ring (n = 6-9) sandwiched between two metal
atoms via effective (d-p)o, (d-p)r, and (d-p)d coordination
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bonding interactions.>*”*> However, both C; La,B;,~ and C,,
La,B;;~ were experimentally characterized to be expanded
inverse sandwiches based on a By ring, indicating that the By
is the largest boron ring to form perfect inverse-sandwich metal
boride complexes.?® The tri-La-doped inverse triple-decker Cj,
LazB;,~ was discovered in PES experiments with two conjoined
Bg rings sharing a B-B edge.”” PES experiments indicate
LaszBig~ is a perfect Dj;, trihedral metallo-borospherene with
three deca-coordinate La atoms on the cage surface.”® Such
a metallo-borospherene was late theoretically extended to
the smallest core-shell metallo-borospherene Dj; LazB,o~
(By@LazB,g~) with a B, dumb-bell at the cage center along
the C; molecular axis.”® Based on extensive global minimum
(GM) searches and first-principles theory calculations, our
group recently proposed a series of novel lanthanide boride
nanoclusters including the smallest double-ring tubular mole-
cular rotor C,, La,[B,@B;s] with a B, dumb-bell inside,*
perfect endohedral cubic Oy, La;B,," (6) and Oy La,B,, with
six conjoined inverse La,Bg sandwiches sharing a La atom at
the center, perfect tetrahedral metallo-borospherene T4 La,B,,
(8) with four nona-coordinate La atoms on the cage
surface, perfect tetrahedral core-shell metallo-borospherene
T4 LagByo” '~ (10) (B@B,@LayB,,) with a tetrahedral BB, unit
at the center, and endohedral trihedral metallo-borospherenes
Dy, La@[Las&B;0]”*~ with spherical aromaticity.>*>* However,
tetra-La-doped boride complexes La,B,"* (n = 13-18) with
conjoined B, Bg, and By rings as ligands still remain unknown
in both experiments and theory, and more importantly, the
chemistry and materials science of the corresponding actinide
boride nanoclusters and their low-dimensional nanomaterials
have not been explored to date in either experiments or theory
possibly due to the radioactivity of actinide. Modern quantum
chemistry provides powerful means to fulfil the gaps in such
situations.

Inspired by the experimentally observed perfect inverse
sandwich La,B,” (1), La,Bg (3), La,By~ (7) and based on
extensive first-principles theory calculations, we predict herein
a series of novel La/Ac doped boron clusters including C,,
Ac,B;~ (1), Dgn Ac,Bg (3'), Don AcyBy (7)), C» LayBis~
(2)/AciBi3~ (2'), D, LaBys~ (4)/AcyBis~ (4'), C3/C; LagBig
(5)/AcsBys (5'), On Ac;Bn,' (6"), Tq AcyBys (8'), C; LasB,y"
(9)/AcsB,s" (9'), and T4 AcyByo~ (10) which are composed of
mono or multiple conjoined B, rings (n = 7-9) as ligands to
coordinate the metal centres. More interestingly, the cubic
Ac,B,,""° (6') can be extended to form the highly stable actinide
boride nanomaterials 1D Ac,0B3, (11), 2D Ac;By, (12), and 3D
AcBg (13'), expanding the previously reported low-dimensional
lanthanide boride nanomaterials to their actinide boride
counterparts.

Theoretical methods

The global-minimum (GM) structures of La,B;3~, La;Bqs ,
LasB;g, and LasB,," were searched using the TGMin2
program®® at the DFT level, with the initial seeds constructed

This journal is © the Owner Societies 2022

View Article Online

PCCP

based on the experimentally observed La-B binary complexes.
More than 3000 trial structures were explored for each species
at PBE/TZVP. The low-lying isomers were subsequently opti-
mized using the hybrid PBE0*> and TPSSh?® functional with the
6-311+G* basis set’” for B and Stuttgart energy-consistent
relativistic pseudopotential ECP46MWB**2° and ECP78MWB*°
for La and Ac using the Gaussian 09 program.*" All local minima
were checked by vibrational frequency analyses. To obtain more
accurate relative energies, we did further single-point CCSD(T)
calculations*>™** at the PBEO geometries with the same basis sets
for the five lowest-lying isomers of La,B;3~, La,B;5 , and La,B;g
using the Molpro package.”> Based on the obtained low-lying
isomers of La,B, , La;B;; , La,Bg, La,B;s, LasB;g, La,;B,,,
La,By~, LayB,4, LasB,,", and La,B,,~, we optimized the structures
of their actinide boride counterparts Ac,B; , AcyBi3~, Ac,Bg,
Ac,Bis~, AcsBig, AcsBos’, AcBy, ACsBrs, AcsB,s, and AcyB,y .
Low dimensional actinide boride nanostructures 1D Ac;oBs,,
2D Ac;By, and 3D AcBg constructed from cubic Ac,B,," (6") were
fully optimized using the Vienna ab initio simulation package
(VASP),**"” within the framework of projector augmented wave
(PAW)*®*® pseudopotential method and PBE generalized gradient
approximation (GGA).”® The Coulomb-corrected local spin-density
approximation (LSDA + U) was utilized for both structural relaxa-
tion and static calculation (U = 5 eV) for La and Ac.”>** Different
long-range corrections with U = 3, 4, and 5 are found to produce
essentially the same lattice constants and band structures for low-
dimensional actinide materials. The cutoff energy of 500 eV was
used. The criterion of convergence for the maximum force on
each atom was less than 0.01 eV A~ and the total energy was
10~° eV. Chemical bonding was analyzed using the adaptive
natural density partitioning (AANDP) approach.”® Natural
bonding orbital (NBO) analyses were performed using the
NBO 6.0 program.®® Born-Oppenheimer molecular dynamics
(BOMD) simulations were carried out on La;By3~ (2), LasBys~
(4), and La,B,5 (5) for 30 ps at 800 K using the CP2K code.’” The
iso-chemical shielding surfaces (ICSSs)*® were generated with
the Multiwfn 3.8 code.””

Results and discussion

Lanthanide/actinide boride nanoclusters consisting of
conjoined B, rings (n = 7-9)

As elements in the same group in the periodic table,
Ac([Rn]7s’6d") and La([Xe]6s>5d") with similar valence electro-
nic configuraitons are expected to form similar boroide
nanoclusters and nanomaterials. It turned out to be true that,
by substitution of La with Ac, the experimentally observed
inverse sandwich lanthanide boride clusters D,, La,B, ’°
(1, °A,"), Dgn La,Bg (3, *Asg), Don LayBy~ (7, 'A;’) can be readily
extended to their actinide counterparts Dy, Ac,B,~ (*A,"), Dgn
Ac,Bg (3, °Ayg), and Do, Ac,By~ (7', 'A,) at PBEO, with the
average optimized B-B, Ac-B, and Ac-Ac distances of g5 =
1.587, 1.554, and 1.542 A, ra._p = 2.705, 2.807, and 2.890 A, and
Facac = 3.987, 3.878, and 3.617 A, respectively. However, at the
more accurate CCSD(T) level, the triplet D;;, Ac,B; " is slightly
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Fig. 1 Lanthanide and actinide boride nanoclusters consisting of mono or
multiple conjoined B, rings (n = 7-9) (M = La, Ac). The number of B, rings
(n = 7-9) in each structure is indicated in parentheses.

distorted to singlet C,, Ac,B,” (1’, 'A,) which appears to be
0.56 eV more stable than its D;;, counterpart (Fig. S1(a), ESIT).
Ac,B,° (1, 37, 7') as the global minima of the systems appear
to lie at least 0.56 eV lower than their counterparts in other
structural motifs at CCSD(T) (Fig. S1-S3, ESIT).

Using inverse sandwich M,B,~ (1/1') as building blocks, the
axially chiral C, MB35~ (2/2) based on a B;3 boron framework
consisting of two conjoined B rings sharing a periphery B atom
at the center in a co-shaped structural motif (7 + 7 mode) were
obtained. Interestingly and encouragingly, as shown in Fig. 1
and Fig. S1(2) (ESIt), extensive GM searches and first-principles
calculations indicate that C, LasB;5~ (2, *A) composed of two
conjoined La,B, (1) inverse sandwiches is the well-defined GM
of the system with the lowest vibrational frequency of vy, =
79.3 em ™" which lies 0.82 eV lower in energy than its triplet
counterpart D, La,By;~ (*B,) at CCSD(T), with all other low-
lying isomers lying at least 0.41 eV higher in relative energy.
In addition to the shared B atom, La,B;;~ (2) also forms two
vertex-sharing B; triangles involving the central B and its four
closest periphery boron neighbors as bridges to link the
two equivalent B, rings together, faciliating the formation
of multiple-center bonding interactions over the two vertex-
sharing B; triangles to help stabilize the system as detailed
below. As shown in Fig. S4 (ESIt), La;B;;~ (2) possesses the
optimized B-B distance of rz 5 = 1.75 A between central B and
its four closest neighbors which is longer than the average B-B
distance of rg_p = 1.62 A in the remaining parts of the two
conjoined B; rings, while the La-B distances of r;, g = 2.63 A
between the central B and four La atoms appear to be shorter
than the remaining La-B distances with r, g = 2.68-2.71 A.
Detailed NBO analyses on La;B;3~ (2) show that central B atom
possesses the natural atomic charge of gg = —0.63 |e| and total
Wiberg bond order of WBI; = 3.92, while the four equivalent La
atoms carry the natural atomic charge of gp, = +1.10 |e| and
total Wiberg bond order of WBI;, = 3.27. The B-B bond order
between central B and its four neighboring B is calculated to
be WBIz g = 0.60. Molecular dynamics simulations in 30 ps
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indicate that La,B;3~ (2) is highly dynamically stable, with
the small calculated average root-mean-square-deviations of
RMSD = 0.13 A and maximum bond length deviations of
MAXD = 0.37 A at 800 K (Fig. S5a, ESI). Similar to La B3~ (2),
C, AcyBy;~ (2/, 'A) also proves to be the GM of the system
(Fig. S1(2") (ESIY)) dynamically table at 800 K. (Fig. S5b, ESIf).

Employing M,Bg (3/3') as building blocks, we obtained the
axially chiral singlet D, MBys~ (4/4’) which possesses two
conjoined equavalent Bg rings in a co-shaped strucutral motif
(8 + 8 mode), with two vertex-sharing B; triangles formed
between the B atom at the center and its four closest boron
neighbors, similar to the situation in M,B,5~ (2/2). D, La,By5~
(4) proves to be the well-defined GM of the system (Fig. S2, ESIt)
with the lowest vibrational frequency of vy, = 65.5 cm™ ! at
PBEO which lies 0.75 and 0.79 eV lower at CCSD(T) than the
second (C;) and third (C;) lowest-lying isomers, respectively.
It possesses the optimized B-B distance of r_ = 1.73 A between
central B and its four closest B neighbours and La-B distance of
e = 2.68 A between central B and four La atoms. The
calculated HOMO-LUMO gap of AE,,, = 1.96 eV at PBEO well
supports the high chemical stability of the monoanionic
complex. Its four equivalent La atoms possess the natural
atomic charge of ¢;, = +1.18 |e|, the electronic configuration
of La[Xe]5d"*°6s*'*, and the total Wiberg bond order of
WBI;, = 3.14. The La-B coordination bond order between La
and central B is calculated to be WBI,_p = 0.26 which is slightly
lower than the other La-B bond orders between La and its
neighboring Bg ring. Extensive molecular dynamics simulations
indicate that La,Bys~ (4) is also highly dynamically stable at
800 K (Fig. S5a, ESIt). As the actinide analogue of La,B;5~ (4),
D, Ac,B;i5~ (4') also appears to be highly stable both thermo-
dynamically and dynamically (Fig. S5b, ESIt). However, exten-
sive global searches indicate that, unlike B, and Bg rings, B
rings are too big in size to form stable conjoined double-ring
metal complexes.

We further extend the complex series to the crown-like Cs,
M,B;; (5/5") which consist of three conjoined Bg rings sharing a
B; triangle on the top, with three equivalent octa-coordinate La
atoms on the cage surface and one La atom inside at the center
along the C; molecular axis. Extensive GM searches indicate
that La,Byg (5) is the GM of the system at CCSD(T), with the
second lowest-lying cage-like Cs isomer lying 0.07 eV higher in
relative energy. Other cage-like isomers are found to be at least
0.81 eV less stable than the GM (Fig. S2(5), ESIt). LayBys (5)
possesses the optimized average La-B distances of 71, g = 2.89 A
between the central La atom and its B;g ligand and 7,5 =
2.72 A between the octa-coordinate La atoms and their neigh-
boring Bg ligands on the surface, with the B-B distances of
re.s = 1.69 A within the three B-B dumb-bells shared by
neighboring Bg rings and ry_5 = 1.63 A within the B; triangles
on the top. The large HOMO-LUMO gap of AE,,, = 2.37 eV
calculated for La,B;g (5) well supports the high chemical
stability of the system with three conjoined Bg rings. Similar
situation exists in C;, Ac;Byg (5'). In contrast, extensive efforts
to construct boron frameworks with three conjoined B, or Bo
rings have proven to be unsuccessful. Furthermore, using the
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Bg-based bottom-up approach established above from M,Bg
(3/3"), M,Bys~ (4/4'), and M,B,s (5/5'), the crown-shaped
La,Bys (5) with dangling bonds at the bottom can be further
expanded to form boron frameworks with more than three
conjoined Bg rings based on the special topology of the Bg ring.
The perfect cubic Oy, M;B,," (6/6') with six conjoined Bg rings
provide such special cases which can be viewed as two conjoin-
ing M4By; (5/5) units along the C; molecular axis.

Further increasing the cluster sizes, our group reported in
two recent papers on singlet Oy La,;B,," (6) and doublet Oy
La,;B,, with six conjoined Bg rings, tetrahedral T4 La,B,, (8)
with four conjoined By rings, and tetrahedral Ty La,B,o  (10)
with four conjoined By rings encapsulating a tetrahedral BB,
core at the center.*’*> We focus here on their actinide analo-
gues Oy, Ac;Byy' (6'), On AcsBay, Tq AcgBay (8'), T AcyBao™ (107),
and the newly obtained core-shell C; MsB,," (9/9') (M = La, Ac).
Both the endohedral singlet Ac;B,4" (6') and doublet Oy, Ac;B,y4
which can be viewed as six embedded La,Bg inverse sandwiches
in a cube sharing a La vertex at the center possess perfect body-
centered structures with six equivalent octa-coordinate Ac
atoms on the surface and one Ac atom at the center, Ty4
Ac,B,, (8') as an ideal tetrahedral metallo-borospherene con-
tains a boron framework consisting of four conjoined By rings
with four equivalent nona-coordinate Ac atoms as integrated
parts of the cage surface, C; LasB,," (9) and C; AcsB,," (9') are
slightly distorted endohedral tetrahedral metallo-borospherenes
with four nona-coordinate metal atoms on the surface and one
metal atom slightly off-centered, while Ty Ac,B,s~ (10’) has a
perfect tetrahedral core-shell structure with a tetrahedral Ty BB,
unit encapsulated at the center. The low-lying isomers of the
concerned species collectively depicted in Fig. S1-S3 (ESIT) indi-
cate that lanthanide and actinide boride nanoclusters possess
similar GMs and low-lying isomers in this size range.

Chemical bonding analyses

To better comprehend the high stability of La/Ac boride com-
plexes with multiple conjoined B, rings (n = 7-9), as examples,
we performed detailed ANDP bonding analyses on the closed-
shell C, La;B13~ (2), D, LasB1s~ (4), and Cs, LasByg (5) to recover
both the localized and delocalized bonds of the systems.
As clearly indicated in Fig. 2a, La,By3~ (2) possesses in the first
row 5 2c-2e B-B periphery ¢ bonds on each of the two
conjointed B, rings with the occupation number of ON =
1.87-1.89 |e| and 2 equivalent 3c-2e o bonds on the two
vertex-sharing B; triangles at the center with ON = 1.82 |e|,
forming the c-skeleton of the complex in an overall symmetry
of C,. The second row contains 3 9c-2e B,(c)-La,(d,/,) bonds
over the La,B,  inverse sandwich on the left with ON = 1.90-
2.00 |e| and 3 symmetrically distributed 9c-2e B,(c)-La,(d.ys)
bonds over the La,B,  inverse sandwich on the right, forming
two equivalent local ¢ aromatic inverse sandwiches matching
the 4n + 2 rule (n = 1) in La,B;;~ (2). The two conjoined locally
c-aromatic systems in La,B;3~ (2) well correspond to the o
aromatic system in the experimentally observed inverse sandwich
Doy, La,B,~ (1).>* The 5¢-2e n bond with ON = 1.67 in the third row
and four 9c-2e B,(m)-La,(d,/c) bonds with ON = 1.98-1.99 |e| at
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Fig. 2 AdNDP bonding patterns of the closed-shell (a) C, LasBiz~ (2),
(b) D, LasBis™ (4), and (c) Cs, LasBig (5), with the occupation numbers
(ONs) indicated.

the center in the fourth row form a 10m aromatic system in
La,B;3~ (2) matching the 4n + 2 rule with n = 2, rendering an
overall m-aromaticity to the system. The remaining 2 9c-2e B,(r)-
La,(ds) bonds on the left and right ends of the fourth row with ON
=1.75 |e| and the totally delocalized 17c-2e bond over the whole
molecule with ON = 2.00 |e| in the fifth row help to further
stabilize the system. Thus, the high stability of La;B;;~ (2)
originates from the unique (d-p)o, (d-p)r, and (d-p)d coordina-
tion bonds between the four La atoms and the chiral C, Bq;
framework consisting of two conjoined B, rings.

As indicated in Fig. 2b, La,B;5~ (4) possesses a similar
bonding pattern with La,B;;~ (2). It has 12 2¢-2e B-B periphery
o bonds on the axially chiral B, 5 ligand and 2 equivalent 3c-2e
o bonds over the two vertex-sharing B; triangles at center in the
first row in an overall symmetry of D,. There exist 3 10c-2e
Bg(o)-La,(d,/s) bonds on the La,Bg inverse sandwich on the left
and 3 10c-2e Bg(o)-Lay(dy,) bonds symmetrically distributed
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on the right, forming two equivalent locally ¢ aromatic systems
matching the 4n + 2 rule (n = 1) in La;B43~ (2). Meanwhile, the
5c¢-2e © bond in the third row and four 10c-2e Bg(m)-La,(dy/o)
bonds in the fourth row at the center form a 10m aromatic
system following the 4n + 2 rule (n = 2). Different from La,B;3~
(2), LayBy5~ (4) with a sepcial electronic count possesses 2 10c-
2e Bg(m)-La,(ds) bonds over the La,Bg inverse sandwich on the
left and 2 10c-2e Bg(n)-Lay(ds) bonds symmetrically distributed
over the La,Bg inverse sandwich on the right in the fourth row.
Again, it is the o + n dual aromaticity and unique (d-p)d bonds
between the four La atoms and the chiral D, B;s framework
with two conjoined Bg rings that render high stability to
La,By5~ (4).

The high-symmetry crown-like C;, La,By5 (5) appears to have
an even more interesting bonding pattern (Fig. 2¢). It possesses
12 isolated 2c-2e o bonds on the B,g framemork and 4 isolated
3c-2e ¢ bonds on four B; triangles on the surface in the first
row in an overall symmetry of Cj,. The following 15 10c-2e
bonds in the second, third, and fourth rows are evenly dis-
tributed on three equivalent conjoined La,Bg inverse sand-
wiches embedded in the crown-shaped structure, including 3
10c-2e Bg(o)-Lay(de/r) bonds, 1 10c-2e Bg(o)-La,(d,) bond, and
1 10c-2e Bg(m)-La,(ds) bond on each of the three conjoined
La,Bg (3) inverse sandwiches, rendering local ¢ (4n + 2 = 6,
n=1)and n (4n + 2 = 2, n = 0) dual aromaticity to the
system. The remaining 2 22c-2e bonds in the fifth row are
delocalized over the whole neutral complex. Similar situations
occur in Ac,By; (5'). The bonding patterns obtained above for
La,By;™ (2),LaB;s  (4), and La,B,g (5) are well in line with their
corresponding canonical molecular orbitals (CMOs) depicted in
Fig. S6 (ESIY).

The 3D aromatic nature of D,;, La,B; (1), C, LayBy3~ (2), Dgn
La,B; (3), D, LayBys~ (4), Csy LagBys (5), Dop La,By~ (7), and Cy
LasB,," (9) is further evidenced by their calculated nucleus-
independent chemical shift (NICS) values. Based on the calcu-
lated NICS-ZZ components, Fig. 3 depicts their iso-chemical
shielding surfaces (ICSS) with the Z-axis parallel to the desig-
nated C5, C,, Cg, C,, C3, Cq, or C; molecular axes to illuminate
the chemical shieldings in these complexes, compared with
that of benzene Dy, CsHe. Obviously, the space inside the
complexes or within about 1.0 A above the metal atoms in
vertical direction belong to chemical shielding regions with
negative NICS-ZZ values (highlighted in yellow), while the
chemical de-shielding areas with positive NICS values (high-
lighted in green) are located outside the B, ligands in horizontal
direction. The ICSSs of these complexes appear to be similar to
that of the prototypical aromatic benzene CgHe.*>*

1D, 2D, and 3D actinide boride nanomaterials

The highly stable cubic O, Ac;B,," (6') and Op Ac,;B,, as
embryos can be extended in x, y, and z three directions to form
periodic actinide boride nanomaterials 1D Ac,; (B3, (11') (P4/mmm),
2D Ac;By, (12') (P4/mmm), and 3D AcBg (13') (Pm3m) with the
optimized lattice parameters of a = 8.70 A, a = b = 4.17 A, and
a =b =c =422 A at PBE, respectively. These results are
well comparable with the corresponding values of a = 8.66 A,
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Dy, La;By™ (7)

C, LasB,," (9) Dy, CeHg

Fig. 3 Calculated iso-chemical shielding surfaces (ICSSs) of La,B;~ (1),
LasBiz™ (2), LasBg (3), LasBis™ (4), and LasBig (5), Dop LasBg™ (7), and C1
LasBs4* (9), in comparison with that of benzene Dg, CgHg. Yellow and
green regions stand for chemical shielding and de-shielding areas,
respectively.

a=b=417 A, and a = b = ¢ = 4.16 A calculated for their
lanthanide boride counterparts 1D La;oBs,, 2D LazB;o, and 3D
LaBg at the same theoretical level.** The calculated La-B dis-
tances of racp = 3.10 A for 3D AcBe (13'), Fac-sx) = Fac-n() =
3.08 A, and rac_p() = 3.10 A for 2D Ac;B4, (12') also correspond
well with the corresponding values in their lanthanide boride
counterparts.’” Similar Ac-B distances are obtained for 1D
AcyoB3, (11'). It is worth noticing that cubic B,, frameworks
with six conjoined Bg rings in Oy, Ac;B,4" (6') and Oy, Ac,B,, are
well maintained in its 1D, 2D, and 3D nanostructures with
infinite conjoined Bg rings in periodical arrangements (Fig. 4).

Fig. 5 depicts calculated band structures and projected
density of states (PDOS) of the most-concerned 2D Ac;Bi,
(12') and 3D AcBg (13') which are expected to be synthesized
in experiments. As expected, these nanostructures all appear to
be metallic in nature, similar to their lanthanide counterparts.
Both the B 2p orbitals and Ac 6d orbitals contribute to the
calculated densities of states near the Fermi level. For 2D
Ac;By, (12'), Ac-6d orbitals make major contributions to the
PDOS above the Fermi level, while B-2p orbitals dominate the
PDOS below it. However, for 3D AcBg (13), B-2p orbitals
dominate in both situations, with Ac 6d orbitals making minor
contributions.

The calculated elastic constants of C;; = 456 Gpa, Ci, =
29 Gpa, and Cyy = 114 Gpa, Young’s modulus of Y = 340 Gpa,
and Poisson’s ratio of v = 0.17 for 3D AcBg (13’) are well
comparable with the corresponding measured®®/calculated
values of Cy; = 463/468, C,, = 45/23, and C44 = 89/91 Gpa, Y =
308/313 Gpa, and v = 0.22/0.19 obtained for the experimentally
known 3D LaBg (13). The results obtained above indicate that,
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Fig. 4 Optimized structures of cubic On M;Bys* (6/6'), O, MsB,4, 1D
M10Bs> nanowire (11/11), 2D Ms3Bjo nanosheet (12/12'), and 3D MBeg
nanocrystal (13/13’) at PBE level (M = La, Ac).

(a) 2D Ac;B,, (12"

Energy (eV)

(b) 3D AcB, (13)

Energy (eV)

— B-s
— Bp
— Ac-s
= Ac-p
— Ac-d

/1

R

-4

Fig. 5 Calculated band structures and projected densities of states
(PDOS) of (a) 2D AcsBio (12') and (b) 3D AcBg (13') at PBE level.

similar to their lanthanide boride counterparts, low-dimensional
actinide boride materials 1D Ac;0Bs; (11), 2D Ac3B,, (12'), and 3D
AcBg (13') are expected to have excellent electronic, mechanical,
and thermal properties, in particular, AcBg (13’) could be super-
hard materials stable at high temperatures.

Conclusions

In summary, we have predicted in this work a series of novel
lanthanide boride (LasBi3~ (2), LasBys~ (4), LayBsg (5), and
LasB,," (9)) and actinide boride (Ac,B,” (1'), AcyBiz~ (2'),
Ac,Bs (3'), AcyBys~ (4'), AcyBys (5'), AcsBy,' (6'), Ac,By™ (7'),
AcyB,, (8'), AcsB,y' (9'), and AcyB,e~ (10')) nanoclusters based
on boron frameworks composed of mono or conjoined B,, rings
(n = 7-9). The newly proposed 1D Ac;0Bs, (11') nanowire, 2D
Ac;3By, (12) nanosheet, and 3D AcBg (13') nanocrystal based on

This journal is © the Owner Societies 2022
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periodic boron frameworks composed of infinite conjoined Bg
rings expand the previously reported low-dimensional lanthanide
boride nanomaterials to their actinide boride counterparts,
presenting viable possibility to synthesize actinide boride
nanomaterials with novel properties in macroscopic quantities.
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