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1. Introduction

Optimization of nonlinear properties of
CeOglig-doped alkalides via group /11l

doping for unprecedented charge transfer and
advancements in optoelectronicsf

Naveen Kosar,*® Knhurshid Ayub, ©2° Abdulaziz A. Al-Saadi, (2 <
Muhammad Imran @ € and Tarig Mahmood ) **f

The design and synthesis of nonlinear optical (NLO) materials are rapidly growing fields in opto-
electronics. Considering the high demand for newly designed materials with superior optoelectronic
characteristics, we investigated the doping process of Group-IlIA elements (namely, B, Al and Ga) onto
alkali metal (AM = Li, Na and K)-supported CgOglis (AM@CgOglic) complexes to enhance their NLO
response. The AM-CgOglis complexes retained their structural features following interaction with the
Group-IlIA elements. Interaction energies as high as —109 kcal mol™ demonstrated the high thermody-
namic stability of these complexes. An exceptional charge transfer behavior was predicted in these com-
plexes, where the electronic density of the Group-Ill metals shifted toward the alkali metals, making
these complexes behave as alkalides. The n conjugation of CgOglig was found to withdraw excess elec-
trons from the Group IlIA metals in these alkalides, which were subsequently transferred to the Group IA
metals. The energy gap of the frontier molecular orbitals (FMOs) in the AM-CgOglis complexes was
notably reduced upon alkalide formation. UV-visible analysis explicitly showed a bathochromic shift in
the alkalides. The first hyperpolarizability (o) was calculated to confirm the NLO properties of these
alkalides. B-CgOglig—K exhibited the highest fo value of 1.75 x 10° au. The vibrational frequency-
dependent first and second hyperpolarizability values illustrated an increase in hyperpolarizability at a
frequency of 532 nm. A higher n, value of 8.39 x 1072 cm? W™ was obtained for B—C¢QOgLig—Na at
532 nm. These results highlight the promising NLO response of the designed alkalides and their potential
applications in the field of optics.

extensive applications in fields such as optics,”® electro-

nics,'*'* bioimaging*"* and memory storage devices.'**® Var-

Generation of excess electrons in a complex is a promising
technique for enhancing the nonlinear optical (NLO) response
of materials."® NLO materials are on high demand due to their
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ious techniques are adopted to generate diffuse excess elec-
trons, with the most widely known being the doping of
electropositive metals onto a suitable substrate.'®'” The sub-
strate holds the incoming diffuse excess electrons from the
metals. After the diffusion of electrons, the geometric, electro-
nic and optical properties are effectively tuned. To date, Group-
IA"®2! metals, Group-IIA metals,?* transition metals>* and
superalkalis®?*®> have been used as sources for the generation
of excess electrons. The metal-supported surfaces are further
classified as electrides®®®’ earthides,*® metalides®*?° and
alkalides.®" In electrides, the excess electrons occupy the free
space between the interacting metals and the surface, while in
alkalides, the electrons shift to the alkali metals. Literature
suggests that alkalides exhibit superior NLO responses. Exten-
sive research has been performed on alkalides as effective NLO
materials. For example, Sun et al. designed transition and alkali
metal-doped adz alkalides, which exhibited a higher f, value of
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6.16 x 10* au. They further applied the same metal doping
to TriPip222, where f, effectively increased to 1.80 x 10> au.* Li
and coworkers reported alkaline earth metal-doped amine
alkalides with f, values up to 1.23 x 10° au.** Li et al. designed
alkali metal-doped graphene, graphdiyne and graphyne-based
alkalides, with the alkali metal-doped graphdiyne exhibiting
the highest f, value of 3.93 x 10° au among these complexes.*
Recent literature reports on enhancement of NLO responses
through the doping of metals on various surfaces is
leading toward the development of new alkalides with
better NLO properties. Chen et al. designed alkali metal-
doped calix[4]pyrrole alkalides. A Li*@(calix[4]pyrrole)K ™ alka-
lide has a higher hyperpolarizability than that of the
Li*@(calix[4]pyrrole)e” electride.** Li and co-workers modelled
alkali/superalkali-based calix[4]pyrrole alkalides. The f, value
of these alkalides was increased up to 3.47 x 10> au compared
to pure calix[4]pyrrole.*® Li and colleagues suggested that an
alkali metal-doped N3;H; complex may have enhanced NLO
response because the hyperpolarizability of this complex is
6.27 x 10* au.?® Banerjee and Nandi designed alkalides based
on alkali metal-doped calcium chain structures with extraor-
dinary NLO properties with f, ranging from 1.57 x 10" to
1.61 x 10° au.>” Ayub and co-workers explored judicious place-
ment of alkali and alkaline earth metals on the hydrogen and
fluorine faces of the F¢CcHg surface, respectively. A maximum
Bo value of 2.91 x 10* au was notified in these complexes.>®
Kang et al. observed the alkalide properties of alkali metal-
doped open cage CsoNsHs fullerenes having good NLO
response (f, values up to 1.91 x 10° au).’® Wang et al. theore-
tically studied the NLO response of alkali and alkaline earth
metal-doped Janus-type structures under an applied electric
field and observed a high hyperpolarizability value in the range
of 5.9 x 10" to 6.4 x 10" au.* Sohaib et al. investigated the NLO
properties of alkali metals doped with stacked Janus-type
alkalides and reported a very large first hyperpolarizability of
5.13 x 107 au.”® Mahmod and colleagues worked on the alkali
and alkaline earth metal-doped C¢O¢Lis complexes where Mg-
CeOgLig-K has the highest , value of 1.75 x 10> au.*
Group-1A and group-IIA elements are effectively used as
metal sources to acquire a high NLO response. Because these
elements have low ionization potential and can easily donate
excess electrons, which can enhance the NLO response of a
system. However, the doping of Group-IIIA metals with Group-
IA metals is not considered so far. Based on their individual
doping influence on tuning the NLO response of different
surfaces, we deemed to search their doping nature with both
Group-I/III metals. We infer the withdrawal of diffuse excess
electrons from Group IIA metals to alkali metals via the CsO¢Lis
surface, which may give rise to the alkalide properties mani-
fested in these investigated complexes. The alkalide properties
of the Group-IA and Group-IIIA element-doped C¢O¢Li, surface
were evaluated. We hope that these investigated alkalides can
be used as extraordinary NLO nanomaterials for the next-
generation optics. C¢O¢Lig is suggested to be a good supportive
surface for alkali metals,** alkaline earth metals,*® alkali and
alkaline earth metals,*" transition metals,** and super alkalis,**
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which is used for optics,*® electronics,”” storage of hydrogen,***
etc. Group-IITA metals can also eject their electrons to generate
diffuse excess electrons, and this system can be used as effective
NLO materials. According to the literature, the ejection of electrons
from boron atoms requires high-energy laser light, elevated tem-
peratures, and UV photons.”>>® However, we propose that the
current strategy of modeling novel alkalides through the doping of
Group-IA and Group-IIIA metals on C¢OgLis may offer a more
energetically favorable approach. In this context, Group-IITA metals
can readily eject their electrons, which then accumulate on the
alkali metals, thereby inducing alkalide properties in these com-
plexes. The structural, electronic, and nonlinear optical (NLO)
properties of these alkalides were investigated using density func-
tional theory (DFT). Furthermore, we suggest that the NLO
response of C¢O¢Lis can be further enhanced through this doping
strategy.

2. Computational methodology

The optimization and frequency analyses of individual CsO¢Li¢
and Group-IA & Group-IITIA metal-doped CsO4Lis wWere carried
out by the ®B97XD/6-31+G(d,p) method of DFT. All the simula-
tions were executed using the Gaussian 09 package,’* whereas
the results are analyzed using the GaussView 5.0 package.’®
These analyses confirmed the energy minimization of all geo-
metries with no imaginary frequency. Zero-point corrected
vibrational energies were obtained from the analyses to calcu-
late the interaction energy of all the complexes. The interaction
energy of Group-IA & Group-IIIA metals with C¢OgLis was
obtained using eqn (1):

Eint = Egaa/c-mac,o4Li; — (EC606L16 + EG1a/G-11a) Y

Natural bond orbital (NBO) and electronic density difference
(EDD) analyses were performed to estimate the charge transfer
between the metals and CO¢Lis in each alkalide. To under-
stand the electronic properties, the energy difference between
frontier molecular orbitals (Ey_r) was calculated using eqn (2):

Ey 1 =FE, — Eqy (2)

The static second hyperpolarizability (y,), the first hyperpolar-
izability (f3,) and polarizability (o) were calculated at ®B97XD/
6-31+G(d,p) to estimate the NLO response. This ®B97XD den-
sity functional and 6-31+G(d,p) Pople basis set are important
for the estimation of optical and nonlinear optical properties of
complexes.’® ™ Literature reveals the importance of density
functionals in accurately describing the NLO properties of the
metal-doped complexes based on the %HF exchange parameter
in these functionals. Nowadays, computational chemists pri-
marily apply ®B97XD to estimate the nonlinear optical proper-
ties of NLO nanomaterials. ®B97XD is a long-range corrected
hybrid density functional with a dispersion correction density
functional, which contains 100% HF exchange and performs
exceptionally well for assessing NLO properties through the
calculations of first hyperpolarizability. Among the Pople basis
sets, especially medium-sized basis sets’ 6-31+G(d,p) gave
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better results and was suggested to be a suitable basis set for
the estimation of the first hyperpolarizability.®® The «,, o and
7o values of all complexes were obtained using the following
equations:

1
oo = g(a.\‘x + Olyy + OCZZ) (3)
2 2 2 i
ﬂO = [ﬂY + ﬂl + ﬁ: ]2 (4)
Here,
Bx = Baxx + ﬁxyy + Brzz ﬁy = .Byyy + ﬁyzz + ﬁyxxy Bz = Bozz + Boxx +
ﬁzyy;
1
Yo = g [Y\xn + Y:vyyy + Yoo + 2();,\'){\7 + Yoz + Y;Vyz:)} (5)

Frequency (w)-dependent NLO properties of the complexes
were also determined, which are important for experimentalists
when they work on complexes in the lab work. For this purpose,
the calculations were carried out at routinely used laser wave-
lengths of 532 nm and 1064 nm.®>®*> Frequency-dependent
hyperpolarizability contains the approximation of electro-
optic Pockel’s effect (EOPE) f(—w; w, 0) and second harmonic
generation f(—2w; o, ). Electric field-induced second harmo-
nic generation (y(—2w; w, , 0)), dc-Kerr effect y(—w; w, 0, 0)
and degenerate four-wave mixing (yDFWM(w)) were calculated
for the estimation of frequency-dependent second hyperpolar-
izability (y(®)). The mathematical equations for f(w), SHG (f,),
and EOPE (f;) were given using the following equations:

ﬁ(w) = [ﬁxz + ﬁyz + [);22]1/2 (6)
B{SHG) = i —20, @, @) + fy(—20, v, ®) + fg(—20, v, ®)
(7)

B{EOPE) = B;(—w, w, 0) + By{—w, o, 0) + Bix(—, », 0)
(8)

The second hyperpolarizability coefficients including static
(y(0; 0, 0, 0)), ESHG (y(—2w; w, w, 0)) and dc-Kerr (y(—w; w,
w, 0)) were also calculated. The degenerate four-wave mixing
(y""™M(w)) equation was suggested by Tarazkar et al. in 2014,%
as given below.

1
M (s 0, ~0,0) ~ (5)“/(—260;«),60, 0)
1
+ (g) V(_w, @, 07 O)
1
(50000 0
Additionally, the quadratic nonlinear refractive index (n,)** of
all complexes was obtained using eqn (10):
n’(cm® W) = 8.28 x 10~ 2%)PFWM (10)

We undergo a benchmark study of interaction energies and
NLO properties using different methods to further ensure the
accuracy of our method for the designed complexes. For this
study, we also simulated all the complexes on LC-BLYP®® which
is the long-range corrected density functional of the DFT. The
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simulations with LC-BLYP and ®B97XD are implemented with
Dunning’s aug-cc-PVDZ®® and aug-cc-PVTZ® basis sets and
Karlsruhe’s def2-TZVP basis set.®®®® The results obtained at
®B97XD with 6-31+G(d,p) are more reliable, and these results
are given in the main manuscript, while the results of the other
basis sets are given in ESIf (ESLt Tables S1 and S2). The aug-
ccPVDZ and aug-cc-PVTZ basis sets show error when imple-
mented on K containing complexes, as the atomic size of the K
is out of reach of these dunning basis sets (aug-ccPVDZ and
aug-cc-PVTZ basis sets). The total density of state spectra were
generated through the GaussSam software to validate the
energy states of molecular orbitals. Two-level model analysis
was implemented to rationalize the internal factors responsible
for the enhancement in NLO response. Furthermore, crucial
excited states are analyzed using the TD-DFT method at the
same level of theory.

3. Results and discussions

The pristine CsO¢Lis structure was evaluated first where six-
membered rings of C, Li and O are linked together to form
CeOgLis with a planar star-shaped structure. The point group
symmetry of C¢OgLig is Dgn. The C-O, O-Li, and C-C bond
lengths in C4OgLis are 1.38 A, 1.79 A, and 1.41 A, respectively.
Our calculated bond lengths are comparable to the one already
reported in the literature.*?

3.1. Structural and thermal stability of group-I and III metal-
doped C4Og¢Li, alkalides

Nine complexes are designed by doping Group-I (K, Na, Li) and
Group-III (Ga, Al, B) metals on the C4O¢Lis surface, and the
structures of pristine and doped complexes are given in Fig. 1.
Selected metals from Group-IA and Group-IIIA prefer to reside
on the top of the central hexagonal ring of C¢OgLis except Li
and Na metal-doped Group-IIIA@C¢O¢Lie alkalides. Li and Na
metals have smaller atomic sizes than potassium and prefer to
be adsorbed onto one side of C4O¢Lig. The behavior is similar to
alkali and alkaline earth metal-doped C¢OgLis complexes.*' The
interaction distances of Group-IIIA metals from the central
position of CsO¢Lis are 1.60, 1.45, 1.46, 1.99, 2.04, 2.00, 2.11,
2.05, and 2.06 A in B-C4O4Lic-K, B-C4O4Lis-Na, B-C¢O¢Lis-Li,
Al-C4O4Lig-K, Al-C¢OgLisc-Na, Al-CqO¢Lic-Li, Ga-CqOqLis-K,
Ga-CeOgLig-Na, and Ga-CeOgLis-Li, respectively. Moving
towards the adsorption sites of the alkali metals, it is noticed
that the K metal holds the central position on C4OgLis (0pposite
Group-IITA metals). The interaction distances of potassium
from the central position of C¢OsLis are 3.33, 3.24, and 3.15 A
in B-C¢O¢Lis—K, Al-CsO6Lis-K, and Ga—-C¢OgLis—K, respectively.
The average interaction distances of Li and Na metals from Li
metals of the adsorption sides are 3.33, 3.45, 3.40, 3.50, 3.34
and 3.47 A in B-C4OgLig-Na, B-C¢OgLig-Li, Al-C4O4Lis-Na, Al-
CeOgLig—Li, Ga-CsO4Lig-Na, and Ga-CsO¢Lis-Li, respectively.
The interatomic distance of Group-IIIA metals is increased with
the increase in atomic size. The outcomes are comparable to
the research report on NLO response of alkali/alkaline earth
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Fig. 1 Pristine CgOglig and group-IA and group-IlIA metal-doped
CeOglig complexes.

metal-doped C¢O¢Lis complexes, where the distance between
both dopants and COgLis increases with the increase in the
atomic size of alkali metals (from Li to K).*' However, the
interatomic bond distance of alkali metals in respective com-
plexes is decreased with the increase in atomic size. In the case
of Group-IIIA metals (Ga, Al, and B), the lowest distance (1.45 A)
was calculated for B from the center of C¢OgLig in B-CsOgLig—Li.
The highest interatomic distance (2.11 A) was obtained for Ga
from the center of C¢O¢Lig in Ga—-C¢O¢Lig-K. In the case of
alkali metals (K, Na, and Li), the highest interatomic distance
(6.23 A) was obtained for Na from the center of C¢OgLis in Al-
CsO6Lis-Na, and the lowest interatomic distance (3.15 A) was
obtained for K from the center of C¢OgLis in Ga-CgOgLis—K
(Table 1).

The CsOgLi; structure retains its integrity during the doping
of all elements, except for the small variations observed in
B-COgLig-Li and B-COgLig-Na alkalides. The reason is the
displacement of the Li atom of the C¢OgLis surface towards the
doped alkali metals. Li and co-workers observed a similar trend
using their study on the interaction of Group-IIA metals with
hexaammine.”® The point group symmetry of C¢OgLi¢ is chan-
ged to C1 symmetry after doping of Group-IA and IIIA metals.

2036 | Phys. Chem. Chem. Phys., 2025, 27, 2033-2045
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Table 1 NBO charges on Group-IA metals (Qg-a in |e]), NBO charges on
group-1IIA metals (Qg_jua in le|), interatomic distance of group-IllA from
the center of COglig (dring-G-ia in A, G-llIA = Ga, Al, and B), interatomic
distance of group-IA from the center of CsOgLlie (Gring-G-ia in A G-IA = K,
Na, and Li), vertical ionization energy (VIE in eV) and interaction energies
(Eine in kcal mol™) of pristine C¢Oglig and group-| and group-Ill metal-
doped CgOglig—alkalides (group-IA = K, Na, and Li and group-IllIA = Ga, Al,
and B)

Pristine and group-I
and group-IIT doping Qgia Qg-ma dring—G-IIIA dring—G-IA VIE  Ejy

CeO6Lis — — — — 3.04 —

B-CeO¢Lie-Li —0.29 0.11 1.46 3.33 3.75 —105.35
B-CeO4Lig-Na —0.31 012 1.45 3.45 3.62 —104.66
B-CgO4Lig-K —0.51 0.17 1.60 3.33 3.02 —88.13
Al-C¢OgLi¢-Li —0.38 0.65 2.00 3.40 3.72 —97.41
Al-C¢O4Lig-Na —0.39 0.67 1.99 3.50 3.47 —97.12
Al-C¢OgLis-K —0.47 0.69 2.04 3.24 3.14 —89.04
Ga-CgOgLis-Li —0.35 0.63 2.06 3.34 3.73 —109.13
Ga-C4O4Lig-Na —0.37 0.63 2.05 3.47 3.57 —108.57
Ga-CeOeLig-K —0.46 0.68 2.11 3.15 3.12 —102.32

This change in symmetry was also observed by Kanis et al., and
it plays an important role in the improvement of NLO response
of a surface.”" This change in symmetry is common in almost
all theoretical studies on NLO, specifically Wajid et al. observed
such change during doping of Group-IIA** and Group-1A*?
metals on CgOgLig.

The thermodynamic stability of a complex is inferred from
the interaction energy (Ei,). If a complex has high negative
interaction energy, the complexation reaction is exothermic in
nature and reflects the high thermodynamic stability of com-
plexes. These properties confirmed the possibility of practical
synthesis of these complexes.”” To estimate the thermal stabi-
lity of a complex, we also calculated the interaction energy of all
complexes (see Table 1).

Ga-Cy¢O4Lis-Li, Ga-C¢OLis—Na, Ga—CgOgLig-K, Al-C(OgLis-
Li, Al-C¢O¢Lis—Na, Al-C4OgLis—K, B-C4O4Lig-Li, B-CsO¢Lis-Na,
and B-C4zO4Lisg-K complexes have Ej,. of, —109.13, —108.57,
—102.32, —97.41, —97.12, —89.04, —105.35, —104.66, and
—88.13 kcal mol ™", respectively at ®B97XD by the 6-31+G(d,p)
method. The negative Ej,, value of our designed complexes
reflects the thermal stability and energetic favorability of com-
plexation reactions. Pristine and doped complexes are also
optimized by the LC-BLYP/aug-cc-PVDZ, ®wB97XD/aug-cc-
PVDZ, LC-BLYP/aug-cc-PVTZ, ®B97XD/aug-cc-PVTZ, LC-BLYP/
def2-TZVP, and ®B97XD/def2-TZVP methods. A higher Ej,
value was obtained at the ®B97XD/6-31+G(d,p) level, which is
given in main manuscript. The Ej,, values obtained by the other
methods are given in the ESIt (ESLt Table S1). The aug-ccPVDZ
and aug-cc-PVTZ basis sets show error when implemented on
K-containing complexes as the atomic size of K is out of reach
of these dunning basis sets (aug-ccPVDZ and aug-cc-PVTZ
basis sets).

Considering the interaction energies of both Group-IA
metals, we observed a monotonic trend of decreasing inter-
action energy with the increase in the atomic number of Group-
IA metals. The interaction energy decreases with the increase in
the atomic size of the alkali metals, and subsequently their
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stability decreases. Among all metals, Li has the shorter intera-
tomic distance from the adsorption side of the CsOgLi, ring in
each of Li-C4O¢Lis@ Group-IITA complexes, which is the reason
for the strong interactions between Li and C¢OgLis@ Group-
IIIA, and ultimately for the thermal stabilities of these Li-doped
complexes. The trend of lowering interaction energy with the
increase in atomic size is also observed during alkali and
alkaline earth metal doping of the same Cq¢OgLis surface.’* A
nonmonotonic trend is seen among the Group-IIIA metals, and
the interaction energy decreases from B to Al but increases in
the case of Ga. The reason for the nonmonotonic behavior of
the Group-IIIA metals is the smaller atomic size of B, which
formed bond with CcOgLi, that is validated from its shorter
distance. Ga has a larger atomic size, and it can easily donate
the electronic density and form stronger interactions with
CeOgLig, and these Ga—CgOgLig—-Alkali-IA alkalides have more
interaction energy than others.

Overall, the Ga-CO4Lis-Li complex is the most stable based
on its highest interaction energy (—109.13 kcal mol ). The
atomic size of gallium is large, and it can easily donate
electronic density to the CsOg4Lis surface. The surface becomes
polarized and electron rich, and the interaction between two
highly charged species is strong. This leads to a higher inter-
action energy in the case of Ga. However, smaller lithium
metals interact on one side of the polarized C¢OgLis surface
to complete its outer shell. These stronger interactions are the
reasons for the more chemical stability of the Ga-C¢OgLis-Li
complex. Similar results are reported in the previous study of
Group-IA”® and Group-IIA metal’*-doped complexes. In alkali
metal-doped gallium nitride nanocages, the stronger inter-
action is seen for lithium-doped complexes by Khurshid et al.”®

3.2 NBO and EDD analyses of group-I/IIIA metal-doped
CeO¢Lig alkalides

NBO analysis is used to understand the shifting of charge from
the metal toward surface or vice versa. In all complexes, Group-
IITA metals have a positive charge that ranges from 0.11 to
0.69|e|. The highest charge (0.69]e|) for Al was obtained in Al-
CsO6Lis-K and the lowest (0.11|e|) was obtained for Li in B-
CeOgLic-Li. Interestingly, the Group-IA metals have negative
charges between —0.29 and —0.51|e|. The positive NBO values
on Group-IITA metals reflect that m conjugation of CsO¢Lis
withdraws excess electrons from Group-IIIA metals in these
alkalides. These excess electrons are then transferred to Group-
IA metals and these metals have negative NBO values. This shift
of excess electrons from Group-IIIA metals to Group-IA metals
is based on electron push-pull mechanism. In the literature, it
is mentioned that high energy laser light, high heat and UV-
photons are required to eject electrons from the Boron atom,”®
but our current strategy of metal doping with supportive
CeO6Lis makes it possible with high energetic and electronic
feasibility. Both types of Group-IA metals get stable noble gas
electronic configuration through this push-pull mechanism
and form electronically stable alkalides. The negative charges
on Group-IA metals justify their alkalide properties.
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Table 2 First hyperpolarizability (fo in au), polarizability («q in au), dipole
moment (i in Debye), HOMO-LUMO energy gap (E__y in eV), energies of
LUMO (E_ymo), and HOMO (Eomo) of the pristine Ce¢Oglig and group-|
and group-Illl metal-doped CgOglig-alkalides (group-1 = K, Na, and Li;
group-lll = Ga, AL, and B)

Isolated and doped C4OgLis fo oy M Ei_u Evumo Euomo
CeOgLig 2.89 137 0.00 4.63 —0.24 —4.39
B-C¢OgLis-Li 1.11 x 10* 410 15.80 3.49 —0.26 —3.75
B-C¢O¢Lic-Na 4.38 x 10* 438 16.46 3.34 —0.28 —3.62
B-C¢O¢Lis-K 1.75 x 10° 800 5.98 2.72 —0.29 —3.02
Al-C¢OgLig-Li 9.06 x 10° 456 16.83 3.54 —0.18 —3.72
Al-C¢O4Lis-Na 9.39 x 10° 507 18.31 3.16 —0.30 —3.47
Al-C4O¢Lis-K 7.50 x 10* 690 5.00 2.88 —0.26 —3.14
Ga-C4OgLig-Li 1.26 x 10° 436 15.58 3.49 —0.23 —3.73
Ga-CgO¢Lig—Na 7.49 x 10° 629 16.61 3.31 —0.26 —3.57
X

Ga-C4OgLig-K 7.17 x 10* 231 5.73 2.88 —0.01 —3.12

As we discussed above, doping of Group-I/IIIA metals causes
variation in the dipole moment of CsO¢Lis which is zero in
pristine form. When metals are doped on C¢O¢Lis, the shifting
of charges occurs as a result of huge charge separation. This
separation increases the dipole moment of the investigated
alkalides, which also increases except B-COgLis-K alkalides.
Beside charge separation, the interatomic distance between
Group-I/IIIA and surface (C¢OgLig) results in an increase in
the dipole moment of alkalides compared to pristine C¢OgLis.
The p values of B-C4OgLis—K, B-C5OgLig—Na, B-CcOgLig-Li, Al-
CeOcLig-K, Al-C4O¢Lis-Na, Al-C4O4Lig-Li, Ga-CqOgLis-K, Ga-
C¢O¢Lig—Na and Ga-C4Og¢Lig-Li alkalides are 5.98, 16.46, 15.80,
5.00, 18.31, 16.83, 5.73, 16.61, and 15.58 D, respectively
(Table 2). Al-C¢O¢Lis-Na has the highest y, value of 18.31 D
among all alkalides because the charge separation in this
alkalide is larger than that of other alkalides.

EDD analysis was also performed to understand the charge
transfer in designed alkalides through qualitative pictorial
representation (see Fig. 2). The two types of iso surfaces were
generated on each of the complexes. Both are differentiated on
the basis of purple color and blue color iso surfaces where
purple represents the rich electron density region and cyan blue
represents the poor electronic density region. The generation of
iso surfaces between the interacting species in each of the
complex represents the shifting of charge density after com-
plexation. The cyan blue color iso surface is toward the Group-
IA metals in each of the complexes, whereas the purple color iso
surface has appeared towards CesOgLis that confirmed the
charge transfer from G-IITIA-C¢O¢Lis to the Group-IA metals.

3.3. FMO analysis and alkalide properties of group-1/I1I metal-
doped C4O6Lig

FMO analysis was performed to understand the electronic
stability and conductivity of pristine C¢O¢Lis and Group-I/IIIA
metal-doped complexes (see Table 2). Pristine C4OgLi¢ has an
energy gap (Ey.p) of 4.63 eV. When Group-I/IIIA metals are
doped on pristine C¢OgLie, the Eg_y, value is reduced to be in
the range of 2.72 eV to 3.54 eV. The lowest gap of 2.72 eV is seen
for B-COgLig-K. For the B-CsO¢Lis-K complex, the Eyomo,
Eiumo and Ey_ values are —3.02, —0.29, and 2.72 eV,
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Fig. 2 EDD analysis for group-IA and group-IlIA metal-doped CgOglie
alkalides representing electron-rich and electron-poor iso surface regions
at an isovalue of 0.04 au.

respectively. The decreased H-L gap is attributed to the
increase in the energy of new occupied orbitals and the
decrease in the energy of new unoccupied orbitals.
The decrease in the energy gap confirmed the semiconductive
properties of these alkalides with sufficient thermal stability. Li
and coworkers in their work on the NLO response of N;H; with
alkali metals reported a similar type of behavior.””

The isodensities of the highest occupied and the lowest
unoccupied frontier orbitals are also studied, and their gra-
phics are given in Fig. 3. It is observed that HOMO isodensities
are present on Group-IA metals and LUMO isodensities are
located on the Group-IIIA metals. The anionic alkali metals
with HOMO densities reflect the alkalide behavior of the
investigated complexes. The presence of HOMOs densities on
metals justifies alkalide characteristics. Here, the electron
push-pull mechanism is operated in each complex where the
n conjugation of COgLis withdraws valence shell electrons
from the Group-IIIA metals and these electrons act as excess
electrons. Meanwhile, these excess electrons are shifted to the
alkali metals doped on the other side of CsO4Lis. The outcomes
are more comparable to the research work on alkalide proper-
ties of diamantanes with alkali metals.”®
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Fig. 3 Pristine CgOglis and group-lIA and group-IlIA metal-doped
CeOglig alkalides with their highest occupied molecular orbitals.

The stabilization of excess electrons on negatively charged
alkali metals is a very crucial factor, which depends on the VIE.
These alkalides have VIEs ranging from 3.02 to 3.75 eV to justify
their electronic stability. As the VIE increases, it means that the
alkalides are stable enough for further synthesis.””"*" Group-1A
metals exhibit a monotonic decreasing trend in VIEs, whereas
Group-IITA metals display a nonmonotonic trend, with the VIE
values decreasing from B to Al before increasing again as one
moves towards Ga.

The TDOS spectra give information about the occupied
and unoccupied orbitals with energy states and electronic
interactions in complexes. The total density of states
(TDOS) spectra of the designed complexes were studied. These
spectra reconfirmed the change in the energy states after
complexation compared to individual C¢OgLis. New energy
states are generated, and energy gaps are reduced upon com-
plexation, as discussed vide supra in FMO analysis. The inten-
sity of peaks also increases after complexation, which justifies
the electronic contribution in each complex, where the over-
lapping of peaks shows stronger interactions between the
Group-IA and Group-IIIA metals and C¢O¢Lis (see Fig. 4 and
ESLT Fig. S1).
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Fig. 4 Individual CgOglis and B—CgOglig—K alkalides with total density of
state spectra.

3.4. NLO analysis of group-IA/IlIA-doped COgLis alkalides

The geometrical and electronic properties of Group-IA/IIIA
metal-doped CsO¢Lis alkalides validate the strong interaction
between the selected metals and C¢OgLie. A significant amount
of charge transfer occurred. These excess electrons are respon-
sible for the extraordinary NLO response of these alkalides. We
also calculated the important NLO parameters to estimate the
NLO response of these alkalides such as polarizability («,) and
hyperpolarizability (,). These parameters provide insights into
the NLO response. The «, and f, values were calculated to
estimate the NLO response of these alkalides, and the data are
given in Table 2. The «, value of Groups-IA/IIIA@C¢OeLis
alkalides is in the range of 231 to 800 au, which is remarkably
higher than that of pristine C4O¢Lis (137 au). The B-C4O4Lis—K
alkalide has the highest o, (800 au) and the lowest o, (231 au)
values found for Ga-CgO4Lis-K. A large amount of charges
are transferred (—0.51|e|) from B-C¢O¢Lis to the K metal in
B-C4OsLis-K alkalides, which is the crucial factor responsible
for the increase in polarizability.'® In the ongoing work, the o,
values reflect significant changes in the polarizability of each
alkalide because of the interactions between metals and
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CeOgLis. The polarizability increases with the increase in the
atomic size of Group-IA metals in each alkalide. Nisar et al. also
observed changes in polarizability values during their work on
supramolecular assemblies of azobenzene and alkoxystilbazole
molecules.?>

Besides polarizability, when Groups-IA/IIIA metals are
adsorbed on Cg¢O¢Lie, the f, value is considerably increased
compared to f, (2.89 au) of pristine C¢O4Lis. The increase in f3,
notifies enhancement in the NLO response of the designed
complexes. The f3, value is in the range of 4.38 x 10°-1.75 x 10°
au for all alkalides by the ®B97XD/6-31+G(d,p) method. The
B-CeOgLig-K alkalide has the highest 8, value of 1.75 x 10° au
and B-C¢O¢Lis-Na has the lowest 3, value of 4.38 x 102 au. It is
observed that the f§, value increases with the increase in the
atomic size of alkali metals. The f, results are similar to our
previous work on NLO response of alkali metal-doped C¢O¢Li¢
complexes, where the K@C¢OgLis complex has the highest 5,
value of 2.9 x 10° au compared to other complexes.*> We see in
our present results that K-doped complexes have a higher f,
value. The second factor is the inverse relationship of
energy gap with a f, value, and the f, value increases with
the decrease in energy gap, as observed by Nouman and cow-
orkers during working on alkali metal-doped 2° adamanzane.®?
In our study, the B-C¢O¢Lis—K alkalide has the lowest energy
gap of 2.72 eV, but, it has the highest f§, value of 1.75 x 10° au.
Igbal and coworkers depict from their results on alkaline
earth metal-doped adamanzane that the large amount of
charge transfer causes an increase in the polarizability of the
alkali metal-doped complexes, which causes an increase in
hyperpolarizability.** We also observed that a large amount of
charge (—0.51|e|) is transferred to the K metal in B-C¢OgLis-K
alkalides, which increases the polarizability and hyperpolariz-
ability of this complex. In the literature, the inverse relation-
ship between the VIE and f, values has been reported. VIE of a
complex is inversely proportional to hyperpolarizability as
observed by Asif et al. upon doping of superalkli with aminated
graphdiyne.®® VIE is also inversely proportional to f,, and B-
CsOgLis—K has the lowest VIE of 3.02 eV and has the highest f,.
Nisar et al. also observed a change in f, values during their
work on supramolecular assemblies of azobenzene and alkox-
ystilbazole molecules.*® We compared the results of our
designed B-C¢OgLis-K complex with a number of designed
metal-doped complexes reported in the recent literature (see
Table 3). This comparative study justifies the better hyperpolar-
izability result of the B-CsO4Lis-K complex and identifies it to
be a good NLO response-generating nanomaterial.

The doped complexes are also analyzed by the LC-BLYP/aug-
cc-PVDZ, ®B97XD/aug-cc-PVDZ, LC-BLYP/aug-cc-PVIZ, ®B97XD/
aug-cc-PVTZ, LC-BLYP/def2-TZVP, and ®B97XD/def2-TZVP meth-
ods. The higher f3, values are obtained at the ®B97XD/6-31+G(d,p)
level, which is given in main manuscript. The NLO parameters
including f,, oo and u values of other methods are given in the ESI}
(ESLt Table S2). The u values are between 14.43 and 17.51 Debye,
and the o, values are up to 507 au and the f}, values range from 8.89
X 10% t0 1.90 x 10* au at ®B97XD/aug-cc-PVDZ. The u values are up
to 17.01 Debye, the o, values are between 413 and 523 au and the f,
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Table 3 Comparative analysis of the hyperpolarizability values of the reported complexes with our best designed B—CgOgLig—K complex

S. no. Complexes Hyperpolarizability (f, in au) Ref.
1. Superalkali-doped B38 3.5 x 10* 87
2. Na@B;,N;, 1.89 x 10* 88
3. Li;0@C3,H;5 graphene 1.40 x 10° 89
4. M, (26 adz)M, where (M, = M, = Be, Mg and Ca) 8.19 x 10’ 84
5. K@bicorannulenyl (C,oH3s) 2.68 x 10° 16
6. K@B1,Ny; nanocage 1.3 x 10* 90
7. Alkali metal@all-cis-1,2,3,4,5,6-hexafluorocyclohexane FsCsHg 2.91 x 10* 28
8. Na@2N-atoms functionalized corannulene (C;gN,H;) 4.84 x 10* 91
9. Ca,@C20 nanocage 5.86 x 10* 92
10. K@Boron phosphide 4.41 x 10° 17
11 B-CsOgLis—K 1.75 x 10° Current work

values range from 8.93 x 10> to 2.01 x 10* au at LC-BLYP/aug-cc-
PVDZ. The p values are between 15.99 and 18.31 Debye, the
values are up to 521 au and the f, values range from 5.37 x 10° to
1.65 x 10" au at ®B97XD/aug-cc-PVIZ. The y values are up to 18.12
Debye, the o, values are between 388 and 503 au and the f3, values
range from 4.04 x 10’ to 1.76 x 10" au at LC-BLYP/aug-cc-PVTZ.
The u values are between 5.11 and 17.56 Debye, the o, values are up
to 762 au and the f, values range from 1.16 x 10° to 1.46 x 10° au
at ®B97XD/def2-TZVP. The u values are up to 17.91 Debye, the o,
values are between 434 and 810 au and the f3, values range from
2.89 x 10° to0 1.29 x 10° au at LC-BLYP/def2-TZVP. The aug-ccPVDZ
and aug-cc-PVTZ basis sets show error when implemented on K-
containing complexes as the atomic size of K is out of reach of
these dunning basis sets (aug-ccPVDZ and aug-cc-PVTZ basis sets).

3.5. Two-level model of group-IA/IIIA metal-doped C¢OgLis
alkalides

A two-level model (f\) was applied to calculate the internal
parameters, which are responsible for the variations in hyper-
polarizability () and ultimately can cause the variation in NLO
response (Table 4). These internal parameters are variational
dipole moment (Ay), oscillation strength (f;,) and crucial excita-
tion energies. The equation for Sy is given as follows:

Brim = A X fol AE? (11)

Table 4 Maximum wavelength (1nax in NmM), oscillating strength (fo),
change in excitation energy (AE in eV), variation in dipole moment
between ground and crucial excited states (Au in Debye), hyperpolariz-
ability in au in the two-level model (Bt m in au) and hyperpolarizability (g in
au) of pristine CgOglLig and Group-I and Group-Ill metal-doped CgOglig-
alkalides (group-I| = K, Na, and Li; group-Ill = Ga, Al, and B)

Parameters Jmax  Jo AE Au Prim Bo

CeOgLig 515 0.03 2.42 0.01 0.000 2.89
B-CgOgLis-Li 580 0.43 2.14 —0.14 —0.006 1.11 x 10*
B-C4OcLis-Na 606 0.38 2.05 —0.08 —0.004 4.38 x 10?
B-C¢OgLis-K 1556  0.41 0.80  0.04  0.032 1.75 x 10°
Al-C¢OgLis-Li 629 041 1.97 —0.1  —0.005 9.06 x 10°

Al-C¢O¢Lig—Na 654 0.38 190 -0.09 —0.005 9.39
Al-C¢O¢Lig-K 1393 0.42 0.89 0.04 0.024 7.50
Ga-CgOgLig-Li 602 0.40 0.83 1.71 0.076  1.26
Ga-C¢O4Lis-Na 625 0.39 1.98 1.69 0.085 7.49
Ga-C4O6Lig-K 1375 0.44 0.90 1.06 0.640 7.17

X X X X X X X X X
=
S}
w
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These changes in dipole moment between the ground state and
the crucial excited state dipole moment (Ax) and oscillation
strength (fy) are directly correlated with Sy and crucial
excitation energies to this friy.”® The Au values lie between
—0.08 and 1.71 Debye, whereas f, ranges from 0.38 to 0.44. The
trend of increase in f, is opposite to f5,. The trend of change in
dipole moment is similar to f§, in each complex. In B-C¢O¢Lis,
K-doped B-C¢O¢Lis has a higher Ap value (0.04 Debye) and it
also has large B, (1.75 x 10° au). Similarly in Al-C¢OgLis, K-
doped Al-C4OgLis has a higher Ap value (0.04 Debye) and it
also has large fi, (7.50 x 10* au). Then in Ga-C¢OgLis, Li-doped
Ga-CgOgLi has a higher Au value (1.76 Debye) and it also has
large B, (1.26 x 10° au).

The trend of decrease in excitation energy values is compar-
able to f, in each complex. In B-C¢O¢Lis, K-doped B—-C¢Og¢Lie
has the lowest AE value (0.80 eV) and has the largest f,
(1.75 x 10° au). Similarly in Al-C¢OgLig, K-doped Al-CgOgLig
has a lower AE value (0.89 eV) and it also has large f, (7.50 X
10" au). Exceptional behavior is seen in Ga-C¢OgLis where Li-
doped Ga-C4OgLig has a lower AE value (0.83 eV) and a larger f3,
value (1.26 x 10> au). The excitation energy plays a key role in
increasing the hyperpolarizability of alkalides. The f, value of
B-C4OgLig-K is 1.75 x 10> au, which has the lowest excitation
energy of 0.80 eV among the investigated alkalides, which is in
accordance with the two-level model. These results indicated
that the excitation energy is responsible for the enhancement of
NLO response. Overall, the increasing trend of fi1, is compar-
able to f,, and frm outcomes support our results. Similar
results have also been previously reported for superalkali-
doped graphdiyne by Kosar et al. in the literature.”

3.6. Vibrational frequency-dependent first hyperpolarizability
of group-I/IIIA metal-doped C¢O¢Li¢ alkalides

We also analyzed the frequency-dependent first hyperpolariz-
ability to illustrate the vibrational frequency-dependent beha-
vior of wave function on NLO response, as previously reported
by Kirtman et al. in the literature.”” Two important coefficients
including second-harmonic generation (SHG represented
B(—2w; w, )) and electro optic Pockel effect (EOPE represented
—p(—w; w, 0)) coefficients were obtained. These coefficients
were calculated at two frequencies mostly used in laser
technology,”®®” and their values are given in Table 5.
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Table 5 Coefficients of vibrational frequency-dependent first hyperpolarizability (8(w)), i.e., electro-optic Pockel's effect fo(—w; w, 0) and second
harmonic generation fo(—2w; w, w) with static first hyperpolarizability fo(0; O, 0) in au calculated at ®B97XD/6-31+G(d,p) of pristine CgOgLic and group-|
and group-IlIl metal-doped CgOglig-alkalides (group-1 = K, Na, and Li; group-lll = Ga, Al, and B)

Pristine and doped complexes Frequency Bo(0; 0, 0) Po(—w; w, 0) Po(—20; w, »)
C¢OgLig 0 2.89 x 10°
532 9.20 x 10” 3.63 x 10"
1064 3.06 x 10° 2.02 x 10"
B-C¢OgLig-Li 0 1.11 x 10*
532 2.41 x 10’ 8.62 x 10°
1064 4.37 x 10° 4.76 x 10°
B-C¢OgLig-Na 0 4.38 x 10>
532 2.02 x 10° 9.12 x 10*
1064 1.36 x 10* 7.02 x 10°
B-C¢OgLis—K 0 1.75 x 10°
532 1.78 x 10® 1.71 x 107
1064 4.98 x 10° 8.84 x 10°
Al-CgOgLig-Li 0 9.06 x 10°
532 2.28 x 10’ 7.45 x 10*
1064 2.29 x 10* 1.36 x 10°
Al-C¢OgLis-Na 0 9.39 x 10°
532 1.82 x 10° 1.69 x 10°
1064 3.87 x 10* 5.42 x 10°
Al-C¢OgLic-K 0 7.50 x 10*
532 5.33 x 10° 4.11 x 10*
1064 5.67 x 10° 3.15 x 10°
Ga-CgOgLig-Li 0 1.26 x 10°
532 6.48 x 10° 7.07 x 10*
1064 1.39 x 10* 4.21 x 10°
Ga-C¢O¢Lig-Na 0 7.49 x 10°
532 5.97 x 10° 9.24 x 10’
1064 1.02 x 10* 3.05 x 10°
Ga-CgOgLig-K 0 7.17 x 10*
532 6.94 x 10° 7.31 x 10*
1064 5.51 x 10° 5.17 x 10°

This Table illustrates that the change in frequency caused
a prominent increase in first hyperpolarizability, which
described a significant enhancement in NLO response at both
frequencies (532 and 1064 nm). Static hyperpolarizability
ranges from 4.38 x 10” to 1.75 x 10° au. The SHG values for
all designed nine complexes are between 4.11 x 10* and 9.24 x
107 au and the EOPE values for all the designed nine complexes
are between 5.33 x 10° and 1.78 x 10° au at 532 nm. The SHG
values for all the designed nine complexes are between 1.36 x
10° and 8.84 x 10° au and the EOPE values for all the designed
nine complexes are between 4.37 x 10° and 4.98 x 10° au at
1064 nm. The higher EOPE (9.24 x 107 au) and SHG (1.78 x
10° au) values were obtained for B-C¢OgLis-K and B-C4OgLis—K
complexes. These results described the prominent EOPE and
SHG effects at a lower frequency of 532 nm.

3.7. Static and vibrational frequency-dependent second
hyperpolarizability of group-I/IIIA metal-doped CsOgLis
alkalides

We further elaborate our study by analyzing the static (y(0)) and
frequency-dependent second hyperpolarizability (y(w)). Two

This journal is © the Owner Societies 2025

important coefficients including electric field-induced second-
harmonic generation (y(—2w; w, w, 0)) represented by ESHG,
and the dc Kerr effect (y(—w; w, w, 0)) coefficients were
calculated at 532 and 1064 nm frequencies. The values of these
coefficients are given in Table 6.

This table illustrates that the change in frequency caused a
valuable increase in second hyperpolarizability, which
described a significant enhancement in NLO response at both
frequencies (532 and 1064 nm). The static, dc Karr and EFSHG
values for pristine C¢O4Lig are 5.21 x 10°, 3.69 x 10% and 3.12 x
107 au, respectively. After complexations, the static hyperpolar-
izability values range from 4.11 x 10° to 5.31 x 10’ au. The
EFSHG values for all designed nine complexes are between
9.57 x 107 and 2.09 x 10" au and the dc Karr effect values for
all designed nine complexes are between 1.33 x 10® and 2.90 x
10" au at 532 nm. The SHG values for all the designed nine
complexes are between 8.80 x 10° and 1.13 x 10'® au and the
EOPE values for all the designed nine complexes are between
3.08 x 10° and 1.26 x 10° au at 1064 nm. The higher dc Karr
effect (2.90 x 10'" au) and EFSHG (2.09 x 10" au) values were
obtained for B-C¢OgLig-Na and Al-CqO¢Lis—Na complexes.

Phys. Chem. Chem. Phys., 2025, 27, 2033-2045 | 2041


https://doi.org/10.1039/d4cp03890h

Published on 23 Desember 2024. Downloaded on 2025-12-06 10:59:03 vm..

Paper

View Article Online

PCCP

Table 6 Coefficients of vibrational frequency-dependent second hyperpolarizability (y(w)), i.e., electric field-induced second-harmonic generation
(SHG) with f(—2w; w, o, 0) term, the electro-optical Karr effect (EOKE) with (f(—w; w, 0, 0)) term with static second hyperpolarizability (y(0)) in au, and
nonlinear refractive index (n, in cm W) calculated at ®B97XD/6-31+G(d,p) of pristine C¢OsLig and group-I and group-1il metal-doped CgOglLis-alkalides

(group-1 = K, Na, and Li; group-Ill = Ga, Al, and B)

Pristine and doped complexes Frequency 70(0; 0, 0, 0) Yo(—w; w, w, 0) yo(—20; w, ) n,
C¢OgLig 0 5.21 x 10°
532 3.69 x 10° 9.52 x 10° 3.66 x 10~
1064 3.12 x 10’ 4.04 x 107 2.12 x 1077
B-CgOgLig-Li 0 4.11 x 10°
532 1.95 x 10° 9.33 x 10° 3.12 x 107
1064 2.28 x 10’ 4.44 x 107 1.97 x 10 *°
B-C¢OgLig-Na 0 5.31 x 107
532 2.90 x 10" 1.39 x 10" 8.39 x 102
1064 1.26 x 10° 1.13 x 10*° 3.48 x 1072
B-CgOgLig-K 0 4.43 x 10°
532 7.18 x 10° 9.57 x 10’ 2.26 x 107
1064 2.35 x 10’ 1.02 x 10® 3.59 x 10~ *°
Al-CgOgLig-Li 0 6.25 x 10°
532 1.15 x 10° 1.99 x 10" 5.81 x 10
1064 4.69 x 107 2.77 x 10° 9.11 x 10
Al-C4OgLig-Na 0 3.00 x 107
532 1.47 x 10° 2.09 x 10° 9.91 x 10~
1064 1.48 x 10° 3.14 x 10° 1.36 x 10~
Al-C¢OgLig-K 0 4.55 x 10°
532 8.00 x 10® 1.23 x 10° 5.62 x 10~ 4
1064 2.37 x 10’ 9.76 x 10’ 3.47 x 107 °
Ga-CgOgLig-Li 0 6.41 x 10°
532 6.46 x 10° 9.27 x 10° 4.36 x 107
1064 4.81 x 10’ 3.40 x 10° 1.09 x 10~
Ga-Cy¢OgLig-Na 0 2.97 x 10’
532 4.05 x 10° 1.94 x 10° 1.74 x 107
1064 1.56 x 10° 3.24 x 10° 1.41 x 10
Ga—-Cy¢OgLig-K 0 1.45 x 10°
532 1.33 x 10° 2.67 x 10° 1.10 x 10°**
1064 3.08 x 10° 8.80 x 10° 2.55 x 107*°

These results depict the prominent EOPE and EFSHG effects at
a lower frequency of 532 nm. Similar results were obtained by
Mahmood and coworkers, which also show the higher vibra-
tional frequency-dependent first and second hyperpolarizabil-
ity values at 532 nm.”®

The nonlinear refractive index (12,) of Group IA/IIIA-doped CgOgLis
range from 8.39 x 10™"* to 2.55 x 10" '® em®* W~ ". The higher n,
value (8.39 x 10~ cm® W ') was obtained for B-C4OgLis-Na at
532 nm and the lower 7, value (2.55 x 10~ '® cm®> W) was obtained
for Ga-C¢OgLis—K at 1064 nm. The charge transfer from Group-IIIA to
Group-IA metals occurs through C¢OgLis in a complex. The excess
charge transfer within this complex causes polarization, which can
possibly be responsible for the increase in nonlinear refractive index
and enhancement of NLO response, as previously reported in the
literature.” %"

3.8. TD-DFT calculation of group-I/IIIA metal-doped CsO¢Li¢
alkalides

The absorption maxima (Amax) of Group-IIIA-C4O4Lis-Group-1A
range from 580 to 1556 nm, where the highest value (1556 nm)

2042 | Phys. Chem. Chem. Phys., 2025, 27, 2033-2045

is observed for B-C4O4Lis-K and the lowest value (580 nm) is
observed for B-C4OgLis-Li alkalides (see Fig. 5). All these values
are higher than those of pristine C¢OgLig (Amax = 515 nm). K-
Doped Group-IIIA-C¢OgLig has a higher wavelength than that of

UV-Vis Spectrum
30.0009" " C404Lis
— B-C¢OsLis-Li
45,000 — B-C¢OeLis-Na
B-CeOsLicK
40,0001 — Al-CeOsLie-Li
— AI-C¢OqLis-Na
35,0001 — Al-CsOsLis-K
— Ga-CeOeLic-Li
30,0001 — Ga-CsOgLis-Na
— Ga-CeOeLicK

% 25,000

20,000

PI3uan)§ 10J[SOQ

o
3
S

15,000

10,000

5.000

0

0 500 1,000 1,500 2,000 2,500
Wavelength (nm)

Fig. 5 Ultra-violet-visible (UV-vis) spectra of pristine C¢OgLig and group-|
and group-Illl metal-doped CgOglig-alkalides (group-I = K, Na, and Li;
group-Ill = Ga, Al and B).
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Na and Li doped alkalides. The outcomes of UV-vis analysis are
comparable to the research report on NLO response of alkali
metal-doped C¢O¢Lis complexes, where K-CO4Lig—Mg complex
has the highest A,.x value among all selected alkali metal-
doped CgOgLis complexes.*! These results show bathochromic
shifts in all alkalides. Comparable red shift behavior of Group I/
IIIA metal-doped complexes®>®> reported in the literature jus-
tifies our results.

4. Conclusion

Metals act as sources of excess electrons that enhance the
nonlinear optical (NLO) response of complexes. The NLO
response of C¢O¢Lis was evaluated with Group IA (K, Na, and
Li) and Group IIIA (Ga, Al, and B) metals. In these alkalides, &
conjugation of C¢OsLie withdraws excess electrons from Group
IITIA metals, which are transferred to Group IA metals. All
alkalides are thermodynamically stable, with the internal
energy (Ei,) increasing to —109.13 kecal mol ™" after complexa-
tion. The vertical ionization energies (VIEs) of 3.75 eV and
3.02 eV indicate electronic stability. Charge analysis shows
positive charges on Group IIIA and negative charges on Group
IA metals, with HOMO densities on anionic Group IA metals
confirming alkalide properties. The semiconducting behavior
is evident from HOMO-LUMO energy gaps compared to pris-
tine C4O4Lis. The NLO response, characterized by hyperpolar-
izability, is highest in the B-CsO4Lis—K alkalide, with the
highest B, of 1.75 x 10° au. A two-level model elucidates
changes in the first hyperpolarizability due to excitation energy
and dipole moment variations. The vibrational frequency-
dependent first and second hyperpolarizability values were also
calculated, which depicts the increase in hyperpolarizability
values at a frequency of 532 nm. The higher n, value (8.39 x
10" em® W ') was obtained for B-C4O4Lis-Na at 532 nm. The
UV-vis analysis confirms a bathochromic shift in all alkalides,
marking them as promising candidates for future electronics
with significant NLO responses.
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