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ABSTRACT: The diagonal relationship between beryllium
and aluminum and the isoelectronic relationship between BeH
unit and Al atom were utilized to design a new series ppC- or
quasi-ppC-containing species Cs, CBesH;", C; CBesH,, C,,
CBesH,™, and C,, CBesH,”” by replacing the Al atoms in
previously reported global minima planar pentacoordinate
carbon (ppC) species Dy, CAL*, C,, CAlBe, C,, CAlBe,”,
and C,, CAl,Be,”” with BeH units. The three-center two-
electron (3c-2e) bonds formed between Be and bridging H
atoms were crucial for the stabilization of these ppC species.

and[adaptive natural density |

partitioning (AdNDP)|analyses revealed that the central ppCs
or quasi-ppCs possess the stable eight electron-shell structures.

Al to Be-H

D,, CAL*
Global minimum

C,, CBeH."
Global minimum

Be-H ring with planar pentacoordinate carbon.

The AINDP analyses also disclosed that these species are all 66+27 double-aromatic in nature. The aromaticity was proved by

the calculated negative|nucleus-independent chemical shifts (NICS) [values. DFT and high-level CCSD(T) calculations revealed

that these ppC- or quasi-ppC species are the global minimum or competitive low-lying local minimum (C, CBesH,) on their
potential energy surfaces. The Born—Oppenheimer molecular dynamic (BOMD) simulations revealed that the H atoms in C,,
CBesH;™ and C,, CBesH,*™ can easily rotate around the CBeg cores and the structure of quasi-planar Cs, CBesH," will become
the planar structure at room temperature; however, these interesting dynamic behaviors did not indicate the kinetic instability as
the basic ppC structures were maintained during the simulations. Therefore, it would be potentially possible to realize these

interesting ppC- or quasi-ppc-species in future experiments.

1. INTRODUCTION

In 1968, Monkhorst proposed the planar tetracoordinate carbon
(ptC) geometry for the transition state describing the isomer-
ization of a chiral molecule with a four-coordinate asymmetric
carbon atom." Two years later, through analyzing the electronic
structure of planar methane, Hoffmann et al. proposed strategies
for stabilizing ptC structures.” In 1976, the Schleyer and the
Pople groups computationally characterized the first ptC
molecule 1,1-dilithiumcyclopropane (C;H,Li,).” These seminal
studies on ptC structures established the field of planar carbon
chemistry, which has been growing and expanding to include
planar penta-, hexa-, and heptacoordinate carbons.*™® Experi-
mentally, some ptC species have been observed and charac-
terized in the gas phase, including CAl,~, NaCAl,~, CAL;Si7,
CALGe™, and C,Al,. "

In planar carbon chemistry, species with planar pentacoordi-
nate and hexacoordinate carbons (ppC and phC) are particularly
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interesting because of their structural diversity. In their 2001
groundbreaking work, Wang and Schleyer computed the first
ppC structures, which they named “hyparenes.”'* They designed
these hyparenes by replacing the —(CH);— subunits in aromatic
and antiaromatic hydrocarbons using the borocarbon units
—C;B;—, —C,B,—, and —CB;— with planar pentacoordinate
carbons. In 2004, Li et al. demonstrated the possibility of host-
ing a ppC in the pentagonal copper hydride complex CugH;."*
In 2008, Luo computed the smallest ppC-containing species
CBe; and CBe;*"."" In 2008, Zeng and Schleyer and colleagues
reported the first global minimum structure containing a ppC,
namely, the 18-electron Dy, CAl* (see 4 in Figure 1).'°
Replacing the Al atom(s) in CAl;* with Be atom(s) and
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Figure 1. B3LYP/aug-cc-pVTZ optimized structures of 1—4, SA—8A, and three lowest isomers of CBeSHnH (n =2-5). The necessary bond lengths

for 1—4 and SA—8A are given in angstroms, the natural charges of 1—4 and SA—8A are marked in red italic font, and the relative energies of CBeSH,,W4

(n = 2—5) isomers are given in kilocalories per mole.

simultaneously retaining 18 valence electrons have led to more
ppC global minima, including CAl,Be, CAl;Be,”, and CAl,Be;*~
(see 1—3 in Figure 1).'”'® The ppC species stabilized by silicon
were also reported.'” The first phC Dg;, CBs>~ was reported in
2000 by the Schleyer group.” In 2007, using the strategy similar
to design the hyparenes, Schleyer, Li, and coworkers designed a
family of species with phC.”" In 2008, the Zeng group explored
the possibility of forming the ppC and phC in binary boron-
carbon clusters.”” Recently, our group proved that the phC
species Dy, CO;Li;" is the global minimum® and while phC
species Dy, CN;Be;" and Dy, CN;Mg," are not the global
minima, they possess the excellent kinetic stability, which would
be feasible for experimental realization.”*

The present study focuses on the design of ppC species. Both
the diagonal relationship between Al and Be and the isoelectronic
relationship between Al and BeH were utilized to design new
ppC or quasi-ppC species that are likely to be global minima,
including C,, CBesH,*™ (5A), C,, CBesH;™ (6A), C, CBesH,
(7A), and C;, CBesH;" (8A). Note that SA—8A are also
isoelectronic with the recently reported CBe,Li, " series of ppC
species.”” The significance of this and the previous computa-
tional studies on the 18-electron global minimal ppC species is to
provide experimentalists with potentially observable candidates.

2. COMPUTATIONAL METHODS

The potential energy surfaces of CBeSH,,k4 (n = 2—5) were
explored by the stochastic search algorithm, which was coded in
the GXYZ program.”® In our exploration, both singlet and triplet
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surfaces were considered. The random structures generated by
GXYZ were initially optimized at B3LYP/6-31G(d) level and
then the ten lowest isomers found were reoptimized and the
harmonic vibrational frequencies were analyzed at the B3LYP/
aug-cc-pVTZ level.”’~*’ The energies of the isomers were further
improved by the CCSD(T)/aug-cc-pVTZ**~** single-point
calculations based on the B3LYP/aug-cc-pVIZ optimized
geometries. The relative energies of isomers were determined
by the CCSD(T)/aug-cc-pVTZ energies plus the B3LYP/aug-
cc-pVTZ zero-point energy corrections. Natural bond orbital
(NBO) and adaptive nature density partitioning (AdNDP)
analyses’’* were performed at B3LYP/aug-cc-pVTZ and
B3LYP/6-31G levels, respectively, to gain insight into the
bonding characters of these species. The nucleus-independent
chemical shifts (NICS)** " were calculated at the centers of the
three-membered rings and the points located 1 A above the
centers of the three-membered rings and above the ppCs/quasi-
ppCs to assess the aromatic nature of these ppC species. The
vertical detachment energies (VDEs) for CBeSH”" ) (n=2-5)
and the vertical electron affinities (VEAs) for CBesH" were
calculated with the outer valence Green’s function (OVGE).*®
All calculations in this work were performed using the Gaussian
09 package.”” Molecular structures and ANDP partitioned
orbitals were visualized using the Molekel 5.4 program.*’

3. RESULTS AND DISCUSSION

3.1. Design and Characterization ofCBesH,,H (n=2-5).
The optimized structures of 1—4 are shown in Figure I.
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Figure 2. ADNDP analyses results of SA—8A.
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Table 1. Lowest Vibrational Frequencies (¢,,;,/cm™"), HOMO-LUMO Gaps (Gap/eV), and Wiberg Bond Indices (WBI) of
the C—Be, Be—Be, Be—H Bonds, and Total WBIs of C, Be, and H Atoms of CBeSH,,H (n =2-5) at the B3LYP/aug-cc-pVTZ

Level
WBIe_s, WBL,_s. WBLs WBI, WBL,
UMin Gap Be,/Be,/Be, a-b/b-c/c-c* Be,/Be,/Be, WBI Be,/Be,/Be, ab/bc/cc”
CBe,H,> 21 0.76 0.48/0.58/0.61 0.92/0.18/0.93 —/0.42/0.46 2.88 2.58/2.29/2.39 /0.1 /-
CBesH;™ 162 2.23 0.77/0.55/0.55 0.20/0.96/0.16 0.56/0.35/0.44 2.99 2.42/2.19/2.25 0.95/---/0.92
CBesH, 128 2.60 0.72/0.69/0.48 0.23/0.18/0.96 0.48/0.45/------ /0.57/0.35 3.09 2.24/2.22/2.07 0.97/0.95/---
CBegHy" 173 6.09 0.62 0.22 0.46 3.15 2.05 0.97
““a-b”, “b-c”, and “c-c” denote Be,-Be,, Be,-Be, and Be-Be. “a”, “b”, and “c” correspond the numbering of Be atoms of SA, 6A, and 7A in
Figure 1. b“ab”, “bc”, and “cc” denote the positions where the bridge H atoms locate. “a”, “b”, and “c” correspond the numbering of Be atoms of 5A,

6A, and 7A in Figure 1.

To design the new ppC species, we replaced all aluminum atoms
in 1—4 with Be atoms and attached corresponding number of H
atoms to these Be atoms. According to the different position of H
atoms, two types of structures were considered, one with the
terminal-H (H atoms attach to Be vertexes) and the other
with the bridging-H (H atoms attach to Be—Be edges). The
calculations at B3LYP/aug-cc-pVTZ level revealed high
preference of the bridging-H. For CBesH,*~ with terminal H,
its structure will be converted to that with bridging-H. For the
CBesH; ™, CBesH,, and CBe H,", the structures with terminal-H
are not minima and the vectors of smallest vibrational fre-
quencies correspond to the counter-rotation between the H
atoms and the CBes cores, showing the inherent trend of
the structural transition to geometry the bridging-H atom.
As expected, at the B3LYP/aug-cc-pVT level, the planar struc-
tures for CBesH,”” and CBeH,™ with the bridging-H atoms
(see 5A and 6A in Figure 1) are energy minima and although the
planar structures for CBesH, and CBesH;" are the first-order
saddle points, releasing the geometrical strains according to the
vectors of the imaginary frequency leads to the quasi-planar
structures that maintain the basic ppC arrangements (the ppC
atoms located only 0.18 and 0.25 A above the Bes planes in 7A

and 84, respectively; see Figure 1). Thermodynamically, the
structures with bridging-H are 44.4, 33.6, and 123.4 kcal/mol
lower in energy than those with terminal-H for CBesH;",
CBegH,, and CBesH,", respectively. Thus, our attentions were
paid to the structures with the bridging-H atoms in the following.

To better understand the chemical bonding in SA—8A, we
performed the AANDP analyses and the results are given in
Figure 2. As the first column of the Figure shows, for the Be—Be
edges without H atom, there has a 2c-2e Be—Be o-bond with
occupation numbers (ONs) of 1.95 lel, while for those with H
atom (see the second column in Figure 2), there is a 3c-2e
Be—H—Be bond with the ONs of 1.99 lel. Going from SA to 8A,
the number of 3c-2e Be—H—Be bonds increases from two to five
and the gaps between the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMOs) (see Table 1) increase from 0.76 to 2.23, 2.60, and
6.09 eV at the B3LYP/aug-cc-pVTZ level. The HOMO—-LUMO
gap for 8A (6.09 eV) is obviously larger than that for other
species, indicating the good stability. The formation of 3c-2e
Be—H—Be bonds should be a factor for the stabilization of these
ppC or quasi-ppC species. The remained orbitals are almost
identical for SA—8A: The orbitals in the third to fifth columns are
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delocalized 6¢c-2e 6 bonds (ON = 1.99—2.00 lel) and those in last
column are 6¢c-2e 7 bonds (ON = 2.00 lel). These four orbitals
form the stable eight electrons shell structure for center carbon
atoms in each of SA—8A, which would be a reason why the ppC
or quasi-ppC can be stabilized.

In addition to offering the stable shell structure for carbon,
these four orbitals also contribute to the aromaticity: Three
delocalized o orbitals and one delocalized 7 orbitals match the
Huckel’s 4n + 2 aromatic rule where n = 1 and 0, and thus SA—8A
are ¢ and & double-aromatic in nature. The aromaticity can be
further confirmed by the NICS calculations on the concerned
points, including the centers of the three-membered rings and
the points located 1 A above the centers of the three-membered
rings and above the ppCs/quasi-ppCs. As shown in Figure 3, the
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NICS(0): -34,08
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Figure 3. Positions and corresponding NICS values of SA—8A. The
NICS(1) values are marked in normal red font and the NICS(0) values
are marked in italic blue font.

B3LYP/aug-cc-pVTZ calculated NICS(0) and NICS(1) values
at all points are largely negative, suggesting that SA—8A are
aromatic in nature. This is consistent with the above the orbital
analysis results. The aromaticity contributes to the stabilization
of ppC in SA—8A.

Electronically, SA—8A are also isoelectronic to the previously
reported CBes*™ molecule, and they can be considered as the
molecules obtained by attaching certain number of H cations to
CBe;*". In comparison with attaching Li* cations, which leads to
positive—positive—negative (Li—Be—C) charge distribution
in CBeSLinw ) (n = 2-5), the NBO analysis suggest the natural
charges for H, Be, and C atoms in SA—8A are —0.20 ~ —0.32,
0.23-0.76, and —1.79 ~ —2.12 lel, respectively, showing the
obvious sandwich-type negative—positive—negative charge
distribution. The attractive H—Be and Be—C electrostatic
interactions in SA—8A would be better than the attractive
Be—C but repulsive Li—Be electrostatic interactions in CBeSLi,,n
(n=2-5). The Wiberg bond orders of C—Be bond (WBI_g.) in
species SA—8A range from 0.48 to 0.77, suggesting significant
covalent property. With regard to the Be—Be bonding, there are
two types of Be—Be bonds, that is, with or without bridging H
atom. For those without H atoms, the WBI,_g, values in SA—7A
range from 0.92 to 0.96, suggesting the typical single bond; for
those with bridging H atoms, the WBIg,_, values are very small,
ranging from 0.16 to 0.22. However, this is not the result of

weakened covalent interactions in SA—8A but that of the
formation of Be—H—Be three-center two-electron (3c-2e)
bonds, which can be proved by the sum of WBIg,_ values of
0.88 to 0.92 for each H atom. The total Wiberg bond indices
for C, Be, and H (WBI, WBIg,, and WBL,,) range from 2.88,
2.05, and 0.91 to 3.15, 2.58, and 0.97, respectively. The doubled
WBI- values plus the natural charges on C are 7.88, 7.96, 8.03,
and 7.99 for SA—8A, respectively, revealing the stable eight-
electron shell structure for carbon atoms. The WBIj, values are
larger than 2.00, which would be the results of the multiple center
bonding around the Be atoms.

3.2. Stability Consideration. In the next, we study the
stabilities of SA—8A, which are crucial for their possibility to be
realized. The thermodynamic stability is explored by the
stochastic search algorithm. As shown in Figure 1, with the
consideration of B3LYP/aug-cc-pVTZ zero-point energy (ZPE),
the CCSD(T)/aug-cc-pVTZ calculations rank SA, 6A, and 8A,
the global minima on CBesH,*~, CBesH; ™, and CBesH;" potential
energy surfaces, which are 8.23, 8.17, and 27.68 kcal/mol lower
than corresponding second lowest isomers 5B, 6B, and 8B,
respectively. Although 7A is the second lowest isomer, it is only
1.76 kcal/mol higher than corresponding global minimum 7B
with a classical tetrahedral carbon, it should also be competitive
in the experiments. The good thermodynamic stability of SA—8A
will benefit their generation in the gas-phase synthesis.

The kinetic stability is equally important for the experimental
realization. We studied the kinetic stability of SA—8A by running
100 ps adiabatic BOMD simulations at BALYP/6-31G(d) level at
298 K. The root-mean-square deviations (RMSD, relative to the
B3LYP/6-31G(d) optimized structures) of the structures are
given in Figure 4. As the Figure 4 shows, the RMSD curve of SA
(first row in Figure 4) is most complicated and is also most
interesting. It has six sharp jumps at approximately 38, 45, 65,
77, 90, and 93 ps, respectively, which reveal six times of
isomerization. Remarkably, the magnitude for the fluctuation of
the RMSD curve does not change after each jump, suggesting
that the potential energies of these isomers are almost the same.
Why did the potential energies not obviously change after the
isomerization? The detailed structural sampling can answer this
question. We found that the isomerization corresponds to the
rotation of two H atoms around the CBes core (see the first row
in Figure 4), which revealed that the position of H atoms is highly
flexible in SA. The flexibility of H atoms in 6A is lower than that
in SA. As shown in the second row in Figure 4, there is only one
jump of RMSD curve (at 91 ps) during the 100 ps simulations.
Similar to the situation in the simulation of SA, the isomerization
also corresponds to the change of position of a H to a different
Be—Be edge. The RMSD curves for the simulation of 7A and 8A
have no sharp jump (the third and fourth row of Figure 4),
indicating that their original structures are maintained very well
during the 100 ps simulations. Despite the increasing flexibility of
H atoms with the decreased number of H atoms in SA—8A, the
dynamic behaviors suggest that they are kinetically stable.

Notably, the RMSD curve for 8A can be divided into two parts.
The curve before 56 ps had the similar appearance to those of
other simulations when a structure is continuously maintained,
but that after 56 ps had a different appearance, which attracted
our special attention. We run the BOMD simulation of 8A for the
second time, but the RMSD curves had the similar curve type
change at 32 ps. We carefully checked the structure and found
that before the curve-type changes the carbon atom and
hydrogen atoms are located obviously out of the approximate
plane defined by five Be atoms. In contrast, despite the thermal
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Figure 4. RMSD versus time for the BOMD simulations of SA—8A
at 298 K.

vibrations, all atoms are almost in the same plane after the curve-
type changes. (See the movie in the Supporting Information for
the sample of structures near 69 ps.) Therefore, we can easily
understand the curve-type changes: According to static structural
optimizations, the planar structure is first-order saddle point and
a little higher in energy than the nonplanar minimum, and thus
because of the adiabatic simulation manner, when the structure is
changed from nonplanar to planar, the increased potential energy
will certainly be accompanied by decreased kinetic energy, which
will decrease the magnitude of the thermal vibrations and thus
will decrease the fluctuation of the RMSD curve.

3.3. Vertical Detachment Energies and Electron
Affinities. Because SA—8A are global minima or competitive
low-lying local minimum with good kinetic stability, it may be
possible to detect them in the gas-phase experiments. Here we
calculate the VDEs and the VEAs at OVGF/aug-cc-pVTZ to aid
the possible future experimental confirmation. The anionic
species SA and 6A have the VDE values of —1.48 and 2.03 eV
with the pole strengths of 0.86 and 0.88, respectively. The
negative VDE values for SA suggest that its electrons will be
autodetached and thus SA may only be detected as cation-
stabilized salt-like compound(s). The neutral species 7A has the
VDE value of 6.29 eV with pole strengths of 0.89. The cationic

species 8A has the VDE and VEA values of 14.46 and 4.13 eV
with pole strength of 0.90 and 0.95, respectively. This VEA value
is similar to that of K" (4.1 eV), which, together with the
extremely excellent thermodynamic and kinetic stabilities
and the very large HOMO—LUMO gap (being 11.08 eV at
MP2/aug-cc-pVTZ level), suggest that it can be considered as a
pseudoalkali metal cation.

4. SUMMARY

In summary, we have proved that it is possible to replace the Al
atoms in previously reported ppC-containing global minima Dy,
CAl*, C,, CALBe, C,, CAl;Be,”, and C,, CAl,Be,*", with the
isoelectronic BeH groups to design the new ppC- or quasi-ppC
species CBesH, (n = 2—5). Three factors, including the
formation of peripheral 3c-2e Be—H—Be bond, the formation of
the stable eight-electron shell structure for the central ppCs or
quasi-ppCs and the 66+27 double aromaticity, contribute to the
stabilization of ppC- or quasi-ppC-containing structures in
CBesH,"™ (n = 2—5) species. According to our extensive
exploration of the potential energy surfaces, these species are the
global minim or competitive low-lying local minimum. The
dynamic simulations revealed their interesting kinetic behaviors
and also the very good kinetic stabilities. These ppC or quasi-
ppC species would be targeted in future experiments.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.5b10178.

Video recording the samples of CBesH; " structures during
the dynamic simulation. (AVI)
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