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Neutral nano-polygons with ultrashort Be-Be distances
Wen-Yan Tong,** Tao-Tao Zhao,>* Xue-Feng Zhao,? Xiaotai Wang,*° Yan-Bo Wu*? and Caixia Yuan*?

The ultrashort metal-metal distances (USMMDs, dv.m < 1.900 A) had been realized computationally between main group
metal beryllium. However, due to their ionic charge state or the insufficient stability on electronic structures and/or
thermodynamic stabilities, the known species with ultrashort Be-Be distances are unsuitable for synthesis in the condensed
phase, which deters applications of such interesting structures from being explored. In the present work, using our
previously reported global minima species [XHs-Be;Hs-XHs]* (X = N, P) with the ultrashort Be-Be distances and well-defined
electronic structures as the parent molecules, we had designed a series of neutral polygons retaining ultrashort Be-Be
distances. These polygons also possess the well-defined electronic structures and good thermodynamic stabilities, which
can be demonstrated by the large HOMO-LUMO gaps of 6.20-7.68 eV, the very high vertical detachment energies (VDEs) of
8.96-11.29 eV, the rather low vertical electron affinities (VEAs) of —=1.21 to +1.78 eV, and the unexpectedly high formation
energies relative to the building blocks of E- and Be;Hs* (—105.2 to —153.2 kcal/mol for the formation of a E-Be bond). The
good stability with regard to electronic structures and thermochemistry revealed their high feasibility to be synthesized in
the condensed phase. We invite the experimental studies on these intersting nano-polygons to realize structures with
USMMDs between main group metals and explore the possible application.

Introduction

An exciting goal in metal-metal bonding chemistry is to achieve
the species with ultrashort metal-metal distances (USMMDs).1
Here, the prefix “ultra” is used to stress the feature of “short”
and the rareness. Originally, the USMMDs were realized
through forming the homonuclear high-order bonds between
first row transition metals, like Cr,2 which had found useful
application in synthetic chemistry.3

However, achieving the USMMDs between main group
metals cannot be realized by forming homonuclear high-order
bonds due to the limitation of electronic shell structures: The
alkali and alkaline earth metals do not have enough valence
electrons to support the homonuclear triple bonds and the p-
block metals are heavy and suffer from the inert pair effect,*
which deters the formation of triple bonds.

Nevertheless, the USMMDs have been realized between
beryllium atoms with the aid of auxiliary bridging atoms.> The
ultrashort Be-Be distances can be realized covalently through
the formation of three bonding orbitals between two Be
atoms,5b58 electrostatically through the strong Coulomb
interactions among the positively charged Be atoms and the
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negatively charged bridging atoms, 3b-5¢ or the combination of
both covalent and electrostatic effects.>f However, no species
with ultrashort Be-Be distances had been achieved synthetically
(in the condensed phase), which makes it hard to explore the
application of such novel structures, so the synthetically viable
species should be a target of computational design in this field.
Here, though the charged ions can be synthesized as well, they
are more preferred by the gas phase generation due to the
facility of separation in the magnetic field. Therefore, the
neutral molecules with good electronic structures and
thermodynamic stabilities are highly desired.

In known species with ultrashort Be-Be distances, the [R-
Be,H3-R’]9 (R and R’ are electron donors, g =0, 1) molecules are
unique for their well-defined electronic structures, as reflected
by the large HOMO-LUMO gaps up to 8.51 eV at the B3LYP
level.586 In general, the Be;Hs; core moiety can be seen as a
mono-cationic Lewis acid, which is stabilized by terminal Lewis
bases R and R’. Note that if R = R’, it will always get the ionic
species. So, the simplest way to neutralize such structure would
be the employment of a neutral and an anionic terminal groups.
Previously, Li et al. had reported the such type of neutral species
Ng-Be;Hs3-R (Ng is a noble gas and R can be H, CHs, and F).6
However, according to our extensive exploration on their
potential energy surfaces, none of them are thermodynamically
stable.” In contrast, some cationic species X-Be;H3-X* (X = NH3,
PHs, or noble gases) with same ligand at both terminals of Be;H3
core could be stable thermodynamically. Such results suggest
that symmetric species may possess the good thermodynamic
stability. Therefore, alternate to use a neutral and an anionic
mono-dentate ligands, another possible way to neutralize the
molecules would be the employment of mono- anionic
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Fig. 1. B3LYP/def2-TZVPP-optimized structures of linear molecules 1, 2, 1’, and 2’. The
Be-Be distances (in A), other interatomic distances (in A), and natural charges (in |e|)
are shown in red, black, and italic blue fonts, respectively.

bidentate ligands. Geometrically, if two lone pairs locate on
different atoms, it would be relatively hard to find the proper
symmetric ligand. Consequently, our attention was paid to the
mono-anionic ligand with at least two lone pairs on one atom.
In this work, starting from NH,~ and PH,~, we systematically
examined the feasibility of a series of mono-anions for
designing the neutral cyclized structures and found that
corresponding species retained both USMMDs and good
electronic structures.

Results and Discussion
1. Design of (XH,-Be;H3), (X=N, P; n = 3-8)

Employing our previously reported XHs-Be;H3-XHs* (X = N, P)
species as the parent molecules, we first replaced the XHj;
terminal group with the isoelectronic species XH,~ (X = N, P),
leading to the fragmental mono-anionic compounds NH;-Be;Hs-
NH,~ (1) and PH;,-Be,H3-PH;~ (1°) (see Fig. 1). 1 and 1’ are the
energy minima with C; symmetry at the B3LYP/def2-TZVPP. The
HOMO-LUMO gaps for 1 and 1’ are 4.91 and 5.71 eV,
respectively (Table 1), which are the suggestions of their
relatively good electronic structures. Though mono-anions 1
and 1’ suffer from the so-called “Coulomb explosion effect”, the
Be-Be distances are 1.845 and 1.808 A in 1 and 1, respectively,
being shorter than 1.900 A and thus being the eligible USMMDs.
Since NH,~and PH,~ both have two lone pairs, it is practicable
for each of them to form two dative bonds with Be,Hs*.
Consequently, the structures of 1 and 1’ can be extended by
adding a NH,-Be,Hs or PH,-Be,Hs moiety, resulting in the mono-
anionic species NH;-Be;H3-NH;>-Be;Hs-NH,™ (2) and PH,-BesHs-
PH,-BesHs-PHy™ (2’), respectively. At the B3LYP/def2-TZVPP, 2
and 2’ are the energy minima adopting C; and G, symmetries,
respectively. The HOMO-LUMO gaps of 2 and 2’ are 4.97 and
5.45 eV, respectively, similar to those for 1 and 1’. Since 2 and
2’ are larger than 1 and 1’, but are still mono-anionic, the
weakened Coulomb explosion effect leads to the shortened Be-
Be distances of 1.813 and 1.791 A in 2 and 2’, respectively.
Given that adding NH;-Be;Hs or PH,-Be;Hs to 1 and 1’,
respectively, does not change their charge state, it is easy to
think of the cyclized structures with equal number of XH,~ and

2| J. Name., 2012, 00, 1-3

Table 1. The point groups (PG), lowest vibrational frequencies (vmmv‘igwcm’“lg,leHgMﬁOé

LUMO gaps (Gap, in eV), and the formation energies for gaoh: XBe bood(BE5) 6Ny
P, O, S, F, Cl, Br) at the B3LYP/def2-TZVPP level for structures designed in this work.

Corresponding VDEs and VEAs (in eV) are calculated at the OVGF/def2-TZVPP level.

PG Vmn Gap VDE VEA FEx-se
1 G 138 491 408  4.93

2 G 14 497 504 424

3-NH, Ds» 154 628 944 105 -149.3
4-NH, Dan 47 653 967 112 -152.6
5-NH, Dsh 23 683 993 121 -153.2
6-NH; Dsh 9 688 999 119 -153.2
7-NH, G 9 690 -153.2
8-NH, D2 8 691 -153.2
v G 83 571 455 491

X Cov 24 545 548  3.75

3-PH, Dsh 88 710 1027 121 -119.4
4-PH, Dan 26 699 1028 121 —121.2
5-PH, Dsh 17 710 1031  1.10 -121.6
6-PH, Dsh 10 7.00 1023  1.05 -121.7
7-PH, Din 4 7.5 -121.7
8-PH, Daa 3 7.03 -121.8
3-OH G 130 620 977  0.87 -146.4
4-OH Cov 47 638 991 093 -150.7
5-OH G 10 656 1012  1.03 -152.0
6-OH Dsg 12 652 1009  1.05 -152.3
3-SH G 105 701 1026  1.00 -118.0
4-sH Cav 210 717 1046  1.03 -119.6
5-SH G 8 726 1050  0.96 -119.9
6-SH Dsa 9 735 1059  0.90 -119.6
3-F Ds» 153 676 1051  0.86 -137.4
af Daa 53 711 1081  0.96 -1415
5-F G 17 752 1116  1.06 -142.9
6-F Dsa 13 753 1129 094 -143.4
3-cl Dsh 87 732 1083  1.09 -112.4
acl Daa 19 758 11.03  1.10 -114.4
6-Cl Dsh 7 768 1100 096 -114.7
6-Cl Se 9 764 1102  0.89 -114.7
3-Br Dsh 69 730 1077  1.07 -105.2
4-Br Daa 11 729 1067  1.06 -106.8
5-Br G 1 739 1069 091 -107.1
6-Br Ss 7 743 1079  0.87 -106.8
3-N(CHs)2 Dsh 69 670 926 146 -137.5
4-N(CHs), Dan 24 698 941 154 -140.7
5-N(CHs)2 Dsh 16 723 967 154 -141.1
6-N(CHs)2 D 7 723 968 178 -141.0
3-P(CHs)2 Dsh 36 656 899 141 -125.3
4-P(CHs), Dan 13 642 896  1.48 -127.0
5-P(CHs)2 Dsh 9 659 904 143 —127.4
6-P(CHs)2 Cov 1 649 899 138 -1276
3-OCH; Cav 59 656  9.60 141 -135.9
4-OCH; Can 18 675 957  1.53 -140.5
5-OCH; Csv 8 706 979 152 -141.6
6-OCHs Dsa 12 707 978 144 -141.7
3-SCH; Cav 55 676 976 134 -119.8
4-SCH3 Dad 18 692 991  1.39 -121.6
5-SCH; Csv 6 665 972  1.29 -121.7
6-SCHs Dsa 7 708 992 124 -121.6

Be;Hs* building blocks, which are the desired neutral polygons
possibly with the USMMDs. In this work, the designed polygons
are named as n-E, where n denotes the number of the Be;Hs

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. B3LYP/def2-TZVPP-optimized structures of polygonal molecules 3-NH, to 6-NH, and 3-PH, to 6-PH,. The Be-Be distances (in A), other interatomic distances (in A), and natural

charges (in |e]) are shown in red, black, and italic blue fonts, respectively.

edges in the polygons and E denotes the mono-anions locating
at the vertexes of the polygons. For example, 3-NH; represents
a trigonal structure with three Be;Hs edges linked by three NH,
moieties at the vertexes.

Using NH; and PH; as the vertexes, we had constructed the
representative polygons n-NH, and n-PH, (n = 3-6). Their
B3LYP/def2-TZVPP-optimized structures are shown in Fig. 2. As
the figure shows, the triangles to hexagons adopt the highly
symmetric Dp, (n = 3—6) structures. Geometrically, the largest
intramolecular interatomic distances in n-NH; and n-PH; (n = 3—
6) range from 6.75 to 13.97 A in the B3LYP/def2-TZVPP-
optimized structures, i.e. 0.675-1.397 nm, so it is reasonable to
classified these polygonal structures as the nano-molecules.
Being the neutral species, n-NH; and n-PH; (n = 3-6) do not
involve in Coulomb explosion effect. As a result, the Be-Be
distances range from 1.769 to 1.776 A for n-NH; and from 1.765
to 1.768 A for n-PH, (Fig. 2). In comparison with 2 and 2’, the
Be-Be distances are further shortened.

To calibrate the B3LYP functional, the species 1, 1’, 2, 2’, n-E
(n = 3-5, E = NH;, PH;) were selected as the representatives for
the re-optimization using both M06-2X-D38 functional and ab
initio method MP2. In MO06-2X-D3/def2-TZVPP results, the
geometries for 4-NH, and 4-PH; were slightly distorted to the
lower D4 symmetry, while In MP2/def2-TZVPP results, only the
geometry of 4-NH; has the similar distortion. Nevertheless, the
difference between the B3LYP- and MO06-2X-D3- or MP2-
optimized geometries lies only in the positions of bridging H

This journal is © The Royal Society of Chemistry 20xx

atoms. Since such H atoms have relatively high rotational
freedom (similar to H atoms of methyl group), the B3LYP- and
MP2-optimized structures should essentially represent the
same species. The MP2/def2-TZVPP-optimized structures for
other species all adopt the symmetric Dp, structures, which
have very similar geometric parameters to those optimized at
the B3LYP/def2-TZVPP level. Therefore, B3LYP functional
should be accurate enough for current system and the following
discussions are based on the B3LYP results.

We then examined the possibility of forming the larger
heptagons and octagons at the B3LYP/def2-TZVPP level. As
shown in Fig. S1, only heptagonal 7-PH, adopt the highly
symmetric D7, structure, while the heptagonal 7-NH; is
distorted to a lower C; structure. For octagons, both 8-NH, and
8-PH, adopt the lower D4 rather than highly symmetric Dgy
structures. Nevertheless, the distortions in geometries is only
the results of structural softness, it does not obviously influence
the electronic structure, which can be reflected by the large
HOMO-LUMO gaps of 6.90/6.91 eV for 7-NH,/8-NH; and those
of 7.05/7.03 eV for 7-PH,/8-PH,. Simultaneously, 7-NH, and 8-
NH; possess the Be-Be distances of 1.767 to 1.771 A, while 7-PH,
and 8-PH; both possess the Be-Be distance of 1.765 A, which are
almost identical to those in 3-NH; to 6-NH; and 3-PH; to 6-PH,,
respectively, as well. The studies on heptagons and octagons
indicate that the even larger polygons may adopt the
asymmetric geometries, but they may inherit the good
electronic structures and the ultrashort Be-Be distances from

J. Name., 2013, 00, 1-3 | 3
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Fig. 3. B3LYP/def2-TZVPP-optimized structures of pentagons and hexagons with OH, SH, F, Cl, and Br moieties as the vertexes.

their smaller analogues. Therefore, for the studies on polygons
with other types of vertexes, only triangles to hexagons are
discussed.

2. Screening other mono-anions

Encouraged by the effective practice in using NH,~ and PH3~
to design the polygonal structures with USMMDs, we further
examined the feasibility of a series of mono-anions for the
assembly with Be;H3 moiety. Fig. 3 shows the optimized structures
of pentagons and hexagons of n-E (n =5, 6 and E = OH, SH, F, Cl, Br),
while corresponding triangles and tetragons are given in the Fig. S2
in TESI. As the figures show, for trigon and tetragon with OH~ as the
vertexes, the H atoms on O derivate clearly from the planar O-Be
framework, suggesting that O atoms are in sp3 hybrid state, while the
H atoms on O atoms of corresponding pentagon and hexagon adopt
the almost co-planar position to the O-Be framework, indicating the
sp? hybrid O atoms. We note that the O-Be polygonal frameworks
almost keep planar, which pronounces the relatively rigid polygonal
structures. As a comparison, the H atoms on S atoms of n-SH are all
out of corresponding Be-S-Be planes, suggesting that all S atoms
adopt the sp3? hybrid state. The S-Be cycles in n-SH (n = 3-5) are in
planar or quasi-planar arrangements, while that in 6-SH is in zig-zag
arrangement. The HOMO-LUMO gaps in n-OH polygons range from
6.20t0 6.56 eV. Though they are a little narrower than the n-NH; and
n-PH,, such big values are still the sign of good electronic structure.
The Be-Be distances in n-OH polygons range from 1.764 to 1.772 A
and those in n-SH from 1.757 to 1.762 A, similar to those in n-
NH; or n-PH; polygons, respectively and being the USMMDs.

4| J. Name., 2012, 00, 1-3

For polygons with halogen anions (F-, CI-, Br-) as the vertexes,
triangles all adopt the highly symmetric D3, structure and
tetragons are all in D,g symmetry. In pentagons, only 5-Cl adopts
the highly symmetric Dsj structure, whereas 5-F and 5-Br are
both in lower C; symmetry. In hexagons, 6-F adopts the
relatively symmetric Dsq structure, while 6-Cl and 6-Br both
adopt a little lower Sg structure. Note that the hexagonal
frameworks of 6-Cl and 6-Br are obviously distorted from the
planar arrangement (see their bottom view in Fig. 3), similar to
the situations found for 7-NH, and 8-PH,. The HOMO-LUMO
gaps for n-E (E = F, Cl, Br) polygons range from 6.76 to 7.68 eV
at the B3LYP/def2-TZVPP level, suggesting the persistence of
good electronic structures. The Be-Be distances in these
polygons range from 1.748 to 1.759 A, a little shorter than n-E
(E = NH3, PH3, and OH) polygons, possibly due to the smaller
repulsion effect since there have no H atom on halogen atoms.

Following the suggestion of a reviewer, we also selected the
hexagons 6-E (E = F, Cl, Br, OH, and SH) as the representatives
for the calculations at the MO06-2X-D3/def2-TZVPP level to
calibrate the B3LYP functional. Only the 6-SH adopt the
different structure (C;) from that obtained at the B3LYP level
(Dsg4). Such a distortion can be attribute to the flexibility of large
molecules as witnessed in the B3LYP-optimized heptagons and
octagons. So B3LYP and MO06-2X-D3 results are essentially
similar and the former should be reliable.

We also tried to substitute the H atoms on NH,, PH,, OH, and
SH moieties with methyl groups to examine whether the

This journal is © The Royal Society of Chemistry 20xx
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structures and stabilities will be significantly influenced by the
substitution. The triangles to hexagons for n-N(CHs)z, n-P(CHs)>,
n-OCHs, and n-SCH3 were constructed for demonstration. At the
B3LYP/def2-TZVPP level, n-N(CHs), (n = 3—-6) and n-P(CH3), (n =
3-5) adopt the highly symmetric Dy, structures, while the 6-
P(CHs); is a little distorted to lower Cg, structure. In n-OCHs and
n-SCHs (n = 3-6) polygons, only 6-OCHs; and 6-SCH3 adopt the
same symmetry (Dsq, see Fig. 4) to their patent molecules 6-OH
and 6-SH. The n-OCH3 (n = 3-5) are in G, G, and Gs,
symmetries, respectively, while the n-SCHs (n = 3-5) are in Cs,,
D,4, and Cs, symmetries, respectively. The Be-Be distances
become a little longer after the methyl-substitution, possibly
because of the larger repulsion effect of methyl groups than
that of H atoms. Interestingly, as shown in Table 1, the methyl-

substitution leads to the widened HOMO-LUMO gaps (by 0.35—
0.55 eV) in n-N(CHs)2 and n-OCHs (n = 3-6) polygons, but the
narrowed HOMO-LUMO gaps (by 0.25-0.61 eV) in n-P(CHs)
and n-SCHs3 (n = 3-6) polygons

2. Electronic structures

To better understand the chemical bonding in these nano-
polygons, we had performed the adaptive natural density
partitioning (AdNDP)? analysis. As an extension to conventional
natural bond orbital (NBO)° analysis, the AANDP analysis can
describe the bonding in a molecule using n-center two-electron
bonds, where n ranges from one to the total number of atoms
in the molecule. In general, the electron densities were
partitioned with n values as small as possible, so ADNDP analysis

3 x Be-H-Be 3c-2e o bonds ON = 1.99 |e|

AdNDP scheme 1

2 x N—Be dative 2c-2e o bonds ON = 2.00 |e|

Be,H, 5¢-2e o bonds ON = 1.99 |e|

2 x Be,H, 5¢c-2e m bonds ON =1.99 |e|

AdNDP scheme 2

Fig. 5. Two schemes for AANDP view of chemical bonding concerning one of Be,H; moieties in 6-NH,. Two phases in scheme 1 and the 2c-2e bonds in scheme 2 are shown in green

and white, respectively, while those for 5c-2e bonds in scheme 2 are shown in red and white, respectively.

This journal is © The Royal Society of Chemistry 20xx
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provides a very clear way to understand the chemical bonding.
Alternatively, the AANDP orbitals can be generated to adapt the
requirement of bonding analysis. In this work, we employ the
orbitals concerning one of Be,Hs3 moieties in 6-NH, as an
example to describe the bonding in these nano-polygons. The
AdNDP scheme 1 with n values as small as possible are shown
in the first row of Fig. 5. As this scheme shows, there are two
N—Be dative two-center two-electron (2c-2e) o bonds with the
occupation number (ON) of 2.00 |e| (see orbitals A and B).
Noticeably, with the support of A and B, three Be-H-Be 3c-2e ¢
bonds with ON of 1.99 |e| are formed between two Be atoms
(C—E). Although they are formed with the aid to three bridging
H atoms, they are bonding orbitals for Be-Be interactions, which
can significantly shorten the Be-Be distance. Such a bonding
situation can be better understood using the alternative ANDP
scheme 2 (see the second row in Fig. 5). In such a scheme, two
N—Be dative bonds in scheme 2 are retained (orbitals A’ and
B’), while three Be-H-Be 3c-2e o bonds are repartitioned into
three 5c-2e bonds (F-H) with ONs all at 1.99 |e]|. It is
remarkable that orbital F has no nodal surface passing Be-Be
axis, which can be seen as a non-classical counterpart of
classical 2c-2e o bond; while orbitals G and H are orthogonal
and both have a nodal surface passing the Be-Be axis, which can
be regarded as the non-classical counterparts of two classical
2c-2e 1 bonds. In total, orbitals F-H can be seen as the non-
classical counterpart of a classical triple bond and should play
the similar role for shortening the Be-Be distance. The AANDP
results for other representative species are very similar to those
of 6-NH,, thus they are given in the Fig. S4 to Fig. S10 in TESI.
The AANDP view of chemical bonding in these polygonal species
are very similar to their parent molecules, NH3-Be;H3-NHs* and
PH3-Be,Hs-PHs*.%8 Therefore, it is not curious that the polygons
inherit the well-defined electronic structures from them.

We also performed the traditional NBO analyses to give more
insight into the chemical bonding in these nano-polygons. The
ionic bonding can be accessed the natural charge distribution,
which are shown in the Table S1. The natural charges for n-XH
(n=3-6,X =N, P) are also marked on the molecules in Fig. 2. As
the figure shows, all n-XH; polygons adopt the alternate “— + "
charge distribution manner, i.e. the H (bridging), Be, and X carry
the negative, positive, and negative charges, respectively, which
is a type of favorable electrostatic interaction. Other polygons
except for 6-P(CHs), have similar charge distribution manner,
while for 6-P(CHs),, P atom possess the positive charges due to
the methyl substitution (C is more electronegative than P). The
charge distribution suggest that the majority of polygons
benefit from the favourable ionic bonding.

The covalent bonding was evaluated by the Wiberg bond
indices (WBIs). As shown in Table S1, the total WBI values for
bridging H (Hgr) range from 0.95 to 1.00, consistent with the
monovalent feature of H atom. The WBIg. values in the polygons
are all obviously higher than 2.00 (2.24 to 2.88). Such result
seems to be contradicted with two valence electrons of Be.
However, given that beryllium shows the typical electron
deficient properties, it is not curious that the WBIg. values are
higher than 2.00 when beryllium is involved in the multicenter

6 | J. Name., 2012, 00, 1-3
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bonding. The WBIxg. values range from (3238 8 10.50Cobliéisly
smaller than 1.00, suggesting the relatively weak covalent X-Be
and corroborating the relatively strong X-Be ionic bonding. The
WBlge.n values, ranging from 0.36 to 0.51, are consistent with
the formation of Be-H-Be 3c-2e bonds, while the WBIge_ge Values
of 0.42-0.53 revealed the significant direct Be-Be bonding.

3. Stability consideration

The polygons are too big for our computational resources to
explore the potential energy surfaces and run the dynamic
simulations at DFT level. In this work, the stability of nano-
polygons was considered in two aspects: (1) the tendency of
electron losing, gaining, and excitation; (2) the formation
energies relative to basic building blocks (E- and Be;Hs*).

As shown in Table 1, the nano-polygons possess the relatively
large HOMO-LUMO gaps (6.20 to 7.68 eV). Such values suggest
that it should be very difficult to excite the electrons from the
occupied orbitals to the vacuum orbitals. To evaluate the
electron losing and gain properties, we had calculated the
vertical detachment energies (VDEs) and vertical electron
affinities (VEAs) using outer valence Green’s function (OVGF)11
at the OVGF/def2-TZVPP level. As shown in Table 1, the VDEs of
8.96-11.29 eV indicate that it would be very hard for the
polygons to lose an electron. Simultaneously, the VEAs of —1.05
to—1.21 eV in n-NH; and n-PH; (n = 3—6) indicate that they have
low tendency to obtain the electron, while the VEAs of 0.86—
1.78 eV in other n-E (n = 3—6) polygons indicate that they have
no tendency to gain the electron. Being difficult to excite and
detach the electron in them and having low or no tendency to
obtain the electron, the polygons designed in this work should
be very stable nano-molecules with regard to the electronic
structure point of view.

The thermodynamic stability of the polygons was evaluated
using the formation energies (FEs) relative to basic building
blocks (E- and Be;Hs*). The FEs are calculated using following
equations (Eq.s):

nE- + nBe;Hs* — (E-BejH3), + FEtotal Eq.1

FEx-g = FEtotal / 2N Eq. 2
The FEtotal and FEx.ge in the equations denote the total FEs and
the average FEs for the formation of a X-Be bond. The FExe
values are shown in Table 1. The FExge values in polygons
designed in this work range from 105.2 to 153.2 kcal/mol, being
unexpectedly high and suggesting that the bonding between X
and Be atoms should very strong and corresponding polygons
should be very stable thermodynamically. The polygons with E
atoms in the second row in the Periodic Table (i.e. N, O, and F)
have the relatively high FEx.se values of —135.9 to —153.2
kcal/mol. Those with E atoms in the third and fourth rows (i.e.
P, S, Cl, and Br) have the relatively low FEx.ge values of —105.2
and —127.6 kcal/mol. Such differences can be explained by the
hard-soft (Lewis) acid-base (HSAB) theory, i.e. the Be atom in
the polygons is formally the dicationic Be?*, which is a hard acid
and thus exhibits the higher affinity to the hard bases like NH~,
N(CHs),-, OH=/OCH3~, and F~ than to the intermediate or soft
bases of PH,/P(CHs),~, SH7/SCHs~, Cl-, and Br-.

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

We had computationally designed a series of neutral nano-
polygons n-E (n = 3-8, E = NH,, PH3, OH, SH, F, Cl, Br, N(CHs)3,
P(CH3),, OCHs, and SCH3) with ultrashort Be-Be distances. These
nano-polygons have good stability with regard to electronic
structures and thermochemistry, which can be demonstrated
by the large HOMO-LUMO gaps, high VDEs, low or positive VEAs,
and the unexpectedly high formation energies relative to
building blocks. These nano-polygons should be the proper
synthetic targets for experimental realization of ultrashort
metal-metal distances between main group metals, which
benefit the possible exploration of their application. We invite
the chemical synthesis of these interesting and promising nano-
molecules to push the main group metal-metal bonding
chemistry forward.

Computational methods

The molecules designed in this work were optimized and
harmonic vibrational frequencies were analysed at the
B3LYP/def2-TZVPP level. The species 1, 1’, 2, 2’, n-XH; (n = 3-5,
X = N, P) were selected as the representatives for the re-
optimization using both M06-2X-D38 functional and ab initio
method MP2 to calibrate the B3LYP functional. Except for 4-NH;
and 4-PH,, which adopted the slightly different geometries
concerning the rotational freedom of bridging hydrogen atoms
after calibrating calculations, other species adopted similar
optimized geometries and vibrational frequencies to those
obtained using B3LYP functional. Therefore, it should be safe to
use B3LYP functional to study the polygonal species reported in
this work. The adaptive natural density partitioning (AdNDP)?®
and natural bond orbital (NBO)? analyses were carried out at
the B3LYP/6-31G and B3LYP/def2-TZVPP level, respectively, to
better understand the chemical bonding in these nano-
polygons. The vertical detachment energy (VDE) and vertical
electron affinity (VEA) were calculated using outer valence
Green’s function (OVGF)!! procedure at the OVGF/def2-TZVPP
level. The formation energies for nano-polygons (relative to
XH,~ and BejHs3* building blocks) were calculated at the
B3LYP/def2-TZVPP level with the consideration of Gibbs free
energy corrections at 298 K. The AdNDP analyses were
performed using AANDP program,?2 the NBO analyses were
carried out using NBO program embedded in GAUSSIAN 09
package,’3 while all other calculations were performed using
GAUSSIAN 16 package.14
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DFT calculations revealed that neutral polygons (E-Be,H3), were the viable targets for realizing

ultrashort metal-metal distances between main group metal.
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