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ABSTRACT: We report on the computational design of star-like CBesAus* cluster
with planar pentacoordinate carbon (ppC), which is also classified as a superalkali
cation. Relevant isovalent CBesAu,"™* (n = 2—4), BBe;Aug, and NBe;Aug** clusters with
ppC/B/N are studied as well. Global-minimum structures of the clusters are established
via computer global searches. The species feature a pentacoordinate pentagonal XBe; (X
= C, B, N) core, with Au occupying outer bridging positions. Molecular dynamics
simulations indicate that they are dynamically stable. Bonding analysis reveals 3-fold (7

CBesAus*™

and o) aromaticity in CBesAus*, a key concept that overrides the 18-electron rule and
should be applicable for (or help revisit existing models of) other planar
hypercoordinate systems. Vertical electron affinities of CBesAus" and its lighter counterparts (CBesCus* and CBesAg.*) are
calculated to be unusually low, which are below 3.89 eV, the smallest atomic ionization potential of any element in the periodic
table. Thus, these three clusters belong to superalkali cations. The merge of ppC and superalkali characters makes them unique

chemical species.

1. INTRODUCTION

The concept of planar tetracoordinate carbon (ptC)," a carbon
atom bonded with four ligands in an in-plane fashion, was first
introduced by Monkhorst in 1968.” The ptC species are usually
unstable with respect to their rivals (that is, tetrahedral carbon
structures). On the basis of bonding analysis of Dy, CH,,
Hoffmann et al® proposed in 1970 the “electronic’ and
“mechanic” strategies to stabilize ptC. In 1976, the first stable
ptC molecule, 1,1-dilithiocyclopropane, was predicted by
Schleyer and Pople.” Since then, a large number of molecular
species with planar tetra-, penta-, hexa-, and hepta-coordinate
carbons (ptC, ppC, phC, and p7C) were studied computa-
tionally and/or experimentally for over four decades." Notably,
a series of simple ptC clusters, NaCAl,~, CAL;Si~, and CAL,Ge,
were observed using photoelectron spectroscopy (PES) by
Wang and co-workers.”~” All of these ptC clusters follow the
18-electron counting.

As a crucial extension of ptC, molecules with planar
pentacoordinate carbon (ppC) are also of interest for pursuit.
The first ppC and relevant molecules, “hyparenes”, were
computed by Wang and Schleyer in 2001.° Stimulated by this
pioneering work, a number of ppC clusters were explored
computationally, including Ds;, CusHC, CBes and CBes*,
CW,**, and Si;,C,.”~"* However, the majority of the species are
only local minima, and thus they are merely model clusters and
unlikely to be observed in experiments.

A pentagonal Dy, CAL" cluster represents the first ppC-
containing global minimum (GM), predicted by Zeng and co-
workers in 2008."" Similar to the CAL> unit in the ptC
NaCAl,~ cluster,’ Ds, CAL" also has 18 valence electrons,
although it has remained unclear what is the exact electron-
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counting rule for the ptC, ppC, and phC complexes. Following
this work and using a simple concept of isoelectronic Be™/Al
substitution, a series of GM ppC species, CAl,Be, CAl;Be,”,
CALBe,;’", and ECBe,~ (E = Al, Ga), were predicted."*'® This
approach also allowed the generation of multiply charged ppC
species, in which intramolecular Coulomb repulsion can be
suppressed by counterions. Indeed, the ppC CBes*~ (or CBes)
pentagon was stabilized computationally by Li and H,'”"*
forming CBe,Li," * and CBesH,"™* (n = 2—S5) clusters, which
are interesting but not perfect. Molecular dynamics simulations
indicate that Li atoms in CBeLi," * move irregularly, which
interchange bridging positions and even interact with the #
cloud. Dynamic stabilities of CBesH,"™* are better. However,
both C, CBesH, and C;, CBesH;" are only quasi-planar, the
former being merely a local minimum. How can these
deficiencies be overcome and the perfect ppC species be
designed? To this end, transition metals may be a good choice,
because they have covalent bonding capability that is in
between those of Li and H.

The Au element possesses the highest electronegativity
(2.54) among all metals, similar to H (2.20), which underlies
the isolobal relationship between Au and H, as revealed in
silicon auride and boron auride clusters.'”~** Now, the open
questions are as follows: Can Au atoms stabilize the ppC CBe;
unit? Are 18-electron BBesAug and NBesAu>* species stable
with ppB/N? What are the electron-counting rules that govern
the ppC clusters, and what is the nature of bonding therein? In
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Figure 1. Optimized global-minimum structures of CBesAu,"™* (n = 2—5) (1—4), BBesAus (5), and NBe;Aug** (6) at the B3LYP/C,Be,B,N/6-
311+G(d)/Au/Stuttgart+2flg level. Bond distances are given in angstroms. Natural atomic charges (in lel) are shown in italic in red color.

this contribution, we report a density-functional theory (DFT)
study on structural, electronic, and bonding properties of star-
like ppC/B/N clusters: CBesAu,"™* (n = 2—5), BBesAus, and
NBesAug*". All species are established as the GM structures via
computational global searches, and they also have good
dynamic stability. Bonding analysis indicates 3-fold (x and o)
aromaticity, which underlies these unique ppC/B/N clusters.
Electronic structure calculations show that CBe;Aug* and its
lighter congeners (CBesCus" and CBesAgs") have vertical
electron affinities (VEAs) below 3.89 eV and can be classified as
“superalkali” cations. The evolution of electronic and bonding
properties of an extensive series of CBesM;" (M = Li—K, Cu—
Au, H, and F—Br) clusters is also discussed.

2. METHODS

The GM structural searches were carried out using the
coalescence kick (CK) approach®~*° at the hybrid B3LYP/
lanl2dz level.*®*” Extensive searches were focused on
CBesAus*, with over 2100 structures being probed (1370 for
singlets and 770 for triplets). For other clusters, only singlets
were searched, from 450 to 1000 structures for each species.
Top low-lying isomers were reoptimized at the B3LYP/
C,Be,BN/6-311+G(d)/Au/Stuttgart rsc_1997 ecp+2flg
level.””” Frequencies were checked at the same level to
confirm that the reported structures are true minima. Single-
point CCSD(T) calculations®** were done for top four
isomers of CBesAu,"™* (n = 2—5) at the B3LYP geometries.
Natural bond orbital (NBO) analyses® were performed at
the B3LYP/C,Be,B,N/6-311+G(d)/Au/Stuttgart r-
sc_1997_ecp+2flg level. To assess aromaticity, nucleus
independent chemical shifts (NICSs)** were calculated at the
centers of three-membered rings and at 1 A above these
centers, as well as at 1 A above the ppC/B/N centers. Vertical
detachment energies (VDEs) and VEAs were calculated using
the outer valence Green’s function (OVGF) method®> ™" at the
B3LYP and MP2*® geometries. All electronic structure
calculations were done using Gaussian 09.* Molecular
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structures and canonical molecular orbitals (CMOs) were
visualized using CYLview and GaussView 5.0.*>*'

3. RESULTS

3.1. CBesAu,™ (n = 2—4). Top low-lying structures of
CBeAu,”™ (n = 2—4) clusters (1-3, 1B—1D, 2B—2D, and
3B—3D) are identified from our CK searches; see Figure 1 and
the Supporting Information (Figure S1). Among them, 1—3 are
the GM structures. Competitive isomeric structures are 1B for
CBesAu,”” and 2B for CBesAu,~, which are 6.16 and 4.85 kcal
mol™" above their GM structures, respectively, at the single-
point CCSD(T) level with zero-point energy (ZPE)
corrections at B3LYP. Other isomers (1C—1D, 2C—2D, and
3B—3D) turn out to be at least 17 kcal mol™" higher in energy.
In particular, the nearest low-lying isomer of CBesAu, (3B) is
located at 32.45 kcal mol™}, suggesting that 3 as GM is well-
defined on the potential energy surface. In all 12 low-lying
structures, the Au atoms are situated far away from the C
center, serving as terminals or brid%es. This observation is in
line with the Au/H isolobal analogy. 9722 Au—Au interaction, if
any, may be present in isomers 2D and 3D.

GM structures 1—3 of CBe,Au,"™* (n = 2—4) are illustrated
in Figure 1, along with their bond distances and NBO atomic
charges. All three species are perfectly planar and feature a
pentagonal CBes core, with from two to four bridging Au atoms
on the periphery. The C—Be bond distances are 1.72—1.76 A in
1, 1.66—1.76 A in 2, and 1.69—1.78 A in 3, which indicate
reasonably strong C—Be bonding. As a reference, the upper
bound of a single C—Be bond is 1.77 A based on the
recommended covalent atomic radii.** Unevenness of C—Be
distances in 1—-3 is due to asymmetric Au coordination, as
anticipated. There is a trend that Au coordination slightly
shortens C—Be distances in the vicinity. Thus, a C—Be bond
associated with two Au bridges is apparently shorter than
others.

For the Be—Be links in 1—3, those without an Au bridge are
1.89—1.96 A, whereas those with an Au bridge are 2.05—2.18 A.
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Table 1. Calculated Lowest Vibrational Frequency (V,,;,) of CBesAu,”* (n = 2—5), BBesAu,, and NBe;Aug** Clusters (1—6) at
the B3LYP/C,Be,B,N/6-311+G(d)/Au/Stuttgart rsc_ 1997 _ecp+2flg level, along with Wiberg Bond Index (WBI) of C/B/N—
Be, Be—Be, and Be—Au Bonds and Total WBI of C/B/N, Be, and Au Atoms

species” 1 2

Upnin (cm™?) 83 58
WBIp/x_pe Be, 051 0.60
Be, 053 055
Be, 0.54 0.50
WBIg, e a—b" 0.77 027
b—c 0.27 0.82
c—c 0.81 0.27
WBI, s, Be, 0.60
Be, 0.66 0.56
Be, 0.62 0.61
WBI¢/mx 275 2.82
WBI,, Be, 2.49 2.52
Be, 245 243
Be, 2.51 243
WBL,, ab* 1.35

be 1.60

cc 1.37

« » wy»

a,

«

“Atomic labels

« . »

3 4 S 6
22 18 21 8
0.62 0.55 0.68 0.39
0.58
0.48
0.28 0.30 0.31 0.33
0.29
0.81
0.58 0.60 0.59 0.62
0.59/0.62
0.58
2.86 2.90 3.52 2.07
2.49 2.49 2.64 2.38
2.50
2.37
1.34 1.34 133 1.36
1.34

, and “c”, as shown in Figure 1. bLabels “a—b”, “b—c”, and “c—c” denote the Be,—Be,, Be,—Be, and Be,—Be, links,

respectively. “Labels “ab”, “bc”, and “cc” define the positions at which a bridging Au atom is situated.

Clearly, an Au bridge elongates the Be—Be bond. We stress that
Be—Be interactions in the clusters are substantial. A Be, dimer
is van der Waals type (2.45 A),** and a Be," cluster with a half
bond is 2.21 A.* Be—Be bonds in 1—3 are thus comparable to,
or stronger than, that in Be," cation. The Au—Be distances are
uniform (2.22—2.26 A), indicating quite strong bonding (upper
bound of Au—Be single bond: 2.26 A).** Calculated Wiberg
bond indices (WBIs; Table 1) from NBO analyses for 1—3 are
in line with the above assignments.

3.2. CBesAus*, BBesAus, and NBesAus?t. Dy, CBeAus*
(4), BBesAus (5), and NBesAus** (6) are perfectly planar, star-
like clusters with a ppC/B/N center, as illustrated in Figure 1.
These species are isovalent, because C*/B/ N2* have the same
number of electrons. According to the CK global searches, Dy,
CBesAus* (4) is well-defined as GM (Figure S1), with the
nearest isomer 4B being 23.05 kcal mol™" above it. We also
briefly examined the CBesAus neutral cluster. Its star-like
structure is slightly nonplanar and distorted to C, symmetry, yet
it remains the lowest in energy as compared to alternative
neutral conformations based on 4B—4D.

Clusters 4—6 may be described as an inner wheel-like XBe;
(X = C, B, N) core interacting with an outer Be;Au; ring. The
Au—Be distances are even in three species (2.18—2.24 A). The
X—Be distances are 1.80, 1.73, and 1.72 A from B to N, which
correlate to the decrease of atomic radius along the series (0.82,
0.77, and 0.70 A for B, C, and N, respectively). Note that
Coulomb repulsion in dication 6 should counter the shrink of
N—Be distance. The nature of X—Be, Be—Be, and Be—Au
bonding in 4—6 is qualitatively similar to that in 1—3 (section
3.1), except that the latter species have uneven bonds due to
asymmetric Au coordination.

3.3. Molecular Dynamics. Thermodynamic stability
benefits the star-like ppC/B/N species for potential synthesis
in the gas phase. However, it is not enough. Thus, Born—
Oppenheimer molecular dynamics (BOMD) simulations were
performed for clusters 1—6 at the B3LYP/lanl2dz level, for 30
ps at room temperature (298 K). All of the 1—6 species
maintain structural integrity during BOMD simulations (Figure
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S2), suggesting that these clusters are robust against isomer-
ization and decomposition. Figure 2 compares the dynamics of
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Figure 2. Root-mean-square deviations (RMSDs) of C,, CBesAu,*”
(1) during the molecular dynamics (MD) simulation at 298 K, as
compared to those of C,, CBesH,>".

CBesAu,”” (1) and its isoelectronic CBesH,>™ species'® for up
to 100 ps. While 1 is dynamically stable against Au migration to
neighboring bridging sites, H-migration is frequently observed
for CBesH,*™ at room temperature. Thus Au seems to be
superior to H in terms of stabilizing the ppC CBe;s unit,
intuitively due to the heavy mass of the Au atom.

4. DISCUSSION

4.1. Star-Like ppC/B/N Clusters: CBesAu,"™* (n = 2-5),
BBesAus, and NBesAus**. The CBeAu,"”™* (n = 2-3),
BBe;Au;, and NBe,Au,®* clusters (1—6) possess a similar
planar pentacoordinate XBes (X = C, B, N) unit as structural
core. Au atoms occupy peripheral positions as bridging ligands,
successively building up a series of star-like clusters, in which
the XBes core maintains its structural integrity. The X—Be and
Be—Be distances within the XBeg core in 1—6 follow the
intuitive trend with the change of X or n, where asymmetric
coordination of # Au ligands induces only a slight variation in
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Figure 3. Analysis of canonical molecular orbitals (CMOs) of Dy, CBesAus* (4) cluster. (a) Orbital energy diagram and HOMO—LUMO energy
gap; (b) 106 subsystem derived from C/Be 2s atomic orbitals (AOs); (c) 27 subsystem; (d) 66 subsystem with primary contributions from Au 6s

AOs. The analysis indicates 3-fold aromaticity for 4.

bond distances (Figure 1). The fact that Au prefers bridging
sites supports the concept of Au/H isolobal analogy.'”™**

In terms of valence electrons, clusters 1—6 all contain 18
electrons, balanced by overall charges from 2— to 2+. The 18-
electron counting appears to be a “magic” rule for ppC/B/N,
although this counting is by no means the same as the
traditional 18-electron rule in three-dimensional compounds. In
fact, model phC complex CB>~ has 24 electrons,” suggesting
that 18 electrons are not necessarily a rule for planar
hypercoordinate clusters.”"~* As we will show below via
bonding analysis, 18-electron counting in 1—6 can be
elucidated using the concept of 3-fold (7 and o) aromaticity.

Note that, upon Au coordination, WBI for Be—Be in 1-6
decreases from ~0.8 to ~0.3, which hints that the Au bridge
breaks Be—Be bonding and facilitates Be—Au—Be bonding
(Table 1). It is also interesting to note that, in CBesAu,"™* (n =
2—5), BBesAug, and NBesAu,*, all C/B/N centers persistently
carry a natural charge of ~2 lel, independent of X, Au, or overall
charge (Figure 1). The observation suggests that this natural
charge is primarily due to Be—X interaction within the XBe;
core and has little to do with Au ligands or extra charges.

4.2, Chemical Bonding in ppC/B/N Complexes: 3-Fold
(= and 6) Aromaticity. The bonding in ppC/B/N complexes
may be understood via CMO analysis, aided with orbital
composition calculations.*® Since the essence of bonding is
similar in star-like 4—6 species,” we use Ds, CBesAus" (4) as
an example. The energy level diagram of 4 is presented in
Figure 3. The nine occupied CMOs can be sorted in three
subsets. Subset 1 (Figure 3b) has five CMOs primarily derived
from C/Be 2s atomic orbitals (AOs): HOMO-20 (a;’),
HOMO-19 (e,’), and HOMO-1 (e,’). This subset of CMOs
has zero, 1, and 2 nodal planes; LUMO (e,’) are the next along
this series (3 nodal planes). These CMOs have substantial
contributions from the CBes core, from 97% in HOMO-20,
66% in HOMO—19, to 34% in HOMO-1. In other words,

1141

they form a 10c disk-delocalization system primarily in the
CBeg core, akin to the 66 delocalization in the D,, Bg*~
molecular wheel.”® Subset 2 (Figure 3c) is the 7 framework
and involves only the HOMO. The 27 electrons are also
contributed mainly by CBe; (85%). Lastly, subset 3 (Figure 3d)
is a 60 system with major contributions from Au 6s AOs: 75%
for HOMO-3 (a,’) and 51% for HOMO-2 (e,’). Additional
contributions from Bes amount to 22 and 23%, respectively.
Therefore, subset 3 may be assigned mainly to the outer Be;Aug
ring.

In short, Dy, CBesAus* (4) has three ¢ and 7 subsystems
(106, 27, and 60), which are mutually orthogonal to each
other.”’ None of the subsystems can be localized as classical
Lewis bonds. Thus, they indicate 3-fold delocalization in 4, that
is, 3fold (# and ©) aromaticity. This bonding picture is
depicted in Figure 4, which overrides the 18-electron rule.*~*

Figure 4. Bonding model for Dy, CBesAus* (4) and relevant isovalent
species.

Note that 100, 27, and 60 electron-counting all conform to the
(4n + 2) Hiickel rule.’*™>" NICS calculations® offer an
independent probe for aromaticity. NICS(0) and NICS(1),
calculated at the ring center and 1 A above it, characterize ¢ and
7 aromaticity, respectively. The NICS values for cluster 4 are
shown in Figure S3. Both NICS(0) and NICS(1) are highly
negative, fully supporting the idea of 7 and ¢ aromaticity.
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It is stressed that, while the 100 subsystem is ascribed
primarily to the CBe; core (60%), it also has components from
Aug (by about 40%). In our opinion, it is thus oversimplified to
describe Dg;, CBesAug* (4) as an inner CBeg core plus an outer
BesAug ring. The 100 subsystem is essentially global in nature
and glues the CBeg core and outer BesAug ring as an integral
star-like cluster. This bonding picture may apply for all star-like
clusters 1—6, as well as relevant CBe;M;* (M = H, Li—K, F—
Br) species in prior reports.58

4.3. Planar Pentacoordinate Carbons Meet Super-
alkalis: Electronic Properties of the CBe;Ms* (M = Li—K,
Cu—Au, H, and F—Br) Series. The ppC species are unique in
physical chemistry." It is of interest to explore the electronic
structure of these star-like ppC/B/N clusters. As an example,
the orbital energy diagram of 4 is shown in Figure 3a. The
density of state is high near the HOMO, with five CMOs being
spaced within ~0.5 eV. The LUMO and HOMO are separated
by a sizable energy gap, suggesting that 4 as a cation is
electronically robust. This is understandable because 4 is an 18-
electron system and its neutral counterpart has 19 electrons.
Thus, Ds, CBesAu;* (4) may mimic an alkali metal cation.

Quantitatively, the VEA of Dy, CBesAus* (4) is calculated to
be 3.75 and 3.82 eV at OVGF//B3LYP and OVGF//MP2,
respectively, which is the ionization potential (IP) of the star-
like CBesAus neutral cluster. The IP is even smaller than that of
the Cs atom (3.89 eV), the lowest of any element in the
periodic table. Following the definition, cluster 4 can be
classified as a superalkali cation.” In fact, the star-like CBesAug
neutral is also competitive on its potential energy surface. Note
that C, Be, and Au atoms in 4 possess IPs of 11.26, 9.32, and
9.22 eV, respectively, far greater than 3.75/3.82 eV. The
unexpected, low VEA of 4 has to be due to collective effect in
the cluster. We believe 3-fold (106, 27, and 66) aromaticity
holds the key for this, which generates a sizable HOMO—
LUMO gap in 4 and destabilizes its LUMO. Nevertheless, this
is not the complete truth.

In fact, even C,, CBesAu;~ (2), a closed-shell 18-electron
anion, exhibits unusual properties. Intuitively, one expects that
2 has high binding energies and its neutral species probably
belongs to superhalogens.”” Our simulated PES spectrum of 2
counters this idea, with a ground-state VDE of only 2.55 eV
(Figure S4). Furthermore, the first two PES bands are
separated from higher ones by a gap of ~1.8 eV. The PES
pattern correlates to the nature of frontier CMOs (Figure S5).
Here, HOMO and HOMO-1 are derived from Be 2s AOs (by
88%) and can be recombined for two-center two-electron (2c—
2e) Be—Be 6 bonds. Such CMOs are anticipated to have lower
binding energies with respect to C/Au based ones. Indeed,
HOMO-2 is a completely bonding # CMO with major
contribution from C 2p AO (67%), whereas HOMO-3
through HOMO=35 are Au 6s based.

It is valuable to examine the evolution of electronic
properties of the CBe;M;* (M = Li—K, Cu—Au, H, and F—
Br) series, in which M spans a diverse range from alkali metals,
coinage metals, hydrogen, to halogens. Similar to CBesAus",
star-like ppC CBesCug" and CBesAgs* species are the GM
structures on their potential energy surfaces according to our
CK searches. For other CBesM;" species, CBesH" was recently
computed'® to be a pseudo-superalkali cation and CBesM;* (M
= Li—K, F—Br)"® belong to superalkali cations. In all of these
star-like species, the concepts of ppC and superalkali merge in a
single system, which are unique considering that both ppC and
superalkali are unconventional chemical ideas."*” Comparative
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data of the whole series are collected in Figure S as well as in
Tables 2 and S1. While the IP of atom M spans from 4.34 to
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Figure S. Evolution of (a) vertical electron affinity (VEA), calculated
at the OVGF//MP2 level, of the CBe;M;" (M = Li—K, Cu—Au, H,
and F—Cl) series as a function of M. The atomic ionization potential
(IP; experimental data) of M is also plotted for comparison. Shown in
part b is the energy drop between VEA and IP as a function of M. The
curves offer insight into bonding along this series of complexes.

17.42 eV, VEAs of CBesM* (M = Li—K, Cu—Au, H, and F—
Br) drop markedly and are below 3.89 eV, except for CBeH,"
(Figure Sa). The magnitude of IP drop amounts to 2.88—2.23
eV for Li—K, 3.83—5.41 eV for Cu—Au, 9.57 eV for H, and
13.68—8.73 eV for F—Br (Figure Sb). In particular, IP drop for
the H/F/CIl/Br species is significant.

A key point to rationalize this trend lies in the fact that the
ppC species are all 18-electron systems with multifold
aromaticity (100, 27, and 60). As typical examples, CMOs of
CBeKs" and CBegH;" are analyzed in Figure 6,° which
resemble those of CBesAus* (4) (Figure 3). The bonding
pattern dictates that frontier CMOs of the ppC species are
similar in nature, although not necessarily identical; see Table
S2. Indeed, the shapes of the LUMO differ from species to
species: Na/K (Na/K s based), Li/Cu/Ag/Au (Be based o
CMO), H/Br/Cl (Be based # CMO), and F (Be based,
completely bonding 6 CMO). However, the LUMO is Be
based for the majority of the species (from 63 up to 100%),
plus two species that are K/Na based (90—92%). Thus, the
VEA of CBegM;" clusters has little relevance to M. Rather, it is
associated with the Bes ring and should be low for all species
(see also Figure SS). On the basis of this understanding, the
exact nature of M merely serves as a perturbation to VEA,
which explains why all of these ppC clusters are superalkali
cations. Lastly, orbital components of the LUMO also hint that
Be/Li and Be/Au bonding are remarkably covalent (Table S2).
Note that even the CBe;Cl" and CBeBr;" species appear to be
more covalent than anticipated (Table 2), in which Cls and Br;
collectively carry a charge of only —0.58 and —0.10 lel,
respectively.
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Table 2. Calculated Vertical Electron Affinities (VEAs), Vertical Detachment Energies (VDEs), and HOMO—LUMO Gaps of
the CBegM;* (M = Li—K, Cu—Au, H, F—Cl) Series at the Outer Valence Green’s Function (OVGF) Level, Using the B3LYP and

MP2 Optimized Structures”

species VEA? VDE?
CBe;Lis* 2.51 (2.51) 8.89 (8.82)
CBe;Nag* 2.35 (2.36) 8.00 (7.92)
CBesK,* 2.11 (2.11) 6.69 (6.74)
CBe;Cus* 3.80 (3.90) 11.55 (11.56)
CBesAgs* 3.46 (3.55) 11.26 (11.28)
CBesAu;* 3.75 (3.82) 12.45 (12.23)
CBesH,* 4.07 (4.03) 14.39 (14.21)
CBeF* 3.74 (3.74) 13.77 (13.66)
CBe,CL* 3.03 (3.01) 12.95 (12.82)
CBe;Brs* 3.09 (3.08) 12.76 (12.65)

“Also listed are natural atomic charges (g; in lel) from the natural bond orbital (NBO) analysis.

EHOMO—LUMOb q (Ms)* q (Bes)* q (C)°
6.92 4.18 —1.11 —2.07
6.19 4.02 —0.83 —-2.19
4.99 4.32 -1.05 —-2.27
8.48 2.28 0.71 —-1.99
8.34 2.39 0.67 —2.06
8.97 1.31 1.72 —2.03

11.07 —1.02 3.81 —-1.79
10.84 —2.87 5.97 —-2.10
11.08 —0.58 3.4S5 —1.87
11.05 —0.10 3.07 —-1.97

bCalculated at the OVGF//B3LYP and OVGE//

MP2 (in italic) levels, respectively. All energies are in eV. “NBO analysis at the B3LYP/C,Be,LiNa,K,F,Cl,Br/6-311+G(d)/H/6-311+G(d,p)/

Cu,Ag,Au/Stuttgart+2f1g level.
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Figure 6. CMOs of (a) Dg;, CBesK;" and (b) Dy, CBesH;* clusters. The CMOs are sorted into 100, 27, and 66 subsystems, similar to those in Dy,

CBesAus* (4) (Figure 3).

5. CONCLUSIONS

We have designed, via computer global searches, a star-like
CBesAu;" cluster with planar pentacoordinate carbon (ppC).
Relevant isovalent ppC/B/N species, CBesAu," ™ (n = 2—4),
BBesAus, and NBesAug™", are also explored. These clusters have
star-like geometries with a pentacoordinate XBe; (X = C, B, N)
core. Bonding analysis suggests that the CBesAu;* cluster as an
18-electron system can be subdivided into three subsystems
(100, 27, and 60), each conforming to the (4n + 2) Hiickel
rule. The star-like clusters thus have 3-fold (z and o)
aromaticity, a key understanding for planar hypercoordinate
chemistry in general, which underlies the unusual ppC/B/N
coordination. Electronic structure calculations show that
vertical electron affinities (VEAs) of CBesAus™ and its lighter
congeners (CBe;Cus* and CBesAg;*) are below 3.89 eV,
making them superalkali cations. The ppC clusters with
superalkali cation properties are intriguing and unique in
coordination and physical chemistry.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpca.7b11789.

1143

Cartesian coordinates for optimized structures of clusters
1-6, three low-lying isomers nB—nD (n 1-4),
CBesCus’, and CBesAgs" at the B3LYP level; orbital
composition of the LUMO of CBesM;" (M = Li—K,
Cu—Au, H, F—Br); optimized structures of global
minima 1—4 and their three lowest-lying isomers at
B3LYP; RMSDs of 1—6 during BOMD simulations at
298 K; calculated NICSs for clusters 1—6; simulated
photoelectron spectrum of C,, CBesAu;~ (2) anion
cluster using the TD-B3LYP method; and frontier
CMOs and energy level diagram of 2 (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: hj.zhai@sxu.edu.cn.

ORCID
Hua-Jin Zhai: 0000-0002-1592-0534

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (21573138) and the Scientific and
Technological Innovation Programs of Higher Education

DOI: 10.1021/acs jpca.7b11789
J. Phys. Chem. A 2018, 122, 1138—1145


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpca.7b11789
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b11789/suppl_file/jp7b11789_si_001.pdf
mailto:hj.zhai@sxu.edu.cn
http://orcid.org/0000-0002-1592-0534
http://dx.doi.org/10.1021/acs.jpca.7b11789

The Journal of Physical Chemistry A

Institutions in Shanxi (2017170). H.-J.Z. also gratefully
acknowledges support from the Sanjin Scholar Distinguished
Professors Program.

B REFERENCES

(1) Yang, L. M.; Gang, E.; Chen, Z. F.; Wang, Z. X.; Schleyer, P. v. R.
Four decades of the chemistry of planar hypercoordinate compounds.
Angew. Chem., Int. Ed. 2015, 54, 9468—9501.

(2) Monkhorst, H. J. Activation energy for interconversion of
enantiomers containing an asymmetric carbon atom without breaking
bonds. Chem. Commun. 1968, 1111—1112.

(3) Hoffmann, R; Alder, R. W.; Wilcox, C. F. Planar tetracoordinate
carbon. J. Am. Chem. Soc. 1970, 92, 4992—4993.

(4) Collins, J. B.; Dill, J. D.; Jemmis, E. D.; Apeloig, Y.; Schleyer, P. v.
R; Seeger, R; Pople, J. A. Stabilization of planar tetracoordinate
carbon. J. Am. Chem. Soc. 1976, 98, 5419—5427.

(S) Li, X;; Wang, L. S.; Boldyrev, A. L; Simons, J. Tetracoordinated
planar carbon in the AlL,C™ anion. A combined photoelectron
spectroscopy and ab initio study. . Am. Chem. Soc. 1999, 121,
6033—6038.

(6) Li, X;; Zhang, H. F.; Wang, L. S.; Geske, G. D; Boldyrev, A. L
Pentaatomic tetracoordinate planar carbon, [CAL]*": A new structural
unit and its salt complexes. Angew. Chem., Int. Ed. 2000, 39, 3630—
3632.

(7) Wang, L. S; Boldyrev, A. L; Li, X; Simons, J. Experimental
observation of pentaatomic tetracoordinate planar carbon-containing
molecules. J. Am. Chem. Soc. 2000, 122, 7681—7687.

(8) Wang, Z. X; Schleyer, P. v. R. Construction principles of
“hyparenes”: Families of molecules with planar pentacoordinate
carbons. Science 2001, 292, 2465—2469.

(9) Li, S. D,; Miao, C. Q; Ren, G. M. Dy, Cu,HX: Pentagonal
hydrocopper CusHg containing pentacoordinate planar nonmetal
centers (X = B, C, N, O). Eur. J. Inorg. Chem. 2004, 2004, 2232—2234.

(10) Luo, Q. Theoretical observation of hexaatomic molecules
containing pentacoordinate planar carbon. Sci. China, Ser. B: Chem.
2008, S1, 1030—1035.

(11) Yamaguchi, W. § And ¢ vs. 7 conflicting aromatic pentagonal
ring of tungsten with a planar pentacoordinate carbon at the ring
center. Int. J. Quantum Chem. 2010, 110, 1086—1091.

(12) Zdetsis, A. D. Novel pentagonal silicon rings and nanowheels
stabilized by flat pentacoordinate carbon(s). J. Chem. Phys. 2011, 134,
094312.

(13) Pei, Y.; An, W,; Ito, K; Schleyer, P. v. R; Zeng, X. C. Planar
pentacoordinate carbon in CAL*: A global minimum. J. Am. Chem. Soc.
2008, 130, 10394—10400.

(14) Jimenez-Halla, J. O. C,; Wu, Y. B.; Wang, Z. X,; Islas, R.; Heine,
T.; Merino, G. CAl,Be and CAl;Be, : Global minima with a planar
pentacoordinate carbon atom. Chem. Commun. 2009, 46, 8776—8778.

(15) Wy, Y. B,; Duan, Y,; Lu, H. G.; Li, S. D. CAl,Be,*™ and its salt
complex LiCAl,Be;™: Anionic global minima with planar pentacoordi-
nate carbon. J. Phys. Chem. A 2012, 116, 3290—3294.

(16) Castro, A. C.; Martinez-Guajardo, G.; Johnson, T.; Ugalde, ]J.
M,; Wu, Y. B; Mercero, J. M,; Heine, T.; Donald, K. J.; Merino, G.
CBesE™ (E = Al Ga, In, TI): Planar pentacoordinate carbon in
heptaatomic clusters. Phys. Chem. Chem. Phys. 2012, 14, 14764—
14768.

(17) Grande-Aztatzi, R.;; Cabellos, J. L.; Islas, R;; Infante, 1; Mercero,
J. M.; Restrepo, A.; Merino, G. Planar pentacoordinate carbons in
CBe*™ derivatives. Phys. Chem. Chem. Phys. 2015, 17, 4620—4624.

(18) Guo, J. C; Ren, G. M,; Miao, C. Q.; Tian, W. J.; Wu, Y. B,
Wang, X. CBesH,"™* (n = 2—5): Hydrogen-stabilized CBe; pentagons
containing planar or quasi-planar pentacoordinate carbons. J. Phys.
Chem. A 2015, 119, 13101.

(19) Kiran, B; Li, X;; Zhai, H. J,; Cui, L. F.,; Wang, L. S. [SiAu,]:
Aurosilane. Angew. Chem.,, Int. Ed. 2004, 43, 2125—2129.

(20) Li, X; Kiran, B.; Wang, L. S. Gold as hydrogen. An experimental
and theoretical study of the structures and bonding in disilicon gold

1144

clusters Si,Au,” and Si,Au, (n = 2 and 4) and comparisons to Si,H,
and Si,H,. J. Phys. Chem. A 2008, 109, 4366.

(21) Kiran, B; Li, X;; Zhai, H. J.; Wang, L. S. Gold as hydrogen:
Structural and electronic properties and chemical bonding in
Si;Au,"~ and comparisons to Si;H;*'%~. J. Chem. Phys. 2006, 125,
133204.

(22) Zhai, H. J.; Wang, L. S.; Zubarev, D. Y.; Boldyrev, A. 1. Gold
apes hydrogen. The structure and bonding in the planar B;Au,” and
B,Au, clusters. J. Phys. Chem. A 2006, 110, 1689—1693.

(23) Sergeeva, A. P.; Averkiev, B. B; Zhai, H. J.; Boldyrev, A. L;
Wang, L. S. All-boron analogues of aromatic hydrocarbons: B;;~ and
Bis~. J. Chem. Phys. 2011, 134, 224304.

(24) Saunders, M. Stochastic search for isomers on a quantum
mechanical surface. J. Comput. Chem. 2004, 25, 621—626.

(25) Bera, P. P.; Sattelmeyer, K. W.; Saunders, M.; Schaefer, H. F.,
III; Schleyer, P. v. R. Mindless chemistry. J. Phys. Chem. A 2006, 110,
4287—4290.

(26) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density.
Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785—789.

(27) Becke, A. D. Density functional thermochemistry. IIL. The role
of exact exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(28) Schuchardt, K. L.; Didier, B. T.; Elsethagen, T.; Sun, L,
Gurumoorthi, V.; Chase, J.; Li, J.; Windus, T. L. Basis set exchange: A
community database for computational sciences. J. Chem. Inf. Model.
2007, 47, 1045—1052.

(29) Martin, J. M. L.; Sundermann, A. Correlation consistent valence
basis sets for use with the Stuttgart-Dresden-Bonn relativistic effective
core potentials: The atoms Ga-Kr and In-Xe. J. Chem. Phys. 2001, 114,
3408—3420.

(30) Pople, J. A; Head-Gordon, M.; Raghavachari, K. Quadratic
configuration interaction. A general technique for determining electron
correlation rnergies. J. Chem. Phys. 1987, 87, 5968—5975.

(31) Scuseria, G. E.; Janssen, C. L.; Schaefer, H. F., III An efficient
reformulation of the closed-shell coupled cluster single and double
excitation (CCSD) equations. J. Chem. Phys. 1988, 89, 7382—7387.

(32) Scuseria, G. E.; Schaefer, H. F., I Is coupled cluster singles and
doubles (CCSD) more computationally intensive than quadratic
configuration interaction (QCISD)? J. Chem. Phys. 1989, 90, 3700—
3703.

(33) Reed, A. E; Curtiss, L. A; Weinhold, F. Intermolecular
interactions from a natural bond orbital, donor—acceptor viewpoint.
Chem. Rev. 1988, 88, 899—926.

(34) Schleyer, P. v. R;; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R v. E. Nudleus-independent chemical shifts: A simple and
efficient aromaticity probe. J. Am. Chem. Soc. 1996, 118, 6317—6318.

(35) Cederbaum, L. S. One-body Green’s function for atoms and
molecules: Theory and application. J. Phys. B: At. Mol. Phys. 1975, 8,
290-303.

(36) Ortiz, J. V. Electron binding energies of anionic alkali metal
atoms from partial fourth order electron propagator theory
calculations. J. Chem. Phys. 1988, 89, 6348—6352.

(37) Ortiz, J. V. Toward an exact one-electron picture of chemical
bonding. Adv. Quantum Chem. 1999, 35, 33—52.

(38) Head-Gordon, M.; Pople, J. A; Frisch, M. J. MP2 energy
evaluation by direct methods. Chem. Phys. Lett. 1988, 153, 503—506.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A;; Cheeseman, J. R; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A,; et al. Gaussian 09, revision D.01; Gaussian, Inc.:
Wallingford, CT, 2009.

(40) Legault, C. Y. CYLview, 1.0b; Université de Sherbrooke: 2009
(http:// www.cylview.org).

(41) Dennington, R; Keith, T.; Millam, J. GaussView, version S;
Semichem, Inc.: Shawnee Mission, KS, 2009.

(42) Pyykks, P. Additive covalent radii for single-, double-, and triple-
bonded molecules and tetrahedrally bonded crystals: A summary. J.
Phys. Chem. A 2018, 119, 2326—2337.

(43) Kalemos, A. The nature of the chemical bond in Be,*, Be,, Be, ",
and Bes. J. Chem. Phys. 2016, 145, 214302.

DOI: 10.1021/acs jpca.7b11789
J. Phys. Chem. A 2018, 122, 1138—1145


http://www.cylview.org
http://dx.doi.org/10.1021/acs.jpca.7b11789

The Journal of Physical Chemistry A

(44) Antonov, L. O.; Barker, B. J.; Bondybey, V. E.; Heaven, M. C.
Spectroscopic characterization of Be,” X X" and the ionization
energy of Be,. ]. Chem. Phys. 2010, 133, 074309.

(45) For a two-dimensional (2D), free-electron nanosystem,46 the
“magic” numbers are revised with respect to those in the spherical shell
model.*’ Of course, it remains to be tested whether the 2D shell model
works for the present ppC/B/N clusters, which are highly covalent in
bonding and involve ternary elements. The ppC/B/N species do not
seem to meet the free-electron condition.

(46) Janssens, E.; Tanaka, H.; Neukermans, S.; Silverans, R. E.;
Lievens, P. Two-dimensional magic numbers in mass abundances of
photofragmented bimetallic clusters. New J. Phys. 2003, S, 46.

(47) Knight, W. D.; Clemenger, K.; de Heer, W. A.; Saunders, W. A;
Chou, M. Y.; Cohen, M. L. Electronic shell structure and abundances
of sodium clusters. Phys. Rev. Lett. 1984, 52, 2141-2143.

(48) Lu, T.; Chen, F. W. Calculation of molecular orbital
composition. Acta Chim. Sinica 2011, 69, 2393—2406.

(49) For those imperfect star-like CBesAu,"™* (n = 2—4) (1-3)
species, asymmetric coordination of Au in the periphery manages to
destroy the delocalized o subsystems, which become sort of localized
as, for example, three-center two-electron (3c—2e) Be—Au—Be o
bonds and 2c—2e Be—Be o bonds in 2 (see Figure S5). However, the
aromatic 27 subsystem in the CBeg core (that is, the completely
delocalized, completely bonding 6c—2e 7 bond) remains intact.

(50) Zhai, H. J.; Alexandrova, A. N.; Birch, K. A,; Boldyrev, A. L;
Wang, L. S. Hepta- and octacoordinate boron in molecular wheels of
eight- and nine-atom boron clusters: Observation and confirmation.
Angew. Chem., Int. Ed. 2003, 42, 6004—6008.

(51) Mercero, J. M.; Boldyrev, A. 1; Merino, G.; Ugalde, J. M. Recent
developments and future prospects of all-metal aromatic compounds.
Chem. Soc. Rev. 2018, 44, 6519—6534.

(52) For the benefit of general readers, we shall offer some
elaboration and explanation on 3-fold aromaticity in the present ppC
clusters. First, HOMO—20 of Dy, CBesAus" (4) (Figure 3) is fully
delocalized within the ppC CBeg core with 59% contribution from C
and 38% from Bes, which is truly a part of the aromatic 106 subsystem.
Second, aromaticity, 7 and o6, is a rapidly expanding frontier field in
chemistry.*® 6-Aromaticity follows the same (4n + 2) Hiickel rule as 7.
Indeed, 26 and 60 aromatic systems are known.’*™>® Third, a
delocalized 27 system is aromatic despite that it requires n = 0 only in
the Hiickel rule. The prototypical all-metal aromatic Al,*~ cluster has
exactly the 27 electron-counting.®”

(53) Schleyer, P. v. R. Introduction: Delocalization — pi and sigma.
Chem. Rev. 20085, 105, 3433—3435.

(54) Chandrasekhar, J.; Jemmis, E. D.; Schleyer, P. v. R. Double
aromaticity: Aromaticity in orthogonal planes. The 3,5-dehydrophenyl
cation. Tetrahedron Lett. 1979, 20, 3707—3710.

(55) Popov, L. A,; Pan, F. X;; You, X. R; Lj, L. J.; Matito, E.; Liu, C;
Zhai, H. J,; Sun, Z. M.; Boldyrev, A. I. Peculiar all-metal o-aromaticity
of the [Au,Sby¢]*™ anion in the solid state. Angew. Chem., Int. Ed. 2016,
S5, 15344—15346.

(56) You, X. R; Feng, L. Y; Li, R;; Zhai, H. J. Chemical bonding and
c-aromaticity in charged molecular alloys: [Pd,As;,]*” and
[Au,Sb,,]* clusters. Sci. Rep. 2017, 7, 791.

(57) Li, X,; Kuznetsov, A. E.; Zhang, H. F.; Boldyrev, A. I; Wang, L.
S. Observation of all-metal aromatic molecules. Science 2001, 291,
859—861.

(58) Guo, J. C; Tian, W. J.; Wang, Y. J.; Zhao, X. F.; Wu, Y. B,; Zhai,
H. J; Li, S. D. Star-like superalkali cations featuring planar
pentacoordinate carbon. J. Chem. Phys. 2016, 144, 244303.

(59) Gutsev, G. L,; Boldyrev, A. L. DVM-X,, calculations on the
electronic structure of “superalkali” cations. Chem. Phys. Lett. 1982, 92,
262—-266.

(60) Gutsev, G. L.; Boldyrev, A. L. DVM-X,, calculations on the
ionization potentials of [MX,;]” complex anions and the electron
affinities of MX,,, superhalogens. Chem. Phys. 1981, 56, 277—283.

(61) Star-like CBesMs* (M = Li—K, Cu—Au, H, F—Br) clusters all
have 3-fold delocalized (100, 27, and 66) subsystems, irrespective of M
that ranges from alkali metals, coinage metals, hydrogen, to halogens.

1145

They differ only in the spatial distribution of the o/7 bonds; see
Figures 3 and 6. For alkali metal based species, electron clouds shrink
to the CBe; core. For halogen based species, outer clouds lean more to
the M; centers. In CBe;Lis*, CBesH;*, and CBesAu;" clusters, the Be—
M bonding is covalent and electron clouds are spread over all 11
atoms.

DOI: 10.1021/acs jpca.7b11789
J. Phys. Chem. A 2018, 122, 1138—1145


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b11789/suppl_file/jp7b11789_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.7b11789

