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Abstract Due to unpaired electrons, both radicals and
superalkali are investigated widely. In this work, two
interesting complexes (Li;O-PLY and Li3-PLY) were
constructed by phenalenyl radical and superalkali atoms.
Why are they interesting? Firstly, for Li;O-PLY and Liz-PLY,
although the charge transfer between superalkali atoms and
PLY is similar, the sandwich-like charge distribution for
Li;O-PLY causes a smaller dipole moment than that of
Li;-PLY. Secondly, their UV—vis absorption show that
the maximum wavelengths for Li;O-PLY and Li;-PLY dis-
play a bathochromic shift compared to PLY. Moreover,
Li;-PLY has two new peaks at 482 and 633 nm.
Significantly, the [, values of Liz-PLY (4943-5691 a.u.)
are much larger than that of Li;O-PLY (225-347 a.u.).
Further, the Birg values of Li;O-PLY decrease slightly while
OBurs of Liz-PLY increase dramatically with increasing fre-
quency. It is our expectation that these results might provide
beneficial information for theoretical and experimental studies
on complexes with superalkali and PLY radicals.
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Introduction

Phenalenyl (PLY) radicals, considered as the building blocks
for the assembly of novel molecule-based conductors and
magnets, have attracted much attention from both theorists
[1-5] and experimentalists [6—10]. For example, in 2006,
Morita and coworkers [1] investigated the CSI-MS and
NMR spectra of tri-tert-butylated biphenalenyl 7t-dimers for
the first time. In 1999, Haddon and coworkers [6] reported the
characterization of spiro-biphenalenyl radical—the first
phenalenyl-based neutral radical molecular conductor. The
phenalenyl radical consists of three adjacent benzene rings
that share a central carbon atom with a highly symmetrical
structure. (see Scheme 1)

On the other hand, superatom families have generated a
great deal of theoretical [11-16] and experimental [17,
18]interest. Particularly, an important class of superatoms are
superalkalis, which act as potential building blocks for
nanostructural materials [19, 20]. Superalkalis have lower ion-
ization potentials (IPs) than those (5.4-3.9 eV) of alkali atoms,
which serve as stronger electron donors. In 1978, Kudo et al.
[21] found the first hyperlithiated molecule—Li;O—in the
equilibrium vapor over Li,O crystals. In 1979, Wu et al. [22]
measured the ionization energy (IE) of LizO as 3.54+0.3 eV.
In 2003, Alexandrova and Boldyrev [23] pointed out that Li;
can be viewed as a superalkali because the IP of Lis is 4.08+
0.05 eV, i.e., lower than the IP of the Li atom (5.390 eV) [24].
Liz is a special member of superalkali families; it has three
valence electrons from the three Li atoms, but loses just one to
form the stable Liy" cation. Li;* has two valence electrons,
while most superalkali cations (e.g., Li;O") do not have any
available valence electrons in the Li atoms.

In this work, we employed PLY radical and superalkali
atoms (LizO and Li;) as building blocks to assemble two
complexes, designated as Li3O-PLY and Liz-PLY. Although
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Scheme 1 Phenalenyl radical

both LizO and Lijz are superalkalis, when they bond to PLY,
two different types of complexes are obtained. Frontier mo-
lecular orbital (FMO) analysis has shown that Liz-PLY has a
larger diffuse electron cloud in highest-occupied molecular
orbitals (HOMO; Scheme 2), which leads to larger /3, values.
Our investigation focused on the structures, bonding charac-
ter, interaction energies and nonlinear optical (NLO) proper-
ties of Li3O-PLY and Li;-PLY.

Computational details

The hybrid meta exchange correlation functional (M06-2X)
density function theory (DFT) method, has been used widely
to optimize the geometries of PLY radical systems [25-30].
Besides, in our previous paper, the M06-2X method was cho-
sen to optimize phenalenyl radical and azaphenalenyl radical
[29]. Therefore, the geometrical structures of the molecules
were obtained at the M06-2X/6-31+G(d) level.

Furthermore, to correct the basis set superposition error
(BSSEs), the counterpoise (CP) procedure was used in calcu-
lations of interaction energies at the M06-2X/6-31+G(d) level

4
J

4

Li-PLY

Li,0-PLY

Scheme 2 Highest-occupied molecular orbitals (HOMOs) of Li;O-PLY
and Li3-PLY

@ Springer

[31, 32]. The interaction energy (E;,,) was calculated using the
following formula:

Eint(AB) = E(AB)AB_ [E(A)AB + E(B)AB] (1)

The Wiberg bond indices (WBI) were calculated at the M06-
2X/6-31+G(d) level. To calculate first hyperpolarizabilities
(Bp), choosing the proper method is very important.

Specifically, considering precision and cost, the MP2 meth-
od has been proposed as the most suitable method to calculate
first hyperpolarizabilities [33—35]. In the present work, the
first hyperpolarizabilities were calculated at the MP2/6-31+
G(d) level. For comparison, we also used the methods of
MO06-2X and CAM-B3LYP.

The static first hyperpolarizability was noted as:

12
Bo= (8248 +62) 2)
Where
3
ﬁ[:g(ﬁlll+ﬁ[jj+ﬁ]kk)7]7jak:x7y7z (3)

In this work, the M06-2X method was also employed to
evaluate NBO charge.

The hyper-Rayleigh scattering (HRS) response
Burs(—2w,w,w) was evaluated using the NLO Calculator pro-
gram [36, 37]. The Byrs(—2w,w,w) is described as:

Brrs(F2w,w,w) = (< F 722 > + < 522)()()1/2 (4)

In addition, MP2 frequency-dependent values were esti-
mated using the multiplicative approximation given by the
following equation:

ﬁ(w)MPZEB(w)HF. OMPZ/ﬁglF (5)

All calculations were performed with Gaussian 09 W pro-
gram package [38].

Results and discussion

Geometric structures and Wiberg bond index

The geometrical structures for Li-PLY, Li;O-PLY and Liz-
PLY with all real frequencies are given in Fig. 1. The frequen-

cy calculations confirmed that the optimized structures were at
the minimum; geometric parameters are listed in Table 1. We
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Fig. 1 Optimized structures of the three molecules and selected bond distances (A) and bond angles (°) of phenalenyl (PLY), Lis and Li;O

also calculated PLY radical, LizO and Liz (see Fig. 1). The
geometric parameters were in good agreement with previously
reported studies [17, 23]. As shown in Fig. 1, the structure of
Li30 is a planar triangle. However, for Li;O-PLY, the structure
of LizO changed to a triangle cone. For Lis-PLY, the Li—Li
distances were equal (2.725 A), indicating that the structure of
Li; is an equilateral triangle. However, the structure of the Lis
monomer is that of an isosceles triangle. Hence, the bond

Table 1 Selected bond
distances (A) and bond
angles (°) of Li;O-PLY
and Liz-PLY optimized
structures at the M06-
2X/6-31+G(d) level of
theory

Li;O-PLY Li;-PLY

Li-C, 2472 2.389
Li-C, 2.540 2.470
Li-Cs 2702 2.688
Li-C, 2.785 2.810
0-C, 2.960 .

Li-O 1.707 -

Li-Li 2.945 2.725
Li-O-Li 106 -
Li-Li-Li 60 60

lengths and bond angles in the complexes differ from those
in monomers, which indicates that the PLY has a significant
impact on the structure of Li;O and Lis.

WBI

WBI

Li-C1 0.0280
Li-C2 0.0296
Li-C3 0.0125
Li-C4 0.0083
Li-C5 0.0123
Li-C6 0.0288

0.359

Li-C1 0.0293
Li-C2 0.0323
Li-C3 0.0173
Li-C4 0.0182
Li-CS 0.0173
Li-C6 0.0323

0.440

Fig. 2 Wiberg bond indices (WBI) of Li;O-PLY and Li;-PLY

@ Springer



209 Page4 of 8

J Mol Model (2015) 21: 209

Table 2  Interaction energies (Ej,) and Wiberg bond indices (WBI) of
Li3O0-PLY and Li;-PLY calculated at the M06-2X/6-31+G(d) level of
theory

Li;O-PLY Lis-PLY
WBI 0.359 0.441
Eie (keal mol ™) -72.7 -68.3

To further understand bond character, we evaluated
the WBI by using the M06-2X/6-31+G(d) method
(Fig. 2, Table 2). For Li;O-PLY, the WBI value of the
Lil atom and carbon atoms in the labeled ring was
0.1195. Obviously, the three Li atoms located at the
top of the three rings in the PLY plane are in the same
chemical environment. Consequently, the total WBI was
0.359. Similarly, for Lis-PLY, the total WBI was 0.440,
which is larger than that of Li;O-PLY. It is noteworthy
that the increase order of WBI is inversely proportional
to the distance between superalkali (LiO, Lis) and PLY.
This suggests that the bond in Li;-PLY is stronger than
that in Li;O-PLY.

Natural bond orbital analysis and interaction energies

Table 3 lists the NBO charges of LizO, Liz and PLY. Clearly,
the NBO charges of Li3O (0.802) in Li;O-PLY and Lis (0.777)
in Li3-PLY are close to +1. The charges of the PLYs are
close to —1, which indicates electron transfer from Li;O /Lis to
PLY.

In order to investigate the stabilities of Li3O-PLY and
Liz-PLY, the interaction energy (E;,) was calculated at
the M06-2X/6-31+G(d) level of theory with CP correc-
tion, and the corresponding results are presented in
Table 2. Furthermore, we used the same method to calculate
the interaction energy of Li-PLY. The order of E;,,; values was
Li-PLY (—49.5 kcal mol ")<Li;-PLY (—68.3 kcal mol )<
Li;O-PLY (~72.7 kcal mol ™), indicating that Liz-PLY and
LizO-PLY are more stable in comparison with Li-PLY.
Moreover, this result may help us understand the dramatic
superalkali effect on Ej,,; values.

Table 3 Natural bond

orbital (NBO) of Li;O- Li;O-PLY Lis-PLY
PLY and Li3-PLY at the _
MO06-2X/6-31+G(d) Li 0.805 0.259
level of theory 0.805 0.259
0.805 0.259
(¢} -1.613 -
Li;O 0.802 -
Liz . 0.777
PLY —-0.802 =0.777

@ Springer

Table 4  The first hyperpolarizability (5o, a.u.) at the MP2/6-31+G(d)
level; the difference in dipole moment (Ay, Debye) between the ground
and excited state, the transition energy (AE, eV) and the oscillator
strength f; at the TD-M06-2X/6-31+G(d) level of theory

Li3O-PLY Li3-PLY
MP2 [ 0 15
By 0 12
Dz 347 5519
30 347 5519
M06-2X £x 0 =300
By -1 18
672 278 4934
40 278 4934
CAM-B3LYP [x 0 13
By 1 17
Bz 225 5691
50 225 5691
TD-M06-2X £ 0.143 0.153
AE 328 1.95
ne 2.30 1.53
g 0.84 2.12
Apa 1.46 -0.59
S A= pe 1

Static first hyperpolarizability
The static first hyperpolarizability (5) of Li;O-PLY and

Li;-PLY are given in Table 4 at the MP2, M06-2X and
CAM-B3LYP level with 6-31+G(d) basis set. As shown

DD

LUMO+2 LUMO+5
HOMO
HOMO

e

J
J

J

Li,O-PLY Li-PLY

Fig. 3 Crucial transitions of Li;O-PLY and Li;-PLY
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Table S Fragment

contributions to highest Li;O-PLY Li;-PLY

occupied molecular _

orbitals (HOMOs) of Liz0 (%) 2.07 -

Li;O-PLY and LisPLY  Liy (%) - 77.01
PLY (%) 97.93 22.99

in Table 4, it is clear that the Syvalues calculated using the four
methods are very similar. The (3, value is 0 a.u. for an isolated
PLY radical due to its centrosymmetric configuration.
However, by doping Li;O and Lis into PLY radical, we finally
obtained two complexes (LisO-PLY and Lis-PLY) without
centrosymmetry. As we can see from Table 4, the 3, values
of Li3-PLY (4943-5691 a.u.) are much larger than the value of
Li3O0-PLY (225-347 a.u.). Interestingly, although two com-
plexes are both constructed by PLY radical and superalkali
atoms, the /3, value of Li3-PLY is dramatically larger than that
of Li;O-PLY; why?

To further understand the origin of the 3, values, we con-
sider the widely used two-level model [39, 40]:

o Apefo
AE?

Bo (6)

Where AE, f, and Ay are the transition energy, oscillator
strength and difference in the dipole moments between the
ground state and the crucial excited state, respectively.
According to the above expression, (3, is proportional to Ap

Fig. 4 Computed absorption absorbance .
spectra for PLY (red), Li;O-PLY 35000 — Mmas 2=
(black), Li3-PLY (blue) and
frontier molecular orbital (FMO) ] ﬂ
diagrams

30000 -

25000 —
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0

and f, but inversely proportional to AE [11-16]. The physical
quantities in the two-level model may be helpful to qualita-
tively understand the variation in 3, values.

In this work, the transition energies (AE) for Li;O-PLY and
Li;-PLY were estimated by time-dependent (TD) M06-2X/6-
31+G(d) and listed in Table 4. The order of AFE values is
LizO-PLY (3.28 eV)>Liz-PLY (1.95 eV). To explain the
smaller AFE value of Li;-PLY, we examined the HOMOs and
related unoccupied molecule orbitals in Fig. 3. Clearly, Lis-
PLY has a larger diffuse electron cloud in HOMO than that of
Li;O-PLY, which makes transition easier. Therefore, the AE
value for Li3-PLY is smaller than the value for Li;O-PLY,
which leads to a larger (3, value.

Furthermore, to gain insight into the detailed fragment con-
tributions to the HOMOs of Li;O-PLY and Liz-PLY, we used
the AOMix program [41, 42]. From Table 5, the HOMO of
Li;O-PLY is contributed mainly by PLY radical, whereas the
HOMO of Liz-PLY is contributed mainly by Liz, which is in
accordance with the HOMOs in Fig. 3. Hence, the larger con-
tribution of Li; might decrease the AE value, whereas the
larger contribution of PLY radical might increase the AE val-
ue. This also explains why the AE value of Li3-PLY is smaller
than that of Li;O-PLY.

Absorption spectrum and frequency-dependent NLO
properties

The absorption spectra of PLY, Li;O-PLY and Liz;-PLY were
simulated according to TD-M06-2X/6-31+G(d) level and the

LUMO+4
-

=376
mas

LUMO+6

T
300

T T T y T |
400 500 600 700 800

wavelength / nm
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Table 6 Wavelengths, transition energies (AE), oscillator strengths
(fo), dominant excitation, and the configuration interaction of Li;-PLY at
the TD-M06-2X/6-31+G(d) level of theory

A (nm) AE (eV) fo Major contribution °Cy
485 2.56 0.1299 H*—>L° +6 0.55
633 1.96 0.1527 H—L +4 0.46
# HOMO

® LUMO

¢ Configuration interaction

results are plotted in Fig. 4. PLY, Li;O-PLY and Liz-PLY have
obvious absorption peaks within the visible region. Moreover,
for the maximum wavelengths, Li3O-PLY (A,,x=378 nm)
and Liz-PLY (A\,.x=376 nm) display slightly bathochromic
shift, compared to PLY (Apn.x=323 nm). Interestingly,
the Liy-PLY has two new peaks at 482 and 633 nm.
To further explore the new peaks, transition energies
(AE), oscillator strengths (fy), dominant excitation, and
the configuration interaction of Liz-PLYare listed in
Table 6 and the related FMO diagrams are shown in
Fig. 4. At 482 nm, the transition of Liz-PLY occurs
inside Li;. However, at 633 nm, the transition is from
Li; to PLY radical. Specially, the lowest energy absorp-
tion of Liz-PLY is red-shifted to 633 nm. It may be a
critically important factor that Li;-PLY has the largest §
value.

Further, in order to supply more useful information for
experimentalists, the HRS response Syrs(—2w,w,w) was eval-
uated using the NLO Calculator program and coupled
perturbed Hartree-Fock (CPHF) theory. In accordance with
the method of calculating the static 3 values, we used
Eq. (5) to estimate the MP2 frequency-dependent (3 values;
the results are listed in Table 7. In accordance with the max-
imum absorption wavelengths of the systems, the frequency
dispersion at wavelengths of 1064 nm (w=0.0428 au),
1340 nm (w =0.0340 au), 1460 nm (w =0.0312 au) and
1907 nm (w =0.0239 au) were investigated. As shown in
Tables 4 and 7, the static and dynamic Syrs(—2w,w,w) values

Table 7  Static and dynamic (A=0, 1907, 1460, 1340 and 1064 nm)
Orurs(—2w,w,w) values (a.u.) of Li3O-PLY and Li;-PLY calculated using
the MP2 and coupled perturbed Hartree-Fock (CPHF; in parentheses)
methods

A(nm) Li;O-PLY Lis-PLY
0.000 486 (231) 3564 (5854)
1907 482 (229) 6422 (10549)
1460 473 (225) 14,626 (24024)
1340 469 (223) 94,874 (155832)
1064 435 (207) 94,537 (155279)

@ Springer

change in the same order as the (3, values (LisO-PLY <Lis-
PLY). We also found that the frequency-dependent effect was
more obvious for Liz-PLY than for Li;O-PLY. Interestingly,
for Liz-PLY, there are two extremely large Syrs(—2w,w,w)
values (94,874 and 94,537 a.u.) at 1340 and 1046 nm. To
explain this question, let us focus on the absorption spectra
(Fig. 4): there are two strong peaks at 483 and 633 nm. As a
result, the two-photon resonance of Li;-PLY is 966 and
1266 nm, which is close to 1064 and 1340 nm. It is possible
that the two-photon resonance is the main reason for the very
large Furs(—2w,w,w) values (94,874 and 94,537 a.u.) of
Lis-PLY.

Conclusions

In the present work, we employed the PLY radical and
superalkali atoms (LizO and Lis) as building blocks to
assemble two novel complexes, designated as Li;O-PLY
and Li3-PLY. Our investigation focused on the struc-
tures, interaction energies, WBI and NLO properties of
the two complexes. The key points of this work can be sum-
marized as follows:

(1) The interaction energies show that Li;O-PLY is more
stable than Li3-PLY. Moreover, Liz-PLY and Li;O-PLY
are both more stable in comparison with Li-PLY. This
result may help us understand the dramatic superalkali
effect on Ej,, values.

(2) The bonding characters were investigated by NBO anal-
ysis and WBI. The results demonstrate that the bond in
Li3-PLY is stronger than the bond in Li;O-PLY.

(3) Liz-PLY has a larger diffuse electron cloud in HOMO
than that of Li;O-PLY, which makes transition eas-
ier. Therefore, the AFE value for Li3;-PLY is smaller
than the value for Li;O-PLY, which leads to larger 3,
values. The order of the 3, values is Li;O-PLY (225347
a.u.)<Li3-PLY(4943-5691 a.u.).

(4) The UV—vis absorption show that the maximum wave-
lengths for Li;O-PLY (Anax=378 nm) and Li;-PLY
(Amax=376 nm) display a slight bathochromic shift com-
pared to PLY (A\ax=323 nm).

We expect that this work could provide guidance for theo-
retical and experimental scientists attempting to design novel
NLO materials with PLY and superalkali.
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