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Abstract By doping 7t-7t systems with Li atom, a series of
Li@sandwich configuration and Li@T-shaped configuration
compounds have been theoretically designed and investigated
using density functional theory. It is revealed that energy gaps
(Egap) between highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of all com-
pounds are in a range of 0.4-0.9 ev. When Li atom is intro-
duced into different sandwich configuration 7t-7t systems
(Cgo-toluene, Cgo-fluorobenzene, Cgo-phenol, Cgo-
benzonitrile), Li@Cgo-benzonitrile exhibits considerable first
hyperpolarizability as large as 19,759 au, which is larger by
about 18,372—18,664 au than those of other compounds.
When Li atom is introduced into different T-shaped configu-
ration 71-7t systems (Cgo-pyridine, Cg-pyrazine, Cgo-1, 3, 5-
triazine, Cgo-pyridazine), Li@Cgp-pyridazine is found to pres-
ent largest first hyperpolarizability up to 67,945 au in all com-
pounds. All compounds are transparency in the deep ultravi-
olet spectrum range. We hope that this study could provide a
new idea for designing nonlinear optical materials using 7t-7t
systems as building blocks.
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Introduction

In the past 2 decades, the 7t-7r interactions in aromatic
systems have aroused great interest of scientists [1-6],
in view of an important role in biology, chemistry, and
materials [7—10]. For example, supramolecular organiza-
tion and recognition processes can be achieved through
7t-7t interactions in biomolecules [11, 12]. The interaction
of some drugs with DNA depends on 7t-7t interactions
[13, 14]. Crystal packing is influenced by the 7t-7t inter-
actions [15]. Despite a lot of experimental and theoretical
studies indicating the important of 7-7t interactions
[16—18], describing the strength and geometrical parame-
ters of 7t-7t interactions has been a challenge for scientists
due to the weakness of 7t-7t interactions. Heteroatoms and
substituents can tune 7-7t interactions across the energy
landscape, which is helpful in crystal engineering. The
effect of substituents on the binding of 7-7r interactions
was studied by Sherrill et al. It is found that all substituted
sandwich dimers bind more strongly than benzene dimer
[19]. The effect of heteroatoms on the -7t interactions
was investigated by using quantum chemical computa-
tions. The results show that the bind energies of these
systems are larger in contrast to that of benzene dimer
[20].

Design and synthesis of novel materials with large first
hyperpolarizability is always a hot issue in the past several
decades due to a wide range of applications [21-24].
Recently, it was found that alkali metal atom doped system
can exhibit a large nonlinear optical response because
electrides or alkalides with excess electrons are formed [25,
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26]. Doping Li atom into different systems (organic mole-
cules, graphene, carbon nanotube, supermolecules, etc.) has
been designed in theory, and the results indicate that these
compounds become candidates for exhibiting excellent non-
linear optical response [25-30]. For example, a new
multilithium salt, which was obtained by substituting H of
the [5] cyclacene with Li atom, was obtained in theory and
investigated by using quantum chemistry method, and the
results indicate that the first hyperpolarizability of Lis-[5]
cyclacene is greatly increased compared to that of [5]
cyclacene on account of the lithiation effect [25]. In order to
research the Li atom effect on the nonlinear optical response
of graphene, graphene multilithium salts were designed and
investigated. The results indicate that the first
hyperpolarizability obviously increases with an increase in
the number of Li atoms [26].

In this work, doping Li atom into 7t-7t interaction systems,
including sandwich configurations or T-shaped configura-
tions, was investigated by using quantum chemistry method.
We mainly address the following questions: (1) whether the
TI-7 interaction systems can be used as an effective structural
unit to obtain the compounds with large first
hyperpolarizability, (2) if the compounds exhibit excellent
nonlinear optical response, can they have a wide transparency
in ultraviolet region?, and (3) what are some of the character-
istics of electronic properties and optical spectrum for
Li@sandwich configuration and Li@T-shaped configuration
compounds? In order to clarify these questions, we study the
electronic properties, absorption spectrum, and nonlinear op-
tical responses of these compounds and expect that such a
theoretical study can provide helpful information for further
experimental studies of nonlinear optical materials of
Li@sandwich configuration and Li@T-shaped configuration
compounds.

Computational details

When a system is in the weak and homogeneous electric field,
its energy can be written as [31-33]

E:EO_/J'QF&_%aaﬁFaFﬁ_%ﬁm'hFGFﬁF’)’_'" (1)

Here, E° is the molecular total energy without the electric
field, and F, is the electric field component along « direction;
Has Qo and B, are the dipole, the polarizability, and the
first hyperpolarizability, respectively. The dipole moment (110)
and polarizability (cv) are defined as follows:

12
fo = (uxz + 1+ uzz)

Qo = g (axx + Qyy + azz) .
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The first hyperpolarizability is obtained as

1/2

BO = (ﬂxz =+ ﬂyz =+ 522)

in which
3 ..
Bi =3 (ﬂiii + Giji Jrﬂikk)v i, j, k=x,y, z

The geometric structures of Li@sandwich configuration
and Li@T-shaped configuration compounds were optimized
using the B3LYP method with the 6-31G(d) basis set. It is well
known that B3LYP method can predict geometric structures
of' nanostructure, which have been proved by a lot of scientists
[34-38]. In order to confirm whether geometric structures are
minima in global scope, frequency analysis was carried out at
the same level.

For the calculation of the hyperpolarizability of system,
selecting appropriate computational methods is particularly
important. As is known to all, MP2 method is more reliable
compared with B3LYP. When we compute
hyperpolarizability of large molecular system, it consumes a
lot of time. Recently, Nakano et al. proposed BHandHLYP
method, which achieves a good balance between quality and
efficiency [39]. Such as, hyperpolarizabilities of Li@n-
Acenes salt were investigating using BHandHLYP method
[40]. In our work, the BHandHLYP method and the 6-31+
G(d) basis set were chosen to explore the first
hyperpolarizabilities of the compounds. The crucial transition
energies were calculated by time-dependent density functional
theory (TD-DFT). All of the calculations were carried out by
using the GAUSSIAN 09 program package [41]. The molec-
ular orbitals of the compounds were plotted with the
GaussView program [42]. The UV-Vis spectra of the mole-
cules are obtained by Multiwfn procedure [43].

Results and discussion
Equilibrium geometries and natural bond orbital charges

The systems are classified into two groups by the differently
-1t configurations (see Fig. 1), in which benzene is substitut-
ed or doped, respectively. Li doped sandwich 7t-7t interaction
systems are named as Li@Cgp-toluene (1a), Li@Cgp-
fluorobenzene (1b), Li@Cgp-phenol (Ic), and Li@Cgp-
benzonitrile (1d), respectively, in which H atom in benzene
is substituted with CHs, F, OH, and CN. Li doped T-shaped
7T-7t interaction systems are named as Li@Cgo-pyridine (2a),
Li@Cgp-pyrazine (2b), Li@Cgy-1, 3, 5-triazine (2¢), and
Li@Cgy-pyridazine (2d), respectively, in which N was doped
into the different positions of benzene. The optimized geom-
etries of the compounds at the B3LYP/6-31G(d) level are pre-
sented in Fig. 1.
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4 Fig. 1 Optimized geometries of Li@Cgo-toluene (/a), Li@Cgyo-

fluorobenzene (1/b), Li@Cgy-phenol (Ic), Li@Cgo-benzonitrile (/d) and
Li@Cgp-pyridine (2a), Li@Cgy- pyrazine (2b), Li@Cgxy—1, 3, 5-triazine
(2¢), Li@Cgy-pyridazine (2d)

The natural bond orbital (NBO) charges of the com-
pounds are displayed in Table 1. When Li atom is intro-
duced to sandwich configuration systems (Cgo-toluene,
Cgo-fluorobenzene, Cgy-phenol, Cgp-benzonitrile), q(Li*)
values of Li@Cgo-toluene (la), Li@Cgp-fluorobenzene
(1b), Li@Cgg-phenol (1¢), and Li@Cgy-benzonitrile (1d)
are 0.683, 0.681, 0.680, and 0.685, respectively. When Li
atom is introduced to T-shaped configuration systems
(Cgo-pyridine, Cgo- pyrazine, Cgo-1, 3, 5-triazine, Cgp-
pyridazine), q(Li*) values of Li@Cg4op-pyridine (2a),
Li@Cgp-pyrazine (2b), Li@Cgp-1, 3, 5-triazine (2c), and
Li@Cgo-pyridazine (2d) are 0.739, 0.735, 0.727, and
0.717, respectively. The results indicate that doping Li
atom can cause the occurrence of charge transfer from
Li atom to 7-7t systems, which are beneficial to the ob-
tained large first hyperpolarizability.

Electronic structures and absorption spectra

The electronic structures of the compounds were calculat-
ed at B3LYP/6-31G(d) level, and the results are given in
Table 1. From Table 1, when Li atom is doped into sand-
wich 7t-7t systems, the energy gaps Eg,, between HOMO
and LUMO of Li@sandwich configuration compounds
change in the order of Li@Cgy-toluene (la) >Li@Cgq-
fluorobenzene (1b) = Li@Cgyo-phenol (1c) >Li@Cyp-
benzonitrile (1d), which show that different substitution
is an effective strategy to regulate electronic properties
of the compounds. When Li atom is doped into T-
shaped -7 systems, the energy gaps Ey,, between
HOMO and LUMO of Li@T-shaped configuration com-
pounds change in the order of Li@Cgp-pyridine (2a)
>Li@Cg4p- pyrazine (2b) >Li@Cgy-1, 3, 5-triazine (2¢)
>Li@Cgp-pyridazine (2d), which show that heteroatom
benzene is a new factor for regulating electronic proper-
ties of the compounds.

The absorption spectra were calculated using time-
dependent density functional theory (TD-DFT) at the
BHandHLYP/6-31G level of theory. The absorption spec-
tra of the compounds have been plotted in Fig. 2 and
Fig. 3. It is shown that the maximum absorption wave-
lengths of compounds 1la, 1b, and 1c are in the infrared
spectral region, at 837.66, 833.14, and 837.91 nm, respec-
tively. From Fig. 2 and Table 2, the maximum absorption
wavelengths of 1d are also in the infrared spectral region,
which are 989.5 for 1d. Among structures, the maximum
absorption wavelength of 1d is the largest, which may
make the compound exhibiting large first

@ Springer
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Table1 The energy gap (E,qp,) of

la, 1b, Ic, 1d and 2a, 2b, 2¢, 2d la 1b le 1d 2a 2b 2c 2d
and the NBO charge of Li atom
LUMO (ev) —2.707 —2.778 —2.727 —2.967 —2.705 -3.101 —3.223 —3.115
HOMO (ev) —3.653 -3.711 —3.660 —3.843 —3.650 —3.762 —3.813 —3.576
Egap (ev) 0.946 0.933 0.933 0.876 0.945 0.661 0.590 0.461
Q (Li) 0.683 0.681 0.680 0.685 0.739 0.735 0.727 0.717
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Fig. 2 The UV-Vis spectra of /a, 1b, Ic, and Id. The vertical lines

represent oscillator strengths
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Fig. 3 The UV-Vis spectra of 2a, 2b, 2¢, 2d. The vertical lines represent
oscillator strengths
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Table2  The polarizability «, the static first hyperpolarizability (3, the transition energies AE, the oscillator strength £, and the maximum absorption

wavelengths A of the compounds

la 1b lc 1d 2a 2b 2¢ 2d
o (auw) 659 647 652 681 650 646 640 679
o (au) 1096 1146 1387 19,759 1687 1042 1524 67,945
AE (ev) 1.4801 1.4882 1.4797 1.2530 1.4883 1.5124 1.5137 1.4271
A (nm) 837.66 833.14 837.91 989.50 833.08 819.80 819.05 868.81
f 0.0497 0.0482 0.0445 0.0695 0.0399 0.0365 0.0386 0.0449

hyperpolarizability due to small transition energy. From
Fig. 3, for compounds 2a, 2b, 2¢, and 2d, the maximum
absorption wavelengths of these compounds are in the
infrared spectral region, which change in the order of 2c
<2b <2a <2d. Among structures, the maximum absorption
wavelength of 2d is the largest in contrast to other three
compounds (2a, 2b, and 2c¢). Especially, the main absorp-
tion spectrum ranges from 350 to 1800 nm, which ex-
hibits a wide absorption spectrum. In other words, all
compounds are transparent in the deep ultraviolet spec-
trum range, which is of great importance in practice.

Linear and nonlinear optical properties

The polarizabilities of Li@sandwich configuration and
Li@T-shaped configuration compounds calculated at
BHandHLYP/6-31+G(d) level are given in Table 2.
When Li atom is introduced to sandwich configuration
systems (Cgo-toluene, Cgo-fluorobenzene, Cgo-phenol,
Ceo-benzonitrile), the polarizabilities of the compounds
(la—1d) are 659, 647, 652, and 681 au, respectively. The
results indicate that the polarizabilities change in the order
of 1b <lc <la <1d. When Li atom is introduced to T-
shaped configuration systems (Cgo-pyridine, Cgo- pyr-
azine, Cgo-1, 3, S-triazine, Cgo-pyridazine), the polariz-
abilities of the compounds (2a-2d) are 650, 646, 640,
and 679 au, respectively. The results indicate that the po-
larizabilities change in the order of 2¢ <2b <2a <2d.

In this work, we focus on how to build excellent nonlinear
optical material using 7t-7t systems (sandwich and T-shaped
configuration). It is previously reported that doping the alkali
atom into a compounds may lead to larger first
hyperpolarizability of the system due to loosely excess elec-
tron. In this work, Li@sandwich configuration and Li@T-
shaped configuration compounds are designed for the first
time. We look forward to these compounds possessing large
NLO response.

The static first hyperpolarizabilities of these com-
pounds were calculated at the BHandHLYP/6-31+G(d)
level. The dependence of the first hyperpolarizabilities
on different sandwich configurations is illustrated in
Fig. 4. First of all, Li atom is introduced to sandwich

configuration 7t-7t systems. The interesting results are ob-
tained from Table 2. When the H atom of benzene is
substituted with CHj, F, and OH, respectively, these com-
pounds exhibit almost the same value, which were
1096 au for la, 1146 au for 1b, and 1387 au for lc.
However, when the H atom of benzene is substituted with
CN, the compound exhibits considerable first
hyperpolarizability as large as 19,759 au, which is larger
by about 18,372—18,664 au than that of compounds (la—
Ic). The first hyperpolarizabilities of Li@sandwich con-
figuration compounds are sensitive to different substituted
benzene. The results indicate that the 7-7t systems can be
considered as building blocks for designing new nonlinear
optical materials.

The dependence of the first hyperpolarizabilities on
different T-shaped configurations is illustrated in Fig. 4.
When Li atom is doped into T-shaped 7-7t interaction
systems, these compounds (2a, 2b, 2¢) exhibit consider-
able first hyperpolarizabilities, which are 1687 au for 2a,
1042 au for 2b, and 1524 au for 2c. However, Li@Cyg-
pyridazine (2d) is found to present larger first
hyperpolarizability in contrast to that of these compounds
(2a, 2b, 2c). The first hyperpolarizability is increased to
67,945 au. The results indicate that these compounds can
be considered as building blocks for designing new non-
linear optical materials. More important, the first
hyperpolarizability of Li@Cgy-pyridazine (2d) is about
two times larger than that of Li*(calix[4]pyrrole) K~
[44], which is famous alkalide compound with the cuplike
complexant and is close to that of Li-doped fluorocarbon
chain [27], which is an excellent electride.

To understand the origin of the large first
hyperpolarizabilities of these compounds, two-level model is
widely employed [45-47].

Apefo
AE?

50“

where AE, fo, and Ay are, respectively, the transition energy,
oscillator strength, and the difference in dipole moment be-
tween the ground state and the most relevant excited state. The
third power of the transition energy is inversely proportional
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Fig. 4 The (3, value and
transition energies of /a, b, Ic,
1d and 2a, 2b, 2c, 2d
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to the (3 value. Therefore, the transition energy is the decisive
factor in calculation of the (3, value.

The transition energies (AE) of these compounds were
calculated by the TDDFT method, and the corresponding
results are listed in Table 2. From Table 2 and Fig. 4, the
AE values of the systems are 1.4801 (la), 1.4882 (1b),
1.4797 (1c¢), and 1.253 (1d) ev, respectively. It is obvious
that transition energies of la, 1b, and Ic are almost the
same values, which are larger than that of 1d. Among
these structures, oscillator strength of Li@Cgyp-
benzonitrile (1d) is the largest value compared to other
three compounds (la, 1b, and 1c). For 2a-2d, transition
energies of 2a, 2b, and 2c are larger than that of 2d.
Oscillator strength of Li@Cgp-pyridazine (2d) is the larg-
est value compared to other three compounds (2a, 2b, and
2¢). Thus, transition energy and oscillator strength play an
important role in increasing the first hyperpolarizability.
In other words, two-level model can well explain the var-
iation in (3, values.

Furthermore, in order to understand the origin of the first
hyperpolarizabilities, we focused on the molecular orbit of the
crucial transition states of the compounds. The molecular or-
bitals involved in dominant transitions are given in Fig. 5 and
Fig. 6. Figure 5 gives the crucial transitions for Li@sandwich

@ Springer

compounds. For Li@Cg-toluene (1a), Li@Cgy-fluorobenzene
(1b), and Li@Cgy-phenol (1c), it can be found that the electron
cloud in their related occupied orbitals (HOMO) can be dis-
tributed on Cg, cage; the electron cloud in their related unoc-
cupied orbitals (LUMO+2) can be distributed on substituted
benzene. The crucial transition of Li@Cgg-benzonitrile (1d) is
from HOMO to LUMO+2. The HOMO is distributed on Cg,
cage and substituted benzene, and the LUMO+2 is distributed
on Cgq cage. Why would Li@Cgy-benzonitrile (1d) has the
largest first hyperpolarizability compared to other compounds
(1a, 1b, and 1¢)? It is closely related to HOMO of 1d, which is
dispersed. However, HOMOs of 1a, 1b, and ¢ are centralized.
Figure 6 gives the crucial transitions for Li@T-shaped com-
pounds. For Li@Cgy-pyridine (2a) and Li@Cgy-pyrazine (2b),
the occupied molecular orbitals (HUMO) are mainly contrib-
uted by the Cg cage; the unoccupied molecular orbitals
(LUMO+3) are mainly contributed by nitrogen-doped ben-
zene. For Li@Cqgy-1, 3, 5-triazine (2¢), the crucial transition
is from HOMO to LUMO+4. The HUMO is distributed on
Ceo cage, and the LUMO+4 is also distributed on Cg, cage.
For Li@Cygy-pyridazine (2d), the crucial transition is from
HOMO to LUMO+4. The HOMO is distributed on Cg cage
and nitrogen-doped benzene, and the LUMO+4 is distributed
on Cgp, which is different from than that of compounds (2a, 2b,
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Fig. 5 Molecular orbitals related to the dominant electron transitions of
the systems. (H HOMO, L LUMO, L+9 LUMO+9, L+4 LUMO+4)

and 2c¢). The largest first hyperpolarizability of Li@Cgq-
pyridazine is related to crucial transition.

Conclusions

In this work, we studied the electronic structures, absorption
spectrums, and nonlinear optical properties of Li@sandwich
configuration and Li@T-shaped configuration compounds by
means of density functional theory methods. Computational
results show that substitutes and heteroatoms effect on elec-
tronic structures of the compounds are obvious. Different
sandwich configuration 7t-7t systems (Cgo-toluene, Cgp-
fluorobenzene, Cgo-phenol, Cgo-benzonitrile) interacted with
Li atom exhibit large first hyperpolarizability. It is proved that
the Li@Cgy-benzonitrile compound exhibits the largest first
hyperpolarizability in Li@sandwich configuration com-
pounds; after doping Li atom into T-shaped 7t-7t systems
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Fig. 6 Molecular orbitals related to the dominant electron transitions of
the systems. (H HOMO, L LUMO, L+9 LUMO+9, L+4 LUMO+4)

(Ceo-pyridine, Cgo-pyrazine, Cgo-1,3,5-triazine, Cgo-
pyridazine), it is found that the first hyperpolarizability of
Li@Cgy-pyridazine is the largest up to 67,945 au among these
structures. More important, the ultraviolet-visible-infrared ab-
sorption spectrum of all compounds has been analyzed. The
calculation results indicate Li@ Cgy-benzonitrile and Li@ Cg-
pyridazine not only presented the large first
hyperpolarizabilities but also a wide transparent region in
deep ultraviolet spectrum range. We hope that this work could
provide valuable knowledge for scientists to design nonlinear
optical material by introducing Li atom into 7t-7t systems.
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