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ABSTRACT: In this report, the geometric and electronic properties and static
and dynamic hyperpolarizabilities of alkali metal-doped C4O¢Lis organometallics
are analyzed via density functional theory methods. The thermal stability of the
considered complexes is examined through interaction energy (E;,,) calculations.
Doping of alkali metal derives diffuse excess electrons, which generate the electride
characteristics in the respective systems (electrons@complexant, e~ @M@ CgO¢Lis;,
M = Li, Na, and K). The electronic density shifting is also supported by natural
bond orbital charge analysis. These electrides are further investigated for their
nonlinear optical (NLO) responses through static and dynamic hyperpolarizability
analyses. The potassium-doped C;O¢Li (gI(@C506L16) complex has high values of @Se of alkalimetal doped 0@
second- (B, = 2.9 X 10° au) and third-order NLO responses (¥, = 1.6 X 10° au)
along with a high refractive index at 1064 nm, indicating that the NLO response of
the corresponding complex increases at a higher wavelength. UV—vis absorption analysis is used to confirm the electronic
excitations, which occur from the metal toward C4O4Lis. We assume that these newly designed organometallic electrides can be used
in optical and optoelectronic fields for achieving better second-harmonic-generation-based NLO materials.

1. INTRODUCTION magnetic electrides in which they used maximally localized
Wannier functions to identify the “cavity” electrons and the
“empty atom” technique.”> Saha et al. prepared synthetically
viable neutral [Mg,("*P,L)2]*"-2[K@CE]* (CE = 18-crown-6
ether), containing four magnesium atoms and two Mg—Mg
bonds, where the latter one act as an electride.’® Dale and
Johnson also used the DFT method for reproducing the known
antiferromagnetic behavior of organic electrides.””*” Organic
electrides are thermally less stable, so research is shifted toward
the design and synthesis of thermally stable inorganic
electrides.”****” Hosono and co-workers synthesized the first
room-temperature-stable inorganic electride CazAl,O 4
(C13A7:2e7) via oxygen-reduction processes while starting
from the mineral mayenite (12Ca0-7AL,0;).*’ Since then,
C1,A5:2¢” has been used for ammonia synthesis*' and as an
electron-injection barrier material.*” The discovery of
C,A5:2e” has stimulated many new efforts to search for
other inorganic electrides. Zhang et al. designed 33 hitherto
unexpected structure prototypes of inorganic electrides

Interest in designing high-performance nonlinear optical
(NLO) materials is growing rapidly due to their widespread
applications in optical computing,'™> optical communica-
tion,** optical switching,”” optical logic functions,”’ dynamic
image processing,'”'" and many other optoelectronic
fields."”~"” Recently, a unique class of compounds known as
electrides having isolated excess electrons has garnered great
interest from the chemical society.'*™' Due to this nontrivial
electronic structure, they are easily polarizable and can serve as
superior nonlinear optical materials.'”**** Electrides due to
their certain interesting properties such as the ultralow work
function, relatively high catalytic activity, high electronic
mobility, and optical and anisotropic properties have great
potential for various applications.”*”** In 1983, Dye and co-
workers fabricated the first organic crystalline electride
consisting of organic complexant cages in which alkali metals
and electrons were trapped.”” Since then, various organic and
inorganic electrides have been reported in literature, and their
novel electronic structures have been investigated both
computationally and experimentally.**~** Received:  August 12, 2021
Johnson and co-workers performed density functional Accepted:  October 19, 2021
theory (DFT) investigation for describing the organic Published: October 29, 2021
electronic structure of eight organic electrides and confirmed
the presence of localized interstitial electrons and hence
defined their electride properties.”* Kim et al. studied organic
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through computer-assisted methods, in which 19 are not in the
known structure databases.*’ Boldyrev and co-workers studied
electride-like features in the MgO crystal with the defect F-
centers. Their calculations show that the corresponding
electride-like cluster possesses a noticeably large first hyper-
polarizability (8, = 5733 au).* Wang et al. designed
bipyramidal CaN;Ca by using quantum mechanical methods.
They observed that these inorganic aromatic Robin—Day-type
superalkali electrides have hi§h sensitivity for use in multistate
nonlinear optical switches.”” The design and synthesis of
organic and inorganic electrides continues because of their
applications in catalysis, metal-ion batteries, NLO materials,
and so forth Recently, transition-metal-based organometallics
have been reported to exhibit a better second-harmonic
generation (SHG) response.**™*’

From the literature, it has been revealed that introducing
excess electrons into a molecule can remarkably enhance the
first hyperpolarizability (f,).°>*" The first hyperpolarizability
(B,) is the key factor which determines the presence of the
NLO response in materials.””>® Many studies have been
conducted to investigate the first hyperpolarizability (f,) of
different materials.”*>® Computational work on the electride-
type structure of Mg,O; showed that Mg,O; has pronounced
NLO properties because it exhibited a large value of
hyperpolarizability, that is, f, = 5733.46 au.** Meanwhile,
the strategy of metal adsorption on isolated surfaces has been
introduced in recent years to further enhance the NLO
properties. In this regard, many computational chemists
studied the effect of alkali metal doping on NLO responses.
As we know, alkali metals have a low ionization energy, due to
which they can easily donate electrons to the system and
results in an increase of the electron number. Thus, the NLO
response will be enhanced due to the increasing number of
electrons.”” ~>° For example, the doping of inorganic Al;,N,,
nanocages into alkali metals narrowed the highest occupied
molecular orbital (HOMO)—lowest unoccupied molecular
orbital (LUMO) gap to a range of 0.49—0.71 eV. Furthermore,
the value of hyperpolarizability (f,) is also increased, which
resulted in a large NLO response.’”

Various alkali metal-doped organic electrides have been
reported in literature with a large NLO response. For example,
the alkali-metal-doped organic complexes (Li@calix4pyrrole
and Li*(calix4pyrrole)M™) have been reported by Yu and co-
workers as effective NLO materials because of their high values
of hyperpolarizability (ranging from 10,969 to 35,934 au).”?
Similarly, alkali metal-doped organic fluorocarbon chains of
H—(CF,—CH,);—H with a high NLO response have been
studied. Six different structures of Li atom-doped fluorocarbon
complexes [Li,-H—(CF,—CH,);—H (n= 1, 2] have been
examined. Among them, the highest NLO response of 76,978
au was recorded.”® Recently, another electride Li*(C,oH,;Lis)-
e~ modified by lithiation of the dodecahedron has been
investigated computationally. In this electride, the C,, closed
cage not only acts as a barrier for lithium ions but also has a
negative inner electric field to stabilize the Li ion. Here, the
excess electrons are released, which remain encapsulated in the
Lig cavity. Thus, Li*(CyH;sLis)e™ exhibits a large value of
hyperpolarizability (1.4 X 10* au) with potential for application
in NLO materials.”* Mahmood and co-workers analyzed the
organometallic C4O4 surface for the NLO response. They
doped superalkalis on the C4O4 surface and achieved electride
characteristics in their designed complexes with large hyper-
polau'izability.6> C4O¢Lig is obtained from lithium-ion batteries,

as a result of redox reactions of electrodes. Cyclohexane is the
precursor of this compound in lithium-ion batteries. Pure
C4OgLig and alkali metal-doped C4O¢Lig are used here to study
their NLO properties. We expect that the doped organo-
metallics might show high values of induced dipole moment,
polarizability, hyperpolarizability, and a high NLO response.
The reason might be the increase in electronic density
diffusion from the dopant to the surface or vice versa.
Among alkali metals, lithium, sodium, and potassium are taken
into account for doping on the C4O¢Li4 organometallic surface,
and their electronic and NLO properties are comparatively
studied.

2. RESULTS AND DISCUSSION

2.1. Geometries, Thermodynamic Stabilities, and
Electride Characteristics of Alkali Metal (Li, Na, and
K)-Doped C4O¢Lis Organometallics. The energy minimum
structure of C¢OgLig is shown in Figure 1, which is optimized
at the wb97XD/6-31+G(d,p) level of theory. It has a planar
and star-like geometry having C—C, C—0O, and O—Li bond
lengths of 1.42, 1.38, and 1.79 A, respectively. The alkali metal
(Li, Na, and K)-doped M@C4OgLis complexes are also

Structure Side view

Top view
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Figure 1. Side and top views of the optimized geometry of pristine
C¢O¢Lis and alkali metal (Li, Na, and K)-doped C4O4Lis organo-
metallics calculated at the ®B97XD/6-31+G(d,p) level.
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Table 1. Smallest M-Ring Distance (dy.ringy M = Li, Na, and K); NBO Charges on Carbon (Q.), NBO Charges on Oxygen (Q,),
and NBO Charges on Lithium (Qy;) of the C4O¢Lig Nanocluster; NBO Charges on the Metal Dopant (Qy, M = Li, Na, and K);
Interaction Energies (E,); and Vertical Ionization Energies (IE,)

systems Aptering (A) Qc (lel) Q, (lel)
C4O4Lis 0.176 ~1122
C4OLic—Li 195 0.133 ~1.089
C4O¢Lic—Na 2.46 0.147 ~1.099
C4OLic—K 2.80 0.154 ~1.106

Qy; (lel) Qy (lel) E; keal mol™ IE, eV
0.947 4.39
0.951 0.033 —-27.11 2.82
0.952 0.007 —19.30 3.03
0.951 0.015 —19.46 2.73

optimized at the same level of theory as shown in Figure 1.
After optimizing the metal-doped organometallics, the bond
lengths observed are 1.41, 1.37, and 1.81 A for C—C, C-0,
and C—Lj, respectively. These minute changes in bond lengths
confirm that structural integrity of the organometallic complex
remains preserved after doping. The interaction distance of the
Li metal from the center of ring is 1.95 A, whereas for Na and
K these are 2.46 and 2.80 A, respectively. A monotonic trend
of an increasing interaction distance, with an increase in the
atomic number, from the center of the ring is observed, and
this is similar to the already reported results.”® The interaction
energy of the system reveals that the thermodynamic stability
of any system that is highly exothermic in nature reflects a
greater thermodynamic stability.”” The interaction energies of
these alkali metal-doped M@C4Og4Lis complexes are given in
Table 1. The E;,, values of Li@CysOg4Lis, Na@ C4O¢Lis, and
K@C4Og4Li4 organometallics are —27.11, —19.30, and —19.46
kcal mol™!, respectively. Among the three considered organo-
metallics, the most stable one is the Li@CzOg4Lis complex due
to the least interaction distance of Li with the complexant
(vide supra) and hence a stronger interaction. The reason for
the high thermal stability of Li-doped complexes is the low
ionization potential and a smaller atomic size of the Li metal
and thus is considered as the best adsorbing species on the C,,
nanocage. The results are comparable to those of the work
reported by Mahmood and co-workers on single and multiple
alkali-doped C,, nanocages.*®

To investigate the electride characteristics and electronic
properties of M@C4OgLis organometallic complexes, Frontier
molecular orbital analysis is performed. The energies of
HOMOs, LUMOs, and the corresponding HOMO—-LUMO
(H—Lgap) energy gaps of pure C4O¢Lis and alkali metal-doped
organometallics are presented in Table 2. The calculated
energy gap (H-L,,) of pure C¢OgLis is 4.64 eV. The
decoration of alkali metals on the surface resulted in a decrease
of the corresponding H—Ly,, (2.77—3.12 eV). The energies of
the HOMO, LUMO, and the corresponding H—Lg,, of the
Li@C4O¢Lis complex are —2.73, 0.08, and 2.9 eV, respectively.
For Na@C4OgLi,, the energies of the HOMO, LUMO, and
H-L,,, are —3.03, 0.09, and 3.12 eV, respectively. Similarly, in
the case of the K@C¢OgLis complex, they are —2.73, 0.04, and
2.77 eV, respectively. The decreased H—L gaps reflect the
conducting behavior of all newly designed organometallics.*®
The decrease in H—Lg,, is due to the formation of new
HOMOs at high energy because of the presence of excess
electrons. These excess electrons are introduced by electro-
positive alkali metals.®®®’

From the pictorial representation of isodensities of HOMOs
of pure C¢O4Lis and alkali metal-doped organometallics
(Figure 2), it is observed that the electronic density of
HOMOs of the Li@C4O4Lis and Na@C¢OgLig organo-
metallics mainly resides in empty space (does not shared by
any atom), which proves their electride characteristics.”>”%”"

Table 2. Dipole Moment (in Debye), Polarizability (a,),
Static First Hyperpolarizability (f,), Vector-Based Static
First Hyperpolarizability (fy..), Static Second
Hyperpolarizability (7,,), Oscillator Strength (f,),
Transition Energy (AE), the Variational Dipole Moment Z
Component between the Ground and Crucial Excited States
(Ap), p, under the Two-Level Model, the Energies of
HOMO (Eyomo), the Energies LUMO (E yy0), and the
HOMO-LUMO Gaps (H-Lg,, in eV)”

parameters CsOgLig C4O¢Lig—Li  C4O¢Lig—Na  C4O¢Lis—K
#, (au) 0.01 5.96 6.34 7.84

a, (au) 136 608 503 558

*13 (au) 2.3 X 10? 8.7 x 10* 1.4 x 10° 2.9 X 10°
*23  (au) 1.9 x 10? 4.7 x 10* 4.9 x 10* 2.5 X 10°
Bec (au) 4.13 8.4 x 10* 83 x 10° 2.7 x 10°
Purs (au) 1.60 3.8 x 10* 2.9 X 10° 8.4 X 10°
Yot (au) 2.3 x 10° 9.7 x 107 3.4 x 107 1.6 X 10°
£ 0.20 0.22 0.11

SAE (eV) 2.39 1.45 1.59 1.02

Au (Debye) 0.01 0.11 5.35
B (au) 1.1 x 10° 43 x 10° 1.2 x 10°
Eponmo (eV) —4.39 -2.82 -3.03 -2.73
Erumo (eV) 0.24 0.07 0.09 0.04
H-Ly,, (eV) 4.63 2.89 3.12 2.77

1B (au) and *?B, (au) represent hyperpolarizability at the
@B97XD and LC-BLYP levels, respectively.

Li@C,O,Li,

Na@C,O,Li

K@C,O,Li

Figure 2. Graphical representation of HOMO of pristine C4O¢4Lis and
alkali metal-doped C4O4Lis organometallics (isovalue = 0.0S).

The electride features of these both organometallics (Li@
CgO¢Lis and Na@C4OgLis) originate due to the presence of an
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intramolecular push—pull mechanism. The isolated C4Og4Li4
molecule first pulls the valence s-shell electrons of the alkali
metal to form an anion and then the resulting anion pushes
these electrons to produce isolated excess electrons. In these
newly designed electrides, the electronic density is present
mainly near the alkali metal, which reflects the more
contribution of alkali metal as compared to C4O¢Lis. An
exceptional behavior is observed for the K@CyzO¢Lis complex,
wherein the electronic density mainly resides over K, reflecting
the simple excess electron system instead of the electride
character.””%°

As the electrides contain a loosely bound electronic density,
not belonging to any atom, the electronic stability is very
important, which is directly related to the vertical ionization
energies.”””” Both electrides, Li@C¢O4Lis and Na@C¢Og4Lis,
possess sufficiently high vertical ionization energies of 2.83 and
3.03 eV, respectively, which is indicative of their electronic
stability.

Natural bond orbital (NBO) charge analysis revealed that
the alkali metal is positively charged, whereas the negative
charge on the complexant is increased. This indicates that
charge is transferred from the metal to the C4O4Li4 ring. The
average NBO charge on the Li atom (0.033 lel) is
comparatively higher than those of Na (0.007 lel) and K
(0.015 lel) atoms. The reason for a higher charge on Li
represents the ease in releasing electrons due to its smaller size
and low ionization energy as observed by Biglari and co-
workers.” In all these organometallics, alkali metals donate the
electronic density to the C4OgLig surface due to their low
ionization energies compared to other metal atoms and are
considered as the source of excess electrons for the generation
of electride properties in the respective complexes.

2.2. Static and Dynamic Hyperpolarizability Analyses
of Newly Designed Electrides for NLO Applications.
2.2.1. Static Hyperpolarizability Analysis. All parameters,
which are responsible for the effective NLO response of the
newly designed organometallics (electrides), are given in Table
2. The dipole moment of isolated C4O¢Lig is 0.0 D due to its
symmetry. However, the doping of alkali metals results in
charge transfer, thus breaking the symmetry, which in turn
increases the dipole moment. The dipole moments of Li@
CsOgLis, Na@CsOgLis, and K@C4O4Lis organometallic
complexes are 5.96 D, 6.34 D, and 7.84 D, respectively. The
monotonic trend of the increase in the dipole moment reflects
the more charge separation of charges with an internuclear
distance, going from Li to K, which is indicative of their
possible linear and nonlinear optical potential, similar to the
work of Cherepanov and co-workers.”* For investigation of the
linear optical response, the mean static polarizabilities (a,) of
newly designed electrides and the excess electron complex are
investigated as well. @, of M@C¢Og4Lis complexes is in the
range of 503 to 608 au, which is very high as compared to that
of the pure C4O¢Lig (136 au). The nonmonotonic trend of the
increase in a, is observed as follows; Li@CO4Lis > K@
CsOgLis > Na@CyOgLig. The trend of polarization is governed
by the charge transfer. More charge is transferred in the case of
Li (0.033 lel), followed by K (0.015 lel), while less charge is
shifted from the Na metal (0.007 lel). Subsequently, this
charge separation causes polarization changes in these
organometallics.

Furthermore, the NLO response of alkali metal-doped M@
CeO¢Lis (M = Li, Na, and K) complexes (electrides) is
confirmed by computing their static first hyperpolarizabilities

(B,) at the LC-BLYP and wB97XD levels with a similar 6-311+
+G (2d,2p) basis set (Table 2). The f, value of the pristine
system is relatively small (1.9 X 10? au at LC-BLYP and 2.3 X
10? au at @B97XD). The S, values of the M@CsO4Lis (M =
Li, Na, and K) complexes (electrides) range from 4.7 X 10* to
2.5 X 10° au at the LC-BLYP level. At the @B97XD level, the
B, values of the M@C4O4Lis (M = Li, Na, and K) complexes
(electrides) range from 8.7 X 10* au to 2.9 X 10° au. Despite
the small differences in their values with different functionals,
the trend of hyperpolarizabilities is quite comparable. The
similar values and the same trend of hyperpolarizability with
both functionals are due to the same 1.00 fraction of nonlocal
exchange. As a result of doping of alkali metals, a remarkable
NLO response of M@C¢OgLi4 electrides is observed and the
static first hyperpolarizability (f,) is tremendously increased.
B, values of the newly designed electrides and the excess
electron system are in the range of 3.4 X 10* to 2.9 X 10° au.
The highest 3, is observed for K@C4O4Lig, that is, of 2.9 X 10°
au, while the lowest value is computed for the Li@C¢OgLiq
electride. The results revealed the monotonic increasing trend
of B,, and it increases from Li@C4O¢Lis to K@CysO¢Lig. This
monotonic behavior of the designed electrides can be
correlated with the vertical ionization potential, which is the
major factor that affects the f, value. It increases with the
decrease in vertical ionization energy.””’” The K@CzOq4Lig
complex has the lowest vertical ionization energy (—2.73 eV)
among all organometallics (Na@C¢OgLis = —2.73 eV and Li@
C4O¢Lig = —2.73 €V), and exhibits the largest nonlinear optical
response (2.9 X 10° au). To gain further insights into factors
affecting the 3, values of the designed electrides, we calculated
the S, values by employing a two-level model using Multiwfn
software.”® The f3, values from the two-level model nicely
correlate with our computed values of first hyperpolarizability
(B,). From the two-level model, it can be observed that the
crucial excitation energy is the dominant factor in determining
the first hyperpolarizability values of the electrides. The crucial
excitation energies of Li@C4O4Lis, Na@CyO4Lis, and K@
C¢OgLig are 1.45, 1.59, and 1.02 €V, respectively. Because (f3,)
is inversely proportional to the cube of crucial excitation
energy, the f, value of K@C4OqLi4 is large, but the crucial
excitation energy is low; on the other hand, the f, value of Li@
CsOgLig is small, while the crucial excitation energy is large. An
exceptional behavior is observed for Na@C¢Og4Lis, where the
excitation energy is large (1.59 eV); however, f, for this
complex is also high (1.4 X 10° au). Besides the excitation
energy, f is directly proportional to Ayu. The trend in the
values of Ay is the same as that in the values of first static
hyperpolarizability. It can be concluded that Ay is a major
factor, which influences the hyperpolarizability of the
complexes (as shown in Table 2). The trend of increasing /3,
and Ay is Li@C4O4Lig (B, = 8.7 X 10* au and Ay = 0.01 eV)
< Na@C4OgLig (B, = 1.4 X 10° au and Ay = 0.11 eV) < K@
C¢O4Lig (B, = 2.9 X 10° au and Ap = 5.35 eV).

Biec values of alkali metal-doped M@C4O4Lis (M = Li, Na,
and K) electrides are calculated and provided in Table 2. 3. is
the projection of the first hyperpolarizability along the dipole
moment vector and is a more reliable factor for predicting the
NLO properties.”” Among all M@C4OgLig electrides, the
dipole moment vector lies on the z-axis. The f,,. values of Li@
C4¢O4Lis, Na@CsOgLig, and K@CgOg4Li4 are 8.4 X 10% 8.3 X
10% and 2.7 X 10° au, respectively. It is observed that f,..
values are very much comparable with the first hyper-
polarizability (f,) results. The trend of increasing f,.. value
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Table 3. Frequency-Dependent First Hyperpolarizability (f in au), Second Hyperpolarizability (7 in au), and the Nonlinear
Refractive Index (n, in cm* W™') of Designed Electrides (Complexes) M@C¢OgLig (M = Li, Na, and K)

parameters frequency @ CsOgLig C606Li6—Li C606Li6—Na C606Li6—K
B(—0,0,0) (au) 0.000 4.1 x 10° 8.4 x 10* 8.9 x 10° 2.7 X 10°
0.0428 (1064 nm) 6.7 x 10° 59 X 10° 43 X 10° 43 x 10°
0.856 (532 nm) 1.0 X 10° 3.5 X 10° 7.3 X 10° 2.6 x 10*
B(—20,w,0) (au) 0.000 4.1 x 10° 8.4 x 10* 8.9 x 10° 2.7 X 10°
0.0428 (1064 nm) 7.4 % 10* 3.0 X 10° 3.8 X 10° 2.7 X 10°
0.0856 (532 nm) 3.5 % 10° 9.3 x 10* 6.5 % 10° 1.7 x 10*
y(—w;0,0,0) (au) 0.000 2.3 X 10° 9.8 X 107 3.3 % 107 1.6 x 10°
0.0428 (1064 nm) 3.7 X 10° 2.0 X 10° 1.4 x 10° 1.4 x 10
0.0856 (532 nm) 52 % 10® 1.5 x 10" 1.3 x 10° 3.5 x 10°
7(—20;0,0,0) (au) 0.000 2.3 x 10° 9.8 x 107 3.3 x 107 1.6 x 108
0.0428 (1064 nm) 1.5 x 107 1.5 x 10° 3.8 X 10° 4.7 x 107
0.0856 (532 nm) 5.0 x 107 5.9 x 10" 12 x 10° 5.4 x 10°
PP (—w;0,—w,0) (au) 0.0428 (1064 nm) 3.4 % 107 3.6 X 10° 1.5 x 10'° 2.4 x 107
0.0856 (532 nm) 6.1 x 10" 2.7 X 108 6.4 x 10" 4.85 x 10*
n, (cm> W) 0.0428 (1064 nm) 2.8 X 1071 3.0 x 10713 129 x 10713 2.0 X 10716
0.0856 (532 nm) 5.1 %X 1072 22 x 10712 53 x 1071 4.0 x 107"

(2.7 X 10° au) for K@CgO4Lis is almost similar to that of j3,
(2.9 X 10° au).

Hyper-Rayleigh scattering (HRS) is a very useful exper-
imental technique for the direct measurement of the static
hyperpolarizability values.””* Byrs values along with the
depolarization ratio (DR) of all newly designed electrides and
the diffuse excess electron system are calculated, and the values
are given in Table 2. The observed trend of fygg values is as
follows; Na@C4O4Lig (2.9 X 10° au) > Li@CO4Lis (3.8 X
10* au) > K@C4Oq4Li4 (8.4 X 10° au). The DR values of pure
and alkali metal-doped organometallics, that is, Li@CsO¢Lis,
Na@C¢O¢Lis, and K@C¢OgLisz, are 1.5, 3.1, and 3.4,
respectively. fyps depends on the polarization angle, and it is
observed that pristine C4O4Lis and the corresponding alkali
metal-doped organometallics (Na@C4O¢Lis and K@C¢OgLis)
are octupolar molecules with an octupolar contribution of ®
(] = 3) of 89.6, 58.8, and 56.6%, respectively.

2.2.2. Frequency-Dependent (Dynamic) Hyperpolar-
izability Analysis. For explaining the high accuracy of the
results and gaining insights for the experimental utility, we
computed the frequency-dependent first hyperpolarizability
coefficients that include electro-optic Pockel’s effect (EOPE)
with f(—w;®»,0) and SHG of first hyperpolarizability with
S(—2w;w,w) at the routinely used laser wavelengths of 532
and 1064 nm, respectively. The detailed values are given in
Table 3. The dynamic first hyperpolarizability parameters are
always dependent on wavelengths. At 532 nm, the values of
EOPE range from 2.6 X 10* to 7.3 X 10°, and at 1064 nm of
wavelength these are from 4.3 X 10° to 5.8 X 10° au. Both
electrides, Li@C4O4Ligz and Na@CyO4Liz, have their max-
imum EOPE values at 532 and 1064 nm, respectively,
indicating the resonant enhancement of these at respective
wavelengths, while for K@C4OgLi4 the resonant enhancement
occurs at 1064 nm (4.3 X 10° au). Similarly, f(—2w;0,0)
values reflecting the SHG response range from 1.7 X 10* to 6.5
X 10° au at a wavelength of 532 nm and range from 2.7 X 10°
to 3.8 X 10° au at a wavelength of 1064 nm. At 532 nm, the
highest SHG value has been computed for the Na@C4Og4Li
complex, while both Li@C¢O4Lis and K@CsOg4Lis organo-
metallics have shown the strong SHG response at 1064 nm.

2.2.3. Third-Order Nonlinear Optical Response. The

third-order nonlinear optical response of the respective

complexes was determined, and the dc-Kerr effect y-
(—w;w,0,0), the electric field-induced SHG(ESHG), and the
quadratic nonlinear refractive index of organometallics at 532
and 1064 nm were computed. The results emphasize that
CsO¢Lig and Li@C4Og4Lis have the highest responses for the
dc-Kerr effect y(—w;w,0,0) at 532 nm; on the other hand,
Na@C4O4Lis and K@C4O¢Lis have their highest values at
1064 nm. It is reflected from the results that all organometallics
except the K-doped complex have their highest values of the
ESHG response at 532 nm. The remarkably high ESHG and
the dc-Kerr effect y(—w;®,0,0) values of C4O4Lis—K at high
wavelengths indicate that the response of this organometallic
complex can be enhanced by increasing the wavelength of
incident light.

The four degenerate wave mixing values are calculated by
using the second hyperpolarizability coeflicients, then the
nonlinear quadratic refractive index is calculated from y?"™™
by using the equation shown below

112(cm2 W_I) = 8.28 X 10_23]/DFWM (au) (1)

The results of n, are shown in Table 3. The quadratic
nonlinear refractive index values of all doped organometallics
are high at 532 nm, that is, 2.2 X 107> au (Li@C¢OqLis) and
5.3 X 107" au (Na@COqLis), except for the potassium doped
complex (K@C¢O4Lis = 2.0 X 107 au), which has a high
value of quadratic nonlinear refractive index at 1064 nm.
Among all these organometallics, the highest response has
been observed for Li@C4O¢Lis at 532 nm, followed by a
similar high response for Li@C4O4Li4 at a higher wavelength
(1064 nm). Thus, we can predict that any variation in
wavelength affects the response of a complex.

2.3. TD-DFT Calculations. NLO materials having high
first hy'pergolarizability are used in SHG for doubling of the
frequency.””®' Thus, these NLO materials (those that have
high first hyperpolarizability) must have sufficient transparency
in the laser beam UV region. For this purpose, UV—vis
absorption analysis of the pure C4O¢Lis surface and doped
organometallics was performed. Absorption spectroscopy
calculations performed using the TD-DFT method also
provides information about the absorption maxima (wave-
length) of these NLO materials. None of these organometallics
has shown absorption in the UV region and some part of the
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visible region (below 500 nm). Only the pure C4O4Lig surface
(Amax = 519 nm) shows absorption in these regions, as shown
in Figure 3. After doping of the pure surface, the resultant-
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Figure 3. UV—vis spectra of pure and metal-doped M@CO4Lis (M
= Li, Na, and K) organometallics.

doped organometallics show a red shift to a large extent. The
highest A, value (1658 nm) is obtained for K@C4O¢Li,
followed by Li@CsO4Lis (A = 1438 nm), and the lowest
Amax value (1188 nm) is observed for Na@COgLis. A
monotonic increase of the absorption maxima (wavelength)
occurs with increasing atomic number of alkali metals in the
dopant except for Na-doped organometallics. As the atomic
size of K increases, more easily it can lose an electron to the
surrounding species because the ionization potential is
decreased. The Li atom has a small atomic size, so it can
also shift the electronic density toward the surface. The
obtained UV—vis results justify that the electronic excitation
takes place in these organometallics. The HOMO—-LUMO
gaps are inversely proportional to the A, values, which also
clarified these results. The UV—vis spectra clearly illustrate the
transparency of doped organometallics, which ought to be
practically used for routine laser works. The proposed
organometallics can be used as efficient NLO materials in
the deep-UV region because of their full transparency in the
deep-UV region (<200 nm).

3. CONCLUSIONS

In this study, we investigated the geometric, electronic, and
optical properties and the NLO response of pure CsO4Lis and
alkali metal-doped C4O¢Lis organometallics. Thermal stabil-
ities of the pure and doped organometallics are analyzed using
interaction energy (E,,) calculations. Their electronic and
FMO properties are also studied. The results illustrate that
doping of a system with alkali metals increases the electronic
density and enhances the electride character in the system via
generating an excess electron system (electrons@complexant,
e @M@CsOgLis, M = Li, Na, and K). The electronic density
shifting is also supported by NBO charge analysis. These
electrides are then investigated further for high NLO
responses. The results revealed that the potassium-doped
C¢O¢Lig (K@C4OeLis) complex has high values of first
hyperpolarizability (#, = 2.9 X 10° au) and a third-order

NLO response (7, 1.6 X 10° au), along with a high refractive
index at 1064 nm, implying that the NLO response will be
increased by increasing the wavelength. From these results, it is
believed that these newly designed organometallics can be used
in optical and optoelectronic fields for achieving better SHGs
based on their electride properties.

4. COMPUTATIONAL METHODOLOGY

All calculations are performed using Gaussian 09,%* and the
results are visualized by using GaussView 5.0.° The geo-
metries of pristine C4O4Lig and alkali metal (Li, Na, and K)-
doped C4OgLig complexes are optimized at the @B97XD/6-
31+G(d,p) level of theory.”*~*® Frequency calculations are also
performed to confirm that the optimized structures correspond
to true minima on the potential energy surface (absence of
imaginary frequency). Interaction energies for the alkali metal-
doped C4O4Lis organometallic complexes are calculated as
follows

Eint = EC606Li6—alkali metal (EC60,5Li6 + Emetal) (2)

All other parameters, that is, electronic energy, interaction
energy, vertical ionization energy, NBO charges, and HOMO—
LUMO gaps have been calculated using the same wB97XD
functional with the 6-31+G(d,p) basis set.

The vertical ionization energy is calculated by using the
formula

VIE = E(X*) — E(X) (3)

where E(X) is the energy of the neutral complex and E(X") is
the energy of the respective cation.

Parameters used for investigation of the linear optical
response and nonlinear optical response include the polar-
izability (a,), first hyperpolarizability (f,), and second
hyperpolarizability (y). These parameters are calculated by
using the LC-BLYP/6-311++G (2d,2p) and wB97XD/6-311+
+G (2d,2p) levels of theory. LC-BLYP and @wb97XD are long-
range-corrected functionals and have the correct 1.00 fraction
of nonlocal exchange. Thegf %ive more accurate results for
noncovalent interactions’”””* and optical and nonlinear
optical properties.”’ The literature reveals several studies,
which illustrate the reliability and validity of these functionals
for the calculation of polarizability and hyperpolarizabil-
ities."”™" Pople’s 6-311++G (2d,2p) basis set is a suitable
basis set with these functionals for the calculations of nonlinear
optical properties and used in a number of recent works on
nonlinear optical materials.”* Therefore, it is also selected in
this study. The static polarizability (a,), static first hyper-
polarizability (f3,), and static second hyperpolarizability (y.,)
are calculated through eqs 4, S, and 7, respectively.
Furthermore, frequency-dependent NLO responses are also
calculated at wavelengths 532 and 1064 nm to obtain the
results, which are predominantly required by the experimen-
talists. These frequency-dependent NLO responses are
calculated in terms of the EOPE f(—w,w,0), electro-optical
Kerr effect (EOKO) y(—w;®,0,0), and SHG, that is,
B(—2w,w,w) and y(—2w,0,0,0).

ao = 1/3((1.7(:.76 + ayy + aZZ) (4)
— /
ﬂo — [ﬂxz +,By2 +ﬂ22]1 2 (5)

Whereas eq 4 is derived as
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ﬂx = ﬂxxx + ﬂxyy + ﬁxzz
ﬂ = ﬂ + ﬂyzz + ﬂyxx&ﬂz = ﬂzzz

Yy Py
The frequency-dependent first-order hyperpolarizability is
estimated as follows

ﬂ(a)) — [ﬂXZ +ﬁy2 +ﬂ12]1/2 (6)

Static second hyperpolarizability (y) can be calculated from
the following equation

thath

VY

v = [yxz " 7/yz " yzz]l/z -
The frequency-dependent second-order hyperpolarizability
is estimated as follows

Yot (w) = [7x2 (w) + yyz (w) + 7’12 (a))]l/z (8)

1 . .
where 7, = (E)Zj U+ v+ j=1{x0 2
Prec is the projection of first hyperpolarizability on the dipole
moment vector, which is as follows

_y
ﬁvec - Z Iﬂl (9)

Here, y; is the representation of the dipole moment in the
direction of i, while lul is the total dipole moment of
complexes, where f; = f3; (—2w,0,0) + f; (=20,0,0) + Py
(—2w,w,w) for SHG and f; = f3;; (—w,w,Oﬁ + fj (—0,0,0) +
B (—@,0,0) for EOPE.

HRS is calculated as follows

Prs(—20, @, @) = [(B.2) + (B_2T"* (10)

The two-level model is also applied to investigate the factors
that affect the hyperpolarizability.
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