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Abstract Under high-level ab initio calculations, the geomet-
rical structures and nonlinear optical properties of M@P,
(M=Li, Na, K and Liz0) and M@C;Hs (M=Li and Li;0)
were investigated; all were found to exhibit considerable first
hyperpolarizabilities (18110, 1440, 22490, 50487, 2757 and
31776 au, respectively). The computational results revealed
that when doping the (super)alkali atom M into the tetrahedral
P4 molecule, the original dual spherical aromaticity of the P,
moiety is broken and new o electron cloud is formed on the
face of P, part interacting with the M atom. It was found that
interaction of the (super)alkali atom with the o electron cloud
is anovel mode to produce diffuse excess electrons effectively
to achieve a considerable 3 value. Further, beyond the alkali
atom, employing the superalkali unit can be a more effective
approach to significantly enhance the first hyperpolarizability
of the systems, due to the much lower vertical ionization
potential. These results were further supported by the case of
the (super)alkali atom interacting with the cyclopropane C3Hg
molecule with its typical o aromatic electron cloud. Moreover,
the 3, values of the M@P, series are nonmonotonic depen-
dent on alkali atomic number, namely, 1440 au (M=Na)<
18110 au (Li)<22490 au (K), inferring that the distance be-
tween the alkali atom and the interacting surface with the o
electron cloud in P, is a crucial geometrical factor in deter-
mining their first hyperpolarizabilities. These intriguing
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findings will be advantageous for promoting the design of
novel high-performance nonlinear optical materials.
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Introduction

In recent decades, starting from the earliest inorganic nonlin-
ear optical (NLO) crystals, numerous investigations on de-
signing high-performance NLO materials have focused the
attention of experimental and theoretical researchers because
of their extensive applications in optical and electro-optical
devices etc. [1-5]. More and more innovatory structures with
large NLO response have been proposed and synthesized
theoretically and experimentally [6-23]. For example, it was
revealed that organic molecules with a push—pull chromo-
phore framework usually exhibit a considerable NLO re-
sponse [6—11], in which a donor-7t-acceptor scheme is con-
structed by linking the electron donor and acceptor at both
ends of 7-conjugated organic chains; NLO properties can be
improved effectively by choosing appropriate donor/acceptor
groups and changing the 7t-conjugated path. In particular, the
type of m-conjugated bridge can play an important role in
significantly increasing the first hyperpolarizability, as dem-
onstrated by many investigated systems in which their 7-
conjugated paths are evolved from the simple linear structures
(e.g. polyacetylene [6] and polyene [7]) to the more compli-
cated electron-delocalized backbones (e.g. ladder-type
polydiacetylenes derivatives with double 7t-conjugated chains
[8]), even low-dimensional carbon nanostructures with 7t-
conjugated characteristics (e.g. carbon nanotube (CNT) [9],
graphene nanoribbon [10]), and the mixed 7t-conjugated
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bridge consisting of CNT and polyacetylene chain proposed
very recently by our group [11].

Besides organic systems with a donor-7t-acceptor arrange-
ment, the metal-ligand compounds formed by incorporating
transition metal into an organic complexant can also exhibit a
large NLO response due to the occurrence of metal-to-ligand
charge transfer (MLCT) [12-14]. For example, for
ruthenium(Il) complexes with substituted phenylpyridine li-
gand, the static first hyperpolarizability investigated by the
experimental hyper-Rayleigh scattering technique is about
230 cm’esu ' [13]. Further investigations revealed that the
category and number of the transition metal can significantly
affect the NLO properties of metal-ligand complexes [15].
Moreover, several other species were also reported to possess
considerably large NLO responses, for instance, octupolar
organic molecules [16, 17] and X-type chiral 7t-conjugated
oligomers, etc. [18]. Undoubtedly, the realization of these
species can provide various outstanding candidates for the
design of excellent NLO materials.

Different from the above mentioned structures, recent in-
vestigations have revealed that the electrides or alkalides
containing the diffuse excess electron can present quite large
first hyperpolarizability (/3¢), in which the excess electron
plays a crucial role in increasing the (3, value, due to its
existence resulting in the effective decrease of the excited
energy [19-23]. Consequently, introducing the excess elec-
tron into these systems can become an effective approach to
improve their NLO properties. At present, several different
interacting modes have been proposed to produce the excess
electron. First, via interaction of the alkali atom with the
electron-withdrawing group, such as the H terminal of HCN
molecule [19] and deficient-electron B;oH;4 basket [20], the s
valence electron of the alkali atom can be pulled to form the
diffuse excess electron. The excess electron can also be pro-
duced by means of pushing the s electron of the alkali atom
under the action of the lone pairs of N or F atoms in
complexants, such as in calix[4]pyrrole [21] and H-(CF2-
CH2)3-H [22] systems, etc. Moreover, a new strategy has
been proposed by our recent study, i.e., the excess electron
can be introduced by the alkali atom interacting with the
planar 7t-conjugated aromatic ring [23], which overcomes
the bottleneck of the interacting modes reported previously
that the excess electron is rather hard to be introduce into
attractive carbon nanostructure and biomolecule systems with
a 7t-conjugated aromatic ring. Obviously, the evolution of
interacting modes to produce excess electron could be highly
advantageous in realizing the design of new types of high-
performance NLO materials.

Other than the planar aromaticity mentioned above, in this
work, another kind of intriguing aromatic structure, spherical
aromaticity, has also attracted our attention. Spherical aroma-
ticity obeys the 2(N+1)? rule [24-27]. Here, we investigated
interaction of the alkali atom with the tetrahedral P4
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molecule—a typical paradigm with spherical aromaticity—
in order to explore whether the excess electron can be
achieved through this novel type of interacting manner and
further leads to a considerable 3 value. It is worth mentioning
that a stable species of the lithium cation interacting with the
P, molecule, named P4Li", has been realized experimentally
[28], in which the P4 molecule maintains the structural integ-
rity of the tetrahedron. Additionally, it was predicted theoret-
ically that the P4Li" species can be described as an intriguing
“planetary system” [28], in which the Li" cation can move
easily around the tetrahedral P, molecule along the paths/
orbits connecting the points above the middle points of the
P—P edges with the points above the center of the PPP faces.
Besides the Li" cation, the interaction of another bare cation
H" with the tetrahedral P4 molecule was also investigated in
theory and experiment [29], and it was found that different
from the case of the analogous P,Li", the H" cation can insert
into one P—P bond in the P, molecule to form the stable and
simple species P,H" with a novel covalent P---H--P linkage.
Moreover, many transition-metal complexes have also been
employed to effectively functionalize the tetrahedral P, mol-
ecule [30, 31], and corresponding phosphorous-rich complexes
can be achieved. For example, the Cp(CO)Co fragment can
significantly alter the tetrahedral configuration of the P, mole-
cule by cleaving the P-P bond; even a planar P, structure can be
observed in complexes of CpRh(CO), acting with P4 [30].
Differently, the undistorted tetrahedral P, structure can be found
in some complexes, such as (P4)AgAI[OC(CH;)(CF3),]4, due to
the weak coordination between the P, molecule and Ag" cation
[31]. Clearly, some progress has been made on investigations
into phosphorous complexes based on the P, molecule.
However, to the best of our knowledge, correlative reports on
their NLO properties (e.g., the first hyperpolarizability) remain
rather scarce.

In this study, we performed comprehensive ab initio com-
putations to investigate the NLO properties of M@P, (M=Li,
Na and K) systems with the new interacting mode of the alkali
atom M acting with the interesting spherical aromatic Py
molecule. Further, the correlative superalkali Li;O unit was
also considered, due to its much lower vertical ionization
potential (VIP 3.40 eV) [32] than the corresponding alkali Li
atom (5.39 eV) [32]. We will address mainly the following
issues: (1) can the excess electron be produced as the alkali
atom M interacting with the spherical aromatic P, mol-
ecule, and can its spherical aromaticity and tetrahedral
structure be sustained in M@P,4? (2) If the diffuse excess
electron is formed, can it cause the considerable first
hyperpolarizability observed in M@P4? (3) Are the 3, values
of M@P, (M=Li, Na and K) dependent on the atomic number
of the alkali atom? (4) Can the superalkali Li;O interacting
with the P, molecule instead of the alkali atom further im-
prove the NLO properties of the systems? By resolving these
questions, this work can provide some new valuable insights
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for the design of new high-performance NLO materials based
on aromatic systems.

Computational methods

When a system is in a weak and homogeneous electric field,
its energy can be written as: [33, 34]

. 1 1
E=E'~ p Fom5003FaF 5= ¢ Bup FaFsF, (1)

where E° is the molecular energy without the applied field; F
is a component of the strength on the « direction of the
applied electrostatic field; and o a«p and Bqp, may be
called components of the dipole, polarizability and first
hyperpolarizability tensor, respectively.

The average electric dipole polarizability is defined as

1

a= 3 (o + ayy + azz) (2)

The first hyperpolarizability is defined as

3
G = 5 (B + Bij +Bu)  Gjk=xz (3)

Bo = (5)2( + 55 + 53) (4)

In this work, the optimization and frequency analysis for all
the geometrical structures was performed at the second-order
Moller-Plesset perturbation (MP2) level with the 6-311G(d)
basis set. The static first hyperpolarizabilities were computed
by a finite field approach at the MP2/6-311+G(3df) level. The
magnitude of the applied electric field was set as 0.001 a.u. for
all systems studied. It is worth mentioning that the MP2
method has been applied extensively in investigations into
NLO properties [35-38] due to its computational reliability,
as reflected by the case that the computed results from the
MP2 level can be close to those from more sophisticated
correlation methods, such as coupled-cluster singles and dou-
bles (CCSD) [39, 40] and the quadratic configuration interac-
tion with single and double excitations (QCISD) [19, 23].
Here, we also considered the spin contamination of all com-
putations on the geometrical optimization and NLO response.
It was found that the corresponding <S> values were in the
range of 0.751 — 0.767, which is very close to the value 0.750
for the pure doublet state, indicating that the spin contamina-
tion is negligible and the computational results are reliable.

Moreover, time-dependent density functional theory (TD-
DFT) calculations were performed at the Cam-B3LYP/6-311+
G(3df) level to achieve the crucial excited states of the related

structures. Note that the computed TD-DFT results based on
Cam-B3LYP with the empirical exchange-correlation poten-
tial can be consistent with corresponding results based on the
sampled B3PW91 and HSEHIPBE methods with the
hybrid exchange-correlation potential. Detailed informa-
tion has been provided in Electronic supplementary
material. Moreover, differences in the dipole moments be-
tween the ground state and the crucial excited state were
evaluated at the configuration interaction singles (CIS) level
with the same basis set. The natural bond orbital (NBO) [41]
population and nucleus independent chemical shift (NICS)
values were computed at the B3LYP/6-311+G(3df) and
MP2/6-311G(d) levels, respectively.

All computations in this study were carried out using the
GAUSSIAN 09 program package [42].

Results and discussion

The geometries and NLO Properties of M@P, (M=Li, Na
and K) and Li@C;Hg

Initially, we considered all possible structures of the alkali
atom M (M=Li, Na and K) interacting with the regular tetra-
hedral P, molecule, in which all three orientations, namely,
peak-point, bond-point and face-point, are included. Among
them, we achieved three face-point-based geometrical struc-
tures, all with real frequencies (Fig. 1), denoted as M@P,
(M=Li, Na and K, respectively); the primary geometric pa-
rameters are listed in Table 1. All three M@P,4 molecules
obtained has C;, symmetry, where the alkali metal atom M
(M=Li, Na and K) is located over one face (denoted by “f-P,”)
of the tetrahedral P4 molecule, and the distances (d) between
the alkali atom M and the f-P, surface are 2.332, 2.965 and
3.812 A for M=Li, Na and K, respectively. Obviously, the

Fig. 1 Geometrical structures at the MP2/6-311G(d) level of a P, mol-
ecule and b M@P, (M=Li, Na and K)
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Table 1 Main geometrical parameters of M@P, (M=Li, Na and K)
molecules. Labels as in Fig. 1

Geometrical parameter M@P, Py
Li Na K
Distance(A) d 2332 2965 3812 -
P2-P3 2236 2206 2204  2.204(2.205)"
P3-P4 2221 2221 2213 -
0 (M1P2P3) (°) 35.0 35.0 35.1 -
Symmetry Csy Csy Csy Ty

# Average value of the single-crystal X-ray diffraction of the (3-P4
phase [46]

distance d increases along with the increase in the atomic
number of alkali M. From the highest occupied molecular
orbitals (HOMOs) of M@P,4 (M=Li, Na and K), we found
that, under the action of the tetrahedral P, molecule, the s
valence electron of the alkali metal atom M can be pushed out
to become one diffuse excess electron, as illustrated in Fig. 2.

Subsequently, we intend to detailedly understand the nature
of the interaction mode between the alkali atom M and the
tetrahedral P4 molecule to produce the diffuse excess electron,
and whether spherical aromaticity can be still maintained in
the P4 part of the M@P, system after interacting with the
alkali atom M. To address these intriguing issues, we first
performed computations on the NBO populations of M@P,
(M=Li, Na and K) and sole P, molecules, respectively. The
tetrahedral P4 molecule is well known to exhibit double spher-
ical aromaticity in both the o and 7t subsystems with the
closed-shell nature [25], in which the o system contains
2(N+1)? o electrons (N,=2) and is composed of a cluster s
orbital, three degenerate cluster p orbitals, and two sets of
cluster d orbitals, while the 7t system contains 2(N+1)* 7t
electrons (N,=0), as shown in Fig. 3. Comparing the corre-
sponding molecular orbitals between the M@P, (Li, Na and
K) and P, systems (Fig. 3) revealed that doping the alkali atom
M can break the dual spherical aromaticity corresponding to

['Al ['A] ['A]

a Li@P, b Na@P, ¢ K@P,
Fig. 2 Highest occupied molecular orbitals (HOMO) and the corre-

sponding orbital symmetries (in brackets) of M@P4 (M=Li, Na and K)
molecules at the MP2/6-311G(d) level
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Fig. 3 Relationship of molecular/atomic orbitals of the tetrahedral P,
molecule (left), M atom (right) and M@P, (M=Li, Na and K) com-
pounds (middle). H indicates the highest occupied molecular orbital with
respect to the Hartree-Fock orbital based on the optimized geometries at
the MP2/6-311G(d) level

the o and 7t subsystems in the tetrahedral P, molecule, where
the degeneracy of the original three-cluster p/d orbitals is
broken in the o subsystem, while the interaction of the
HOMO-2 orbital related to the 7t subsystem of the P4, molecule
with the s atomic orbital of the M atom leads to the corre-
sponding HOMO and HOMO-4 orbitals in M@P4 (M=Li, Na
and K), with bonding and anti-bonding characteristics, respec-
tively. By analyzing the constituents of the HOMO of M@P,
(M=Li, Na and K), it was found that, for all P, parts in the
three systems, the electron cloud that is distributed on three P
atoms, constituting the f-P, interacting surface, originates
mainly from their s orbitals, which leads to the formation of
a o clectron cloud on the f-P,4 surface, while the p orbital
contributes mainly to the electron cloud on the remaining P
atom (Fig. 2).

To further confirm the broken spherical aromaticity of the
P, part, and the existence of the ¢ electron cloud in the f-P,
surface of M@P,4 (M=Li, Na and K), we performed a compu-
tation on the scanning NICS values (proposed by Schleyer and
co-workers [43]) near the f-P, surface, which can reflect the
aromaticity of a molecule based on the negative values of the
computed magnetic shielding. By comparing all calculated
NICS values near the f-P,4 surface, the most negative NICS
value was found at the center of the f-P, surface for all three
systems M@P, (M=Li, Na and K), which is different from the
nonexistence of the most negative NICS value at the center of
the f-P, surface for the sole P, molecule (Fig. 4). The different
location of the most negative NICS value between P, and
M@P, systems further supports the claim mentioned above,
namely, the spherical aromaticity of P, molecule was broken
and a o electron cloud in the f-P4 surface was formed simul-
taneously in M@P,. As shown in Fig. 2, under the action of
the o electron cloud, the s electron of the alkali atom M is
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Fig. 4 Scanning curves of nucleus independent chemical shift (NICS)
values in M@P4 (M=Li, Na and K) and P, molecules. Surface (0)
represents the interacting surface (f-P4) of M@P, or one surface of P4

pushed out to form the diffuse excess electron in M@P,
(M=Li, Na and K), which is considered a novel interaction
mode producing the excess electron.

Previous studies have revealed that the diffuse excess elec-
tron can usually cause a considerable NLO response [19-23].
Indeed, our computed results showed that the M@P, (M=Li,
Na and K) molecules can exhibit very large first
hyperpolarizabilities (3,=18110, 1440 and 22490 a.u.) as
well as polarizabilities (aw=303, 294 and 384 a.u. for M=Li,
Na and K, respectively), compared with the sole P, molecule
(8o=0and =92 a.u.).

To understand why the M@P, (M=Li, Na and K) system
has much larger 3, values than the sole P, molecule, we can
employ the following two-level expression [44]:

ﬁo“A,u'fo/Al“j3 (5)

where AE, fy and Ap are the crucial transition energy, the
largest oscillator strength, and the difference of dipole mo-
ment between the ground state and the crucial excited state
(the excited state with the largest oscillator strength), respec-
tively. In the two-level model, the third power of the transition
energy is inversely proportional to the 3 value. Therefore, the
low transition energy is the crucial factor in achieving large
first hyperpolarizabilities. Accordingly, the AE value is pri-
marily considered in the following discussion on first
hyperpolarizabilities.

TD-DFT computations were performed to obtain the crucial
excited states of the M@P, (M=Li, Na and K) and P, mole-
cules, respectively. From Table 2 and Fig. 5, it can be seen that
the electron involved in the crucial excited states of the M@P,
(M=Li, Na and K) species is from their HOMO orbitals, which
are composed mainly of the diffuse s orbital of the Li, Na or K
atom. Clearly, under the action of the ¢ electron cloud reformed

in the new M@P, species, the s electron of the alkali atom M is
pushed out into a highly diffuse orbital and becomes the excess
electron, which is easily excited due to the weaker interaction
with the Li/Na/K core. Therefore, it is reasonable to expect that
the M@P, (M=Li, Na and K) system has a much smaller
crucial transition energy AFE than the P, molecule. Indeed, as
confirmed by the computed TD-DFT results, the transition
energy for the P4, molecule is up to 7.21 eV, whereas the
corresponding values can decrease sharply to 1.65, 1.98, and
1.50 eV for Li@P,4, Na@P, and K@P,, respectively, resulting
in quite large (3 values for these M@P, systems, according to
two-level expression.

Obviously, the above results reveal a new effective ap-
proach to achieve a large 3, value through the alkali atom
interacting with the o electron cloud to produce the diffuse
excess electron. In order to further confirm this novel interac-
tion mode, we took the cyclopropane CsHg molecule with o-
aromatic characteristic as an example to investigate interaction
of the alkali Li atom with the o electron cloud, and wonder
whether the excess electron could be also produced to cause a
large (3, value in the Li@C;Hg system. As shown in Fig. 6a,
the Li@C3Hg structure has C5, symmetry, where the Li atom
is located over the cyclopropane molecule at a distance of
4.539 A. Intriguingly, a similar phenomena can be observed,
i.e., the s electron of the Li atom can also be pushed out to
form diffuse excess electron under the action of the o
electron-cloud of the cyclopropane molecule (Fig. 6a), and a
large (B value (8¢0=2757 au) was realized in Li@CsHg, in
contrast to the sole cyclopropane molecule (30=0 a.u.).
Clearly, this further supports the case that the alkali atom
interacting with the o electron cloud is a new effective mode
to introduce the excess electron and obtain a large NLO
response, which will be advantageous to facilitate the design
of new types of high-performance NLO materials.

Nonmonotonic dependency of the first hyperpolarizabilities
of M@P,4 (M=Li, Na and K)

The computational results (Table 2) revealed the nonmonotonic
dependency of the 3, values of the M@P, species on the alkali
atomic number: 1440 a.u. (M=Na)<18110 a.u. (Li)<22490
a.u. (K), although the VIP value of the alkali atom M decreases
with increasing alkali atomic number, and it is anticipated that
the s valence electron of the heavier M atom can be more easily
pushed out to form a more diffuse excess electron and the
resulting larger (3 value may be achieved.

We next asked, what is the reason for the occurrence of the
unmonotonic 3, dependency of the M@P,? This can be
attributed mainly to the fact that, besides the influence of the
VIP value of the alkali atom, the distance (d) between the M
atom and the f-P, surface with the o electron cloud also plays
an important role, similar to the case of the studied
M@pyrrole (M=Li, Na and K) systems with the alkali atom

@ Springer
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Table 2 Polarizability (@), first hyperpolarizability (), transition ener-
gy (AE), difference in dipole moment between the ground state and the
crucial excited state (Ap), oscillator strength (f;) and composition of the

crucial transition state of M@P, (M=Li, Na, K and Li;O) and P, mole-
cules. The estimated (3, value (Apfy /AE?) was obtained under two-level
expression

Properties M@P, P,
Li Na K Li;O*

a(au.) 303 294 384 396 92

Bo (a.u.) 18,110 1,440 22,490 50,487 0

Ay (Debye) 2.799 0.716 1.706 10.478 1.201

AE (eV) 1.65 1.98 1.50 1.33 721

fo 0.3409 0.4468 0.4428 0.1389 0.2432

Estimated 3 (a.u.) 1,683 327 1,773 4,901 6

Composition of the crucial transition state H-L+2° H—L+1 H—-L+1 H—-L+1 H-3—->L
H-2—L
H-2—-L+1
H—-L+1

# B¢ value at the coupled-cluster singles and doubles (CCSD) level with basis set 6-311 +G(3df) for LizO and 6-31G(d) for P atoms, respectively
° H Highest occupied molecular orbital (HOMO), L lowest unoccupied molecular orbital (LUMO)

M interacting with the planar aromatic 7t electron cloud [23].
Our computed result shows that the distance (d=2.965 A)
between the alkali Na atom and the f-P, surface in Na@P,
approximates the middle value between the corresponding
distances of Li@P, (2.332 A) and K@P,4 (3.812 A), which
can lead to a situation in which the interaction between the Na
atom and the f-P, surface with the o electron cloud is weakest
in these three structures, since the atom radius of the Na atom
(2.230 A) is closer to that of the Li atom (2.050 A) and both
are much smaller than that of the K atom (2.770 A). As a
result, the excess electron formed from the s valence electron
of'the Na atom can be less diffuse than that of the Li/K atom in
the M@P, series, in spite of the decrease of the VIP value of
M with increasing alkali atomic number. Usually, the more
diffuse excess electron will be easier to excite. Indeed, the
transition energy AE in the crucial excited state of Na@P, is
the largest among the M@P, series, namely, 1.94 eV (M=
Na)>1.73 eV (Li)>1.48 eV (K), as revealed by our computed
TD-DFT results.

Consequently, according to the two-level expression, we
conclude that the order of corresponding /3 values for M@P,
(Li, Na, and K) is not monotonically dependent on the alkali

s =
LUMO+2 sl LUMO+ | st LUM0+1—3¢

HOMO —1-;;? HOMO === HOMO [;9
b

a (v
M=Li M=Na M=K
Fig. 5 Crucial transition states and symmetries of transition molecule
orbitals (in brackets) of the M@P, (M=Li, Na and K) molecules based on
TD-DFT results. The red arrow indicates excess electron in the HOMO
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metal atomic number, namely, 1440 au (Na@P4)<18110 au
(Li@P4)<22490 au (K@P,) (Fig. 7). It is worth mentioning
that their 3 values estimated using the correlative AE, f; and
Ay parameters under the two-level formula can also exhibit a
trend similar to the corresponding computed 3, values (inset
in Fig. 7).

Clearly, besides the VIP of the alkali atom M itself, the
geometrical distance d between M and the o electron cloud is
also a crucial factor that can significantly change the 3, values
of M@P, (M=Li, Na, and K) series by affecting their corre-
sponding AE values. This is further supported by the com-
puted results on the curves of the AE and (3 as a function of
the distance d (Fig. 8), i.e., as the distance d of the three

Side View

Top View
\.E

¢ “1%8 |
L 8

G, ['A]
Bo=2757 au HOMO

['A]
HOMO

Bi=31776 au

a b

Fig. 6 Top and side views of the geometrical structures, the correspond-
ing HOMOs and their orbital symmetries (in brackets) of a Li@C;He and
b Li;0@Cs;Hg molecules, as well as their respective symmetries,
interacting distances (d) and (3, values
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Fig. 7 Curves of the first static (au) eV
hyperpolarizabilities (3o, black) —0— 4 ® &y
and the corresponding transition —E—AE B 2'00
energies (AE, blue) of M@P4 4
(M=Li, Na, K and Li;O) 4.0x10
molecules. Inset Estimated (3,
values under the two-level
expression (pink) 0% 10% - 1.75
™ 2
4 o waof” an/“/‘
2.0x10 ° 2.0x10° A
0.0 -
———= 1.50
24 8%
1.25

molecules increases, the corresponding AE values increase
and the 3 values decrease.

NLO properties of Li;O@P, and Li;O@C;Hg

Considering that superalkali compounds can exhibit much
lower VIP values—for example, the VIP value of Li;O
(3.40 eV)[32] is lower than the parallel alkali Li atom
(5.39 eV)—in this study we sampled the Li;O molecule
replacing the Li atom in Li@P4 and investigated the first
hyperpolarizability of the Li;O@P, system, in order to

2.4x10'

1.8x10*4

1.2x10°4

Bo (au)

6.0x10°

0.0

2.2

2.04

18] @/-'-"‘

1.6

AE (eV)
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Fig. 8 Curves of a first hyperpolarizability 3¢ and b transition energy
AE as a function of the distance d between the interacting surface f-P,4
(P3-P4-P5 in Fig. 1) and the alkali metal atom M in the M@P4 (M=Li, Na
and K) species. The points in red circles coincide with the AE or 3,
values of the fully optimized geometries of M@P4 (M=Li, Na and K)

oo 4

Li@P, Na@P, KaP, Li,0@P,

understand whether employing a superalkali unit can further
effectively improve the NLO response of the system. We
highly expected that Li;O@P,4 can possess a much larger first
hyperpolarizability, given that the lower VIP of the employed
Li3;O unit may result in a more diffused excess electron,
further achieving a larger (3, value.

In this work, all possible Li;O@P, configurations were
considered, and only one geometric structure (face to face
type) with all real frequencies was finally obtained, as illus-
trated in Fig. 9. After interacting with the P, molecule, the

1.701 A

)

['A]
Li;O D,, HOMO
”‘B—fl; 4r=0.642 A LUMO+
‘ : e, . [E]
27428 @ 1
d=2.492 A
2202 A !
;
2300 A\ * PAl—
HOMO
Li,O@P, C,, Main Transition

Fig. 9 Geometrical structures of Li;O and Li;O@P,4, the HOMO orbital
of Li;0, and the main transition state of Li;O@P, based on TD-DFT
results. The symmetries of the molecular orbitals are labeled in brackets
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Li;0 unit was found to change from a planar to an umbrella
shape with a distance of 0.642 A between the oxygen atom
and the plane formed by the three Li atoms (labeled as f-Li3)
in the Li;O@P,, yet the distance (2.492 A) between the f-Lis
in Li;O and the /-P, surface is close to that (2.332 A) between
the Li atom and f-P4 in Li@P,, and similar to the case of the
Li@Py,, the P-P bond lengths in the P, part of Li;O@P, also
exhibit only a slight change within the range of 0.006—
0.096 A, compared with the sole P, molecule. Besides, it is
more intriguing that the o electron cloud can also be observed
in the f-P4 surface of Li;O@P, and, under the action of this
electron cloud, the valence electron of the LizO unit (HOMO
in Fig. 9) can be pushed out to form the highly diffuse excess
electron. As expected, the resulting 3 value of Li;O@P; is
then considerably larger at 50487 a.u., which is much larger
than the (3 values of Li@P,4 (18110), Na@P, (1440), K@P,
(22490 a.u.). The 3, trend between the superalkali Li;O@P4
and alkali M@P,4 (M=Li, Na and K) systems is well consistent
with those of their AE values (1.33 eV for Li;O@P, and 1.65,
1.98 and 1.50 eV for M@P,4, M=Li, Na and K) and their
estimated 3, values under two-level expression (4091 a.u. for
Li;0@P,4 and 1683, 327 and 1773 a.u. for M@P,4, M=Li, Na
and K, respectively), as shown in Fig. 7.

Undoubtedly, employing a superalkali unit to interact with
the o electron cloud is a more effective approach to trigger
large 3 values. Further, this result is also supported by the
case of the superalkali Li;O unit interacting with the cyclo-
propane C3Hg molecule with o aromaticity [45]. As shown in
Fig. 6b, in Li;O@C;Hg¢ molecule with C;, symmetry, the
Li;O is located over the C3Hg ring at a distance of 3.708 A.
Similar to Li@Cs;Hg, under the interaction of the o electron
cloud of the cyclopropane molecule, the outer electron of
Li;0 is pushed out to form the excess electron, which endows
Li;0@C;3Hg with the considerably large 3, value of 31776
a.u., almost 11 times larger than that of Li@Cs;Hg (Fig. 6a).

Conclusions

In this work, we performed a systematic theoretical investiga-
tion on the geometrical structures and first hyperpolarizabilities
of the M@P, (M=Li, Na, K and Li;0) and M@C;H, (M=Li
and Li;0) series. Compared with single P, or C3Hg molecules,
these new compounds exhibit considerable first
hyperpolarizabilities, which are 18110, 1440, 22490, 50487
a.u. for Li@P,, Na@P,4, K@P,, Li;0@P,, and 2757, 31776
a.u. for Li@C;sHg and Li;O@C;Hg, respectively.

Our computed results revealed that doping the (super)alkali
atom M can break the original double spherical aromaticity of
the tetrahedral P, molecule, and the o electron cloud is formed
at the interacting surface of the P, moiety with the M atom in
the M@P, series. Upon interaction with the newly formed o
electron cloud, the valence electron of the (super)alkali atom is

@ Springer

pushed out to produce a diffuse excess electron. A similar case
of a (super)alkali atom M interacting with the o electron cloud
to introduce an excess electron can also be observed in
M@C;Hg (M=Li and Liz0) systems, where the C3Hg cyclic
molecule possesses an intrinsic o aromatic electron cloud.

In conclusion, we propose a new and effective strategy
through the (super)alkali atom interacting with the o electron
cloud to form a diffuse excess electron, which can lead to a
quite large first hyperpolarizability. Beyond the alkali atoms,
doping the superalkali atom can enhance the first
hyperpolarizability of the systems more effectively because
of the much lower VIP value. Moreover, it was found that the
distance d between the alkali atom M and the interacting
surface with the o electron cloud can also play a crucial role
in affecting the (3, values of the M@P4 (M=Li, Na and K)
series, as reflected by the (3, nonmonotonic dependency on
the alkali atomic number, i.e., 1440 a.u. (M=Na)<18110 a.u.
(L1)<22490 a.u. (K). Undoubtedly, these intriguing findings
will be useful for advancing the design of novel high-
performance NLO materials.
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